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One-Meter Topobathymetric Digital Elevation Model
for Majuro Atoll, Republic of the Marshall Islands,

1944 to 2016

By Monica Palaseanu-Lovejoy,' Sandra K. Poppenga,’ Jeffrey J. Danielson,’ Dean J. Tyler,'
Dean B. Gesch,' Maria Kottermair,2 Andrea Jalandoni,2 Edward Carlson,® Cindy A. Thatcher,'

and Matthew M. Barbee*

Abstract

Atoll and island coastal communities are highly exposed to
sea-level rise, tsunamis, storm surges, rogue waves, king tides,
and the occasional combination of multiple factors, such as high
regional sea levels, extreme high local tides, and unusually strong
wave set-up. The elevation of most of these atolls averages just
under 3 meters (m), with many areas roughly at sea level. The
lack of high-resolution topographic data has been identified as a
critical data gap for hazard vulnerability and adaptation efforts
and for high-resolution inundation modeling for atoll nations
(Helweg and others, 2014). Modern topographic survey equip-
ment and airborne lidar surveys can be very difficult and costly
to deploy. Therefore, unmanned aircraft systems (UAS) were
investigated for collecting overlapping imagery to generate
topographic digital elevation models (DEMs). Medium- and
high-resolution satellite imagery (Landsat 8 and WorldView-3)
was investigated to derive nearshore bathymetry.

The Republic of the Marshall Islands is associated with
the United States through a Compact of Free Association, and
Majuro Atoll is home to the capital city of Majuro and the
largest population of the Republic of the Marshall Islands. The
only elevation datasets currently available for the entire Majuro
Atoll are the Shuttle Radar Topography Mission (SRTM) and
the Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER) Global Digital Elevation Model Version 2
(GDEM V2) elevation data, which have a 30-m grid-cell spacing
and a 8-m vertical root mean square error (RMSE). Both these
datasets have inadequate spatial resolution and vertical accuracy
for inundation modeling.

The final topobathymetric DEM (TBDEM) developed for
Majuro Atoll is derived from various data sources including
charts, soundings, acoustic sonar, and UAS and satellite imagery
spanning over 70 years of data collection (1944 to 2016) on
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2University of Guam.
*National Oceanic and Atmospheric Administration.

‘University of Hawaii.

different sections of the atoll. The RMSE of the TBDEM over
the land area is 0.197 m using over 70,000 Global Navigation
Satellite System (GNSS) real-time kinematic (RTK) survey
points for validation, and 1.066 m for Landsat 8 and 1.112 m for
WorldView-3 derived bathymetry using over 16,000 and 9,000
lidar bathymetry points, respectively.

Background

The objective of the project is to collect survey-grade
elevation data on Majuro Atoll (fig. 1) to create a topographic
digital elevation model (DEM) with a 1-meter (m) horizontal
resolution and at least 0.30-m vertical root mean square error
(RMSE) to support inundation modeling, marine and coastal
resource management, and hazard vulnerability and adaptation
efforts. The geographic scope of the project covers the southern
half of Majuro Atoll, from Rita, Djarrit, Uliga, and Delap on the
east to Laura on the west (fig. 1).

The Republic of the Marshall Islands is located in the
northwest equatorial Pacific and consists of 29 atolls and 5 islands.
The Marshall Islands are arranged in two island chains running
roughly north-northwest to south-southeast, the western Ralik
Chain and the eastern Ratak Chain; with exceptions being the
Enewetak and Ujelang Atolls to the northwest that do not
follow this alignment (U.S. Army Corps of Engineers, 1989;
Spennemann, 1992). Majuro Atoll is home to more than half of
the entire Marshall Islands population and continues to see rapid
growth with a population density of 2,860 people per square
kilometer (km?) (Republic of Marshall Islands, Economic Policy,
Planning, and Statistics Office, 2012). On average, the elevation
of Majuro Atoll is 1.80 m above sea level, with the highest natural
elevation of approximately 3.5 m above sea level occurring to the
west in the Laura region (Palaseanu-Lovejoy and others, 2017a).

The Majuro Atoll topobathymetric digital elevation model
(TBDEM) development is a collaboration between the
U.S. Geological Survey (USGS) Coastal National Elevation
Database (CoNED) Applications Project, the U.S. Department of
Interior (DOI) Pacific Islands Climate Science Center (PI-CSC),
the USGS Coastal and Marine Geology Program (CMGP),
the University of Guam, the University of Hawaii at Manoa,
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Base map satellite image from Esri ArcGIS, World Imagery. Sources: Aerogrid, AEX, Esri, GeoEye, Getmapping, GIS user community, i-cubed, IGN, IGP, USDA, and USGS
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Universal Transverse Mercator projection, zone 59N

Figure 1.

Map showing the location of Majuro Atoll, Republic of the Marshall Islands. Majuro Atoll is located approximately

3,800 kilometers southwest of Hawaii. Majuro, the capital of the Republic of the Marshall Islands, is located at UTM coordinates

of approximately 542019.05 meters (m) Easting and 783693.85 m Northing, zone 59N (lat. 7.089806 N., long. 171.380502 E.).
Abbreviations: E, easting; GIS, geographic information systems; N, north or northing; USDA, United States Department of Agriculture;
USGS, United States Geological Survey, UTM, Universal Transverse Mercator.

the National Oceanic and Atmospheric Administration (NOAA)
National Geodetic Survey (NGS), the Republic of the

Marshall Islands Office of Lands and Survey, the College of the
Marshall Islands, the Directorate of Civil Aviation Republic of the
Marshall Islands, and the Marshall Islands Conservation Society.
The CoNED Applications Project integrates disparate topographic
and bathymetric data sources into a common 3D elevation
database aligned both vertically and horizontally to a common
reference system (Thatcher and others, 2016). The CONED
Applications Project provides a seamless elevation product that is
required for several science application studies, such as shoreline
delineation, coastal inundation mapping, sediment transport,
sea-level rise, storm surge models, tsunami impact assessment,
and vulnerability assessment. The data are utilized by the scientific
and resource management communities for global change
research, hydrologic modeling, resource monitoring, and mapping
and visualization applications.

For many residents of the Republic of the Marshall Islands,
long periods of severe drought combined with episodic extreme
inundation events are daily realities. Inundation is due to more
frequent king tide (unusual highest high tide) episodes, typhoons,
and high storm surge exacerbated by a mixture of multiple
factors such as high regional sea levels, extreme high local tides,
and unusually strong wave set-up. The government and local
population are extremely invested in hazard vulnerability
analysis and adaptation, as well as marine and coastal resources
management. Many residents express similar sentiments

about their identity and culture being tied to the land; they
cannot imagine abandoning the place where generations of
their families have lived.

The only continuous elevation dataset currently available for
Majuro Atoll is the Shuttle Radar Topography Mission (SRTM)
data, which has a 30-m grid-cell spacing and 16-m vertical accu-
racy (expressed as linear error at 90 percent confidence level). The
goal of this project is to provide a high-resolution topographic
DEM (1-m resolution) with a minimum vertical RMSE of
0.30 m. An important objective is to generate baseline data for
visualizing and mapping surficial geomorphologic features
to enable analysis of the impact of extreme inundation events
on atoll geomorphology and fresh groundwater lenses. This
will facilitate a better understanding of the geomorphic
dynamics and the processes controlling the development and
changes of atoll landforms.

The final TBDEM developed for Majuro Atoll is derived
from various data sources, including bathymetric charts and
soundings, and unmanned aircraft systems (UAS) and satellite
imagery. Collectively, these data sources span over 70 years of
data collection (1944 to 2016) on different sections of Majuro
Atoll. The RMSE of the TBDEM over the land area is 0.197 m
using over 70,000 Global Navigation Satellite System (GNSS)
real-time kinematic (RTK) survey points for validation, and
1.066 m and 1.112 m for bathymetry derived from Landsat 8 (L8)
and WorldView-3 (WV-3) using over 16,000 and 9,000 lidar
bathymetry points, respectively.



Technical Summary

The methodology used by CoNED was employed for
developing the TBDEM for Majuro Atoll. This method is
repeatable and logically consistent and assimilates topographic
data (land elevation) and bathymetry (water depth) into a
seamless coastal elevation model. The vertical datum trans-
formations are standardized in a workflow that interweaves
spatially consistent interpolation (gridding) techniques with a
land/water boundary mask delineation approach. The outputs
are stacked into a file storage system of mosaic datasets within
an Environmental Systems Research Institute (Esri) ArcGIS
geodatabase for efficient updating while maintaining current
and updated spatially referenced metadata (Danielson
and others, 2016).

Local Geoid Model for Orthometric Heights

A local geoid model was developed for Majuro Atoll,
Republic of the Marshall Islands, by the NOAA and the NGS
based on data at 128 surveyed control points. The geoid model
was needed to convert elevations referenced to the ellipsoid
(native coordinate system for GNSS data) to orthometric
heights (referenced to local mean sea level [LMSL]). The
pertinent data at each control point location were the differ-
ence in vertical coordinates between the leveled benchmark
height (referenced to LMSL as measured at a local tide
station) and the ellipsoid height (as measured by a GNSS
survey system). The point value differences were gridded
into a continuous surface at a 52.5-m spatial resolution by
empirical Bayesian kriging in ArcGIS. The resulting grid has
values ranging from 29.7 to 30.8 m. To convert ellipsoid
height measurements to orthometric heights, the value of the
geoid model at the point locations is subtracted from the
ellipsoid height measurements.

Topography Processing Component

Majuro Atoll consists of 64 coral islets with 9.17 square
kilometers (km?) total land area and 295.05 km? of lagoon
area, although the distance from Rita/Djarrit in the east to
Laura in the west is more than 46 linear kilometers. The
widest part of the atoll is slightly more than 500 m, but on
average is 100 to 150 m wide with the narrowest part slightly
more than 30 m wide (fig. 1). The elevation of Majuro Atoll
averages slightly less than 2 m above mean sea level, with
many areas roughly at mean sea level and frequently
inundated at high tide.

During a 10-day field survey of Majuro Atoll, from
September 16 to September 26, 2016, topographic data were
acquired using a Trimble R8 to collect GNSS RTK survey
points, a Trimble S6 Robotic Total Station for under canopy
elevation data, and a DJI Phantom 4 Pro UAS to collect nadir
photographs over the southern part of the atoll. Over 83,000
GNSS points were collected, including over 12,000 points

Technical Summary 3

on the grounds of the Majuro International Airport and 104
ground control points (GSP) (fig. 2). The GNSS survey
points were collected with two rovers, one mounted to the
top of a vehicle to obtain points along roads, and one with

a backpack mount to acquire points on reef flats at low tide,
on recreational parks and agricultural fields, and on beaches.
From the total number of points, 14.6 percent were collected
at the Majuro International Airport, 1 percenton reef flats and
beaches, 3.2 percent on agricultural field and recreational
areas, and the rest (81.2 percent) were collected on roads. The
survey points were collected with a Trimble system with an
RMSE of 0.03 m (Trimble Navigation Limited, 2008).

The structure-from-motion (SfM) data were processed
each day taking into consideration the contiguous geographical
extent because the total number of photographs (over 20,000) to
be processed at once exceeded the capabilities of the computer
used. Therefore, the data collected each day were processed
separately, generating 10 different point clouds that were
classified and gridded to create bare-earth DEMs.

The nadir photographs were processed using the SfM
methodology to generate a 3D point cloud. SfM estimates
the 3D coordinates of easily identifiable points on an object
from a set of multiple overlapping and offset 2D images
taken from different viewpoints around that object (Westoby
and others, 2012). Common points that are identified and
matched on overlapping images are used to estimate relative
camera positions. The 3D position of any given point on an
object is obtained by triangulating the line of sight between
different camera locations and the identified point under
consideration. The initial 3D position is refined by iteratively
minimizing the geometric error, the projection accuracy error
(a relative assessment of matched point accuracy compared
to the best matched points), and the reprojection error
(differences between the modeled camera locations using the
3D point locations and the real camera locations). A dense
3D point cloud is derived from the sparse 3D point cloud
using the “clustering views for multi-view stereo” (CMVS)
algorithm and the “patch-based multi-view stereo” (PMVS2)
algorithm (Furukawa and Ponce, 2007; Furukawa and others,
2010). The resulting dense 3D point cloud has a significant
increase in point density, usually close to or exceeding two
orders of magnitude of the sparse 3D point-cloud point density.

During the 10-day field work period, 21,877 nadir
photographs were acquired using a DJI Phantom 4 UAS with
70 to 75 percent overlap and side lap. From these, 19,792
photographs were used in the 3D point-cloud reconstruction
using the SfM methodology implemented in Agisoft
PhotoScan (fig. 3). The generalized SfM workflow consists
of several steps including the following: feature detection,
keypoints matching, keypoints filtering, and the generation
of the sparse 3D point cloud. The data is georeferenced
using ground control points and the dense 3D point
cloud is created. The last step is the classification of the
3D point cloud. The final 3D point cloud is the basis for
further 3D reconstructions.
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Figure 3.

Diagram showing the typical workflow to derive georeferenced dense 3D point clouds using structure-from-motion

(SfM) algorithms implemented in Agisoft PhotoScan. The left column from top to bottom shows an example of unmanned
aircraft systems (UAS) photographs (top left, photograph datasets), an example of a dense 3D point cloud (middle left), and
an example of a UAS photograph with a target in it (bottom left). The middle column illustrates the key components of the SfM
methodology workflow (top to bottom), and the right column shows examples of the SfM methodology workflow including:
keypoints filtering, a sparse 3D point cloud, a dense 3D point cloud, and a classified 3D point cloud. In the top right, as a
demonstration, the matches determined to be valid between two photographs are shown in blue, while matches determined
to be invalid are shown in red. Workflow adapted from Smith and others (2016). Images generated using point cloud data.

The sparse point cloud data has a reconstruction uncertainty
(geometric error) no greater than 10 times the smallest error, a
projection accuracy error no greater than 5 times the smallest
accuracy error, and a reprojection error less than 0.3 pixels. One-
meter square targets placed in the field of view of the camera
were used as ground control points to georeference the SfTM 3D
point cloud data (fig. 3). The dense 3D point cloud was automati-
cally classified in Agisoft PhotoScan into two classes, ground
points (bare earth) and unclassified (vegetation, buildings, water,
and noise) points. This classification was further manually and
iteratively refined to derive a bare-earth DEM using the
interpolation method described by Danielson and others (2016).

Both the resulting 3D point cloud and the topography DEM were
validated using more than 70,000 GNSS points.

Both the interpolated bare-earth DEM and the derived 3D
point cloud were validated against the GNSS points. In the case
of the 3D point cloud, we used the Multiscale Model-to-Model
Cloud Comparison (M3C2) method implemented in CloudCom-
pare and described by Lague and others (2013). This method
eliminates the need for meshing or gridding and computes the
local distance between two point clouds in a cylindrical neigh-
borhood along the normal surface direction to track 3D
variations in surface orientation (Lague and others, 2013). That
translates into defining a search neighborhood whose axis
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goes through point 7 and is parallel with the normal vector N for
each point i of the GNSS points. To speed the calculations, a
fixed diameter and height are defined for the cylindrical search
neighborhood. The intersection of this search neighborhood
with the two point clouds identifies two subsets of points of
size nl (light blue points, fig. 4) and n2 (pink points, fig. 4).
The average position of the cloud subsets along the normal
direction is calculated by averaging all the distances between the
GNSS point i and each of the point-cloud point projections on
the normal vector N. The local distance between the two point
clouds L, (i) is then given by the distance between the two
projected means (Lague and others, 2013) (fig. 4).

Because all GNSS points were measurements of bare
ground, the cylindrical search neighborhood had a diameter of
1 m and a height of 1 to 1.5 m, which minimized any non-
ground point influences in the non-classified, point cloud
neighborhood used for validation. Of 71,373 GNSS points,
69,648 (97.5 percent) had SfM point-cloud points within 1 m
of each GNSS point location.

Point
normal
vector

Average positions of
point clouds in cylindrical
neighborhood

EXPLANATION

Thickness of point cloud 1

Thickness of point cloud 2

Diameter of cylindrical neighborhood

@® Pointcloud1

@® Pointcloud2

Point cloud 1in cylindrical neighborhood
Point cloud 2 in cylindrical neighborhood

Figure 4. Diagram illustrating the Multiscale Model-to-Model
Cloud Comparison (M3C2) principle. The blue and red dots
represent the two different point clouds, while the light-blue and
pink dots are the respective point clouds inside the cylindrical
neighborhood. The blue and red dashed lines represent the
thickness of respective point clouds inside the cylindrical
neighborhood. The cylindrical neighborhood has a diameter “d”
(dashed gray lines) and a height “h” and its axis is parallel with
the point normal vector N. The black dots i,and i,represent the
average positions of the two point-cloud subsets on the normal
vector N The distance Lysc,li) between the two point clouds within
the cylindrical neighborhood is the distance between /,and i,

Bathymetry Processing Component

Satellite-Derived Bathymetry

Satellite-derived bathymetry (SDB) remote sensing
research utilizes ocean optics to estimate nearshore bathym-
etry elevation values using satellite imagery acquired from
satellites such as Landsat 8 (L8) or DigitalGlobe WorldView-3
(WV-3) platforms. Coastal, blue, green, and infrared channels
are used to derive band-ratio elevation profile estimates,
commonly known as the “natural logarithm approach.” These
SDB methods have been published by Pe’eri and others (2013)
and the International Hydrographic Organization, Intergovern-
mental Oceanographic Commission (2015).

The L8 multispectral bands (U.S. Geological Survey, 2016)
(https://earthexplorer.usgs.gov/) used in the SDB process were
coastal band 1 (0.433-0.453 microns [pm]), blue band 2
(0.450-0.515 pm), green band 3 (0.525-0.600 um), red band 4
(0.630-0.680 pm), and the shortwave infrared (SWIR) band 6
(1.566—-1.651 pum). The WV-3 atmospherically corrected (using the
DigitalGlobe Atmospheric Compensation [ACOMP] alogrithm)
16-bit multispectral imagery were obtained from DigitalGlobe
(DigitalGlobe, 2016) (https://www.digitalglobe.com/), and the
bands used in the SDB process were blue band 2 (0.45-0.51 um),
green band 3 (0.51-0.58 um), and the near-infrared (NIR2)
band 8 (0.86—1.04 um). Esri ArcMap and Harris Geospatial
Environment for Visualizing Images (ENVI) software were
used to subset and process the L8 and WV-3 imagery to the
Majuro Atoll extent. Both L8 and WV-3 raw imagery values
were converted to floating point values, after which a low-pass
filter was applied to eliminate outlier values (Poppenga, 2017).

An inflection point was determined on a spectral response
curve between the land and water using the L8 shortwave
infrared band 1 (SWIR-1) (1.57-1.65 pm) and WV-3 NIR2
band 8 (0.86—1.04 um) to mask out the land portion of the
study area. Subsequent SDB processing was applied only to
the water areas delineated in this initial step. The land portion
of the study area was masked out using the L8 SWIR-1 band
and the WV-3 NIR2 band inflection point values for each L8
or WV-3 band ratio (for L8, the band ratio is blue/green or
coastal/red; for WV-3, the band ratio is blue/green).

SDB profile estimates were derived from the band ratios
of both the blue band to green band and the coastal band
to red band for L8, and for WV-3 the estimation was done
from the blue band to green band ratio. The resulting values
represent relative SDB estimates that need to be calibrated to
obtain actual depth values. Bathymetric lidar obtained from
the Naval Oceanographic Office (NAVOCEANO) (Naval
Oceanographic Office, 2006a) was released to the USGS for
SDB calibration purposes only. Because the bathymetric
lidar was only available in the Calalin Channel in the middle
northern part of the atoll, satellite imagery was used to derive
nearshore bathymetric estimates. The bathymetric lidar
values less than the extinction depth or the optical depth (for
inferring bathymetry) were used as control points. A linear


https://earthexplorer.usgs.gov/
https://www.digitalglobe.com/

regression was performed between the bathymetric lidar
elevation values and the SDB estimates. The SDB estimates
were then calibrated by means of an affine transformation
using the obtained regression line, and the optically deep
values beyond the estimated extinction depth were removed.
To achieve a consistent datum with the topographic part of the
Majuro Atoll TBDEM, the SDB estimates were adjusted from
chart or bathymetric lidar values (mean low water springs
[MLWS]) to map datum (mean sea level [MSL]) by applying
an adjustment value of 1.022 m derived from the Majuro
International Airport benchmark tied to the local tidal bench-
mark (Naval Oceanographic Office, 2006b).

The vertical and horizontal datum and projection infor-
mation of the input bathymetric source datasets were checked
to ensure the data were referenced to MSL and the Universal
Transverse Mercator (UTM) zone 59 north (N) projection.

Bathymetry Derived From Charts and Sonar
Surveys

The Secretariat of the Pacific Community (SPC) Pacific
Islands Applied Geoscience Commission (SOPAC) carried
out a marine survey for Majuro Atoll (both the lagoon and
parts of offshore) in the Marshall Islands using a multibeam
echo sounder (or sonar) (MBES) (Kruger and Kumar, 2008).
This work was part of the project “Reducing Vulnerability of
Pacific States” funded by the European Development Fund.
The survey accomplished good coverage of the sea floor in the
lagoon from approximately 10 to 70 m water depths. The data
in the lagoon supported a raster resolution of 5 m. The eastern
nearshore area of the reef slope was mapped to an average
offshore distance of 5 km, from approximately 10-m depth
to over 2,000-m depth, and gridded at 50-m resolution. The
survey data were supplemented with data previously collected
by SOPAC in 2003 (Kruger and Kumar, 2008; SPC Geosci-
ences, Secretariat of the Pacific Islands Applied Geoscience
Commission [SOPAC], 2008).

An airborne hydrographic survey using Compact
Hydrographic Airborne Rapid Total Survey (CHARTS)
was conducted off the Majuro Calalin Channel, Republic
of the Marshall Islands, by the NAVOCEANO (Naval
Oceanographic Office, 2006a, b). All soundings and elevations
were collected referenced to the World Geodetic System of
1984 (WGS 84) ellipsoid and were transformed to be verti-
cally referenced to MLWS. The CHARTS bathymetric lidar
points were only used in the calibration and validation of
SDB, and raw bathymetric elevations were not included
in the TBDEM model.

Parts of the shallow lagoon bathymetry, as well as
offshore bathymetry on the western half of the atoll, were
obtained from the Majuro Atoll Digital Nautical Chart 12,
U.S. Navy Surveys of 1944 and 2006 (National Geospatial-
Intelligence Agency, Maritime Safety Office, 2017).

Technical Summary 7

TBDEM Integration

The principal methodology for developing the integrated
TBDEM is organized into three main components including
topography, bathymetry, and integration (Danielson and
others, 2016). The topography component consists of the
land-based elevation data derived from the high-resolution
nadir imagery acquired by a UAS using SfM methodology
(Palaseanu-Lovejoy and others, 2017a, b). The bathymetry
component consists of generating SDB estimates (Pe’eri and
others, 2013) from USGS L8 imagery (U.S. Geological Survey,
2016), DigitalGlobe WV-3 imagery (DigitalGlobe, 2016),
hydrographic soundings and chart vectors (National Geospa-
tial-Intelligence Agency, Maritime Safety Office, 2017),
and multibeam acoustic sonar (Kruger and Kumar, 2008).

The most common forms of bathymetry used in this model
include SDB derived from USGS L8 and DigitalGlobe WV-3
imagery (Pe’eri and others, 2013), multibeam, and chart vector
product format. The final integration component involves the
assimilation of the topographic and bathymetric data along
the nearshore based on a predefined set of priorities. The
land/water interface (+1.0 m to —1.5 m) is the most critical
area. The end product from the topography and bathymetry
components is a raster with associated spatial masks and
metadata that are passed to the integration component for
final model generation.

The integration component was performed within Esri
ArcGIS, developing a geodatabase mosaic dataset to create
an integrated seamless TBDEM composite at a 1-m cell
size. This process included generating spatial seamlines
for each individual layer of the TBDEM, including the
topographic SfM raster dataset and bathymetric raster
datasets (SOPAC, SDB, and chart soundings). To minimize
interpolation artifacts, the priority of input topographic SfM
and bathymetric SOPAC, SDB, and chart sounding data were
determined based on a variety of project data requirements,
such as quality, age, accuracy, and coverage. This method
uses an iterative finite-difference interpolation technique that
optimizes the computational efficiency of local interpolation
methods without losing surface continuity. Seamline edges
were generated to smooth transition boundaries between
neighboring raster layers and to split complex raster datasets
with isolated regions into individual unique raster groups.
Using spatial weighting over a distance of five pixels to
prevent losing detail in narrow features, a shoreline transi-
tion zone was developed by integrating the best available
topographic and bathymetric data. A visual quality assurance
assessment was performed on the output composite to review
the mosaic seams for artifacts. Spatially referenced metadata
consisting of polygon footprints that represent each TBDEM
source input dataset were generated. The spatial metadata
include attributes that describe the source dataset name,
source organization, source project, source data resolution,
acquisition date, source publication, and topographic or
bathymetric data type (fig. 5).



One-Meter Topobathymetric Digital Elevation Model for Majuro Atoll, Republic of the Marshall Islands, 1944 to 2016

"UOISSIWIWOY) 89UB19s03K) paljddy Spue|s| d19ed ‘YOS ‘onewsaun| awi-[eal ‘1Y ‘Buiypou Jo yuou ‘N ‘podiy [euoneulaiu| odnlel ‘y]IA ‘S1e18w ‘w ‘walsAg ayjje1es
uonebine |eqo|g ‘SSND ‘Bunsea ‘J :suoneiraIqqy (800g) UOISSILIWOY 89Ud10s0aL) paljddy spue|s| di1oed ayl Jo 1e11e1819aS ‘S8aualasoan 9ds, {(q/10g) S1ayio pue Aofeno
-nuease|ed, ‘(£10g) @040 Aejes awnuel) ‘Asusby aauabijjsiul-|enedsoag |euonep; {(910g) Aeaing |eo1bojoag ‘g, :$894n0S ele( ‘a|jqedljdde alaym 918 ‘w G ‘w | ‘ajdwexa

Joy (w) s1a1aw ul papino.d si eep jo uonnjosay ‘uonealjgnd 821nos Jo JeaA J0u ‘uciaa||09 elep jo Jeah s uoneue|dxa, ay) ul Ajua yoea 1oy umoys Jeaj ‘|NJag.L perelbaiul
ay1 a1elauab 03 pasn elep Jo Jusixa |eale pue uoneao| 8yl Buimoys elepelaw |eneds (A3ag.L) |8pow uoneas|a [eubip auawAyleqodo |01y ounle|y ayyjo depy G ainbig

NBS 8u0z ‘uoinasloid J01eaIa}y 8slansuel| [eSIaAIuf

~
T T T T =
o
SHILANOTIN 9 £ 0 w | ‘9107 ‘g-MaIAPHIOM woyy ‘Anowhpeg [ w 6 "tb61 ‘sbuipunos peys woy ‘Anewhyeg [ ] S
T ! T ! “ w | ‘9107 ‘uonow-woy-aimonys woiy ‘Aydesbodoy [ w Qg ':910Z ‘g Jespue woyy ‘(jaai eine je) Anowhyeg [ W
STIN ¥ ¢ 0 w G ',g00g “1euos woyy ‘Answhyeg [ | w 0g ;9102 '8 Jespue woyy ‘Anawhyeg [
w gg *,£00Z 1euos woy ‘AnawAyreg [N 2900 ‘10393 Jieyd wouj sease pioa pueyst ‘Aydesbodo) [
w | ;9102 ‘YLY SSN9 wouy ‘(Y 1e) Aydesbodoy [ 19102 ‘seade pioa ‘Anawhyeg [
Jua)x3 ejeq |eneds NIagL 10wy oinlepy W___._
NOILYNY1dX3 18
3
=
2
IS
8
3
=
2
a1
g
3
=
g
S
o
3
=
~
&
=
o
3
=
Il Il Il Il

3 W 0000vs 3 W0000€S 3 W00002s Jw0000LS



Accuracy assessments were conducted for the SDB and
SfM components using the CHARTS bathymetric lidar and
the GNSS points, respectively. The position errors between
the measured values and the estimated values were described
using the mean error (ME), mean absolute error (MAE), and
root mean square error (RMSE). The ME indicates if there
is any bias in the data, the MAE represents the average
magnitude of the errors without considering their direction,
and the RMSE penalizes large errors more than the others,
since RMSE increases with the variance of the frequency
distribution of error magnitudes.

Results

The final Majuro Atoll TBDEM incorporates the bare-earth
DEM (topography) from Rita in the east to Laura in the west
(at 1-m resolution) with lagoon bathymetry (295 km? area) and
offshore ocean bathymetry up to 1 km on the western half and
over 4 km on the eastern half of the atoll (fig. 6). The project
investigated the utility of SfM methods and UAS-collected
imagery to generate high-resolution topographic DEMs over
large areas. It also investigated the derivation of nearshore
bathymetry data from medium- and high-resolution satellite
imagery. The resulting bathymetry is a compilation of different
charts and soundings collected over 70 years, from 1944 to
2006, coupled with satellite-derived nearshore bathymetry.

The SfM 3D point cloud was georeferenced using
104 ground control points on aerial targets with an average
spacing between them of 400 m. The RMSEs of the dense 3D
point cloud in relation to the ground control points for easting
and northing coordinates are 0.245 and 0.121 m, respectively,
and 0.040 m for vertical coordinates. Error metrics are
presented in table 1.

Using only the ground classified points from the SfM 3D
point cloud, a bare-earth DEM was derived at 1-m resolution
using the methodology described by Danielson and others
(2016). We used the rest of the GNSS points as previously
used to calculate different error measurments for validation
(table 2). The error distance between the GNSS points to the
3D point cloud was computed using the M3C2 methodology
described by Lague and others (2013).

Bathymetry derived from L8 and WV-3 was validated
against the CHARTS bathymetric lidar points (Naval
Oceanographic Office, 2006a, b) that were not used for SDB
calibration. The results are presented in table 3.

Results 9

Table 1. Error metrics using ground control points.

[Abbreviations: m, meters; RMSE, root mean square error]

Targets (104 ground X coordinate Y coordinate Z coordinate

control points) (east) (north) (altitude)
Mean error (m) 0.000 0.000 0.000
Mean absolute error (m) 0.107 0.073 0.029
RMSE (m) 0.245 0.121 0.040

Table 2. Validation measurements results using Global
Navigation Satellite System (GNSS) points.

[Abbreviations: DEM, digital elevation model; m, meters; RMSE, root mean
square error; SfM, structure from motion]

Number Mean  Mean absolute RMSE
of points error (m) error (m) (m)
StM 3D point 69,648 0.053 0.145 0.191
cloud
Bare-earth DEM 71,373 0.009 0.144 0.197

(1-m resolution)

Table 3. Validation measurements results for satellite-derived
bathymetry (SDB) using Compact Hydrographic Airborne Rapid
Total Survey (CHARTS) lidar data.

[Landsat 8 (L8) acquired at nadir on March 1, 2016; WorldView-3 (WV-3)
imagery acquired on January 30, 2016, and atmospherically corrected with
mean off-nadir angle of 13.9 degrees. Abbreviations: m, meters; RMSE,
root mean square error)

Number Mean  Mean absolute RMSE
of points error (m) error (m) (m)
L8 SDB blue/ 16,941 0.947 0.980 1.065
green band ratio
L8 SDB coastal/ 3,090 0.285 1.408 1.478
red band ratio
WV-3 SDB blue/ 9,632 0.866 0.919 1.112
green band ratio
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Analysis and Findings

Because of the narrow and elongated rectangular
geometric shape of the surveyed area, a “bowl” distortion
effect was observed in both the 3D point cloud data and the
derived DEM at the narrow edges of the surveyed area of each
field work day. To overcome this effect, for any two adjacent
rasters (results of two different field work days), the raster
determined to be the less accurate was adjusted toward the
more accurate one. The adjustment occurred in the overlap
area between the closest ground control point to that edge
(which was not adjusted at all) and that respective edge. This
was done in an iterative trial-observe-adjust fashion, using
a first-order polynomial trend surface created to re-adjust
the original surface beyond the last ground control point,
making sure that the two adjacent rasters joined seamlessly.
The adjustment surfaces did not introduce more errors into
the topographic DEM because the error measures for both
the 3D point cloud and the integrated bare-earth DEM are
similar (table 2). Furthermore, the DEM had almost no bias in
comparison with the approximately 70,000 GNSS validation
points collected on the atoll roads, agricultural and recreational
fields, and beaches.

This was one of the largest areas (over 20 km?) surveyed
to date using a commercial light UAS in a tropical coastal
community with data processed at decimeter accuracy and
centimeter precision. Previous available data for the region
had decameter accuracy. From the validation results, the
RMSE for the topographic part of the Majuro Atoll TBDEM
is 0.197 m, which translates to +0.386 m accuracy at
95 percent confidence level (Maune and others, 2007). The
atoll has a small topographic range, with the highest natural
elevation of +3.5 m above LMSL on the west side, although
a manmade infrastructure (bridge) and gravel/sand heaps
are up to +16.8 m LMSL.

There is a positive bias in the SDB data of 0.947 m for
the L8 blue/green band ratio, 0.285 m for the L8 coastal/red
band ratio, and 0.866 m for the WV-3 blue/green band ratio.
The L8 blue/green band ratio was used to derive bathymetry
for most of the atoll lagoon to depths of up to 6 m, whereas
the L8 coastal/red band ratio was better suited for deriving the
bathymetry over the reef flats north of Laura. The WV-3 blue/
green band ratio was used for the central part of the atoll near
the shipping channel.

For bathymetry in general, the vertical accuracy depends
on water depth as well as water conditions such as waves, tides,
and water clarity. Vertical accuracy also depends on errors
introduced by the instrument and the mode of deployment.

For the SDB (besides these mentioned sources of error), cloud
cover, atmospheric conditions, and the off-nadir angle need to
be considered as possible sources of error. All of these potential
sources of errors may contribute to the positive bias in the SDB
data. To further investigate the validation errors, the SDB data
were split into two separate depth intervals including (1) 0 to

4 m, and (2) 4 m to the extinction depth (>4 m) for the three
SDB areas under consideration (table 4).

Analysis and Findings 1

From the results shown in table 4, the L8-derived
bathymetry has a bimodal distribution, while the WV-3-
derived bathymetry is positively biased for both depth
intervals. Taking these results into consideration, a depth-
related adjustment to overcome the bias should be considered.
From the limited SDB data, it is not clear if the adjustment is
only depth dependent, or if it is location dependent as well.
For this reason the SDB data were not further amended.

For single beam and multibeam surveys, vertical and
horizontal accuracy have both a depth-dependent uncertainty
and a constant one. According to the International Hydro-
graphic Organization (2008), the vertical limits (minimum
and maximum) of the total vertical uncertainty within which
the uncertainty of the survey must fall (to comply with the
standard) is computed at the 95 percent confidence level using
the following formula:

+a* +(bxd)’ )

where
a 1isthe constant portion of the uncertainty;
b is the depth-dependent parameter; and
d s the depth in meters.

The values of variables “a” and “b” vary with the type
of area surveyed and water depth (see table 1 of International
Hydrographic Organization, 2008).

Considering the equation and standards in table 1 of
International Hydrographic Organization (2008), the SOPAC
multibeam survey accuracy has the following horizontal and
vertical limits (table 5). The inferred vertical accuracy is
calculated using the following equation:

Accuracy (95% confidence) = +£1.96 x RMSE ~ (2)

where

RMSE is the root mean square error.

The CHARTS bathymetric lidar points (Naval Oceano-
graphic Office, 2006a, b) accuracy is in compliance with the
International Hydrographic Organization (IHO) “Orders 1a”
and “1b” survey accuracy standards (see table 1 of Interna-
tional Hydrographic Organization, 2008).

The Majuro Atoll TBDEM, (1) has a 1-m resolution,

(2) covers a total area of 599.6 km?, (3) is compliant with

the THO (2008) published standards of vertical accuracy for
bathymetry, and (4) satisfies the USGS National Geospatial
Program (NGP) lidar base specifications (Heidemann, 2014)
for quality level 3 data for topography, which aligns with the
American Society for Photogrammetry and Remote Sensing
(American Society for Photogrammetry and Remote Sensing,
2015) 20-centimeter (cm) vertical RMSE class. The vertical
RMSE for the topographic 3D point cloud is 19.1 cm and the
vertical RMSE for the topographic DEM is 19.7 cm.
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Table 4.

One-Meter Topobathymetric Digital Elevation Model for Majuro Atoll, Republic of the Marshall Islands, 1944 to 2016

Error metrics for the three different satellite-derived bathymetry (SDB) areas segmented by water depth.

[Abbreviations: CHARTS, Compact Hydrographic Airborne Rapid Total Survey; L8, Landsat 8; m, meters; %, percent; RMSE, root

mean square error; WV-3, WorldView-3]

Errors compared to L8, nadir angle,

L8, nadir angle, WV-3, off-nadir

Depth CHARTS lidar blue/green band ratio coastal/red band ratio angle of 13.9 degree_s,
blue/green band ratio
Overall Number of points 16,941 3,090 9,632
Area (% of total) 243 0.67 0.46
Mean error (m) 0.947 0.285 0.867
Mean absolute error (m) 0.980 1.408 0.919
RMSE (m) 1.065 1.478 1.112
0to4m Number of points 801 125 1,239
Mean error (m) -0.199 -0.913 1.253
Mean absolute error (m) 0.479 1.038 1.327
RMSE (m) 0.608 1.231 1.640
>4 m Number of points 16,140 2,965 8,393
Mean error (m) 1.004 0.336 0.810
Mean absolute error (m) 1.005 1.423 0.859
RMSE (m) 1.082 1.488 1.011

Table 5. Limits for accuracy and vertical root mean square error (RMSE) of the Pacific Islands Applied Geoscience
Commission (SOPAC) data using International Hydrographic Organization (2008) standards.

[Abbreviation: m, meters]

Depth (m) 10m 100 m 101 m 200 m 500 m 1,000 m 2,000 m
Horizontal limits for accuracy +5.5 m +10 m +25.05m +30 m +175m +200 m +250 m
(95 % confidence)
Vertical limits for accuracy +0.516 m  £1.392m  4+2.529m +4.707 m +11.543 m +23.021m  +46.010 m
(95 % confidence)
Inferred vertical limits for 0.263 m 0.711 m 1.290 m 2401 m 5.889m 11.745 m 23.475m

RMSE

Conclusions and Recommendations

There are approximately 500 atolls worldwide, with
over 350 located in the Pacific and Indian Oceans providing
shelter to more than 700,000 people (Spalding and others,
2001; Yamano and others, 2007; Yasukochi and others,
2014). Atoll and island coastal communities are extremely
vulnerable to sea-level rise, tsunamis, storm surges, rogue
waves, king tides, and the occasional combination of
multiple factors such as high regional sea levels, extreme
high local tides, and unusually strong wave set-up. The
elevation of most of these atolls averages just less than
3 meters (m) above local mean sea level, with many areas
roughly at sea level. The lack of high-resolution topographic
data has been identified as a critical data gap for climate
vulnerability and adaptation efforts and for high-resolution

inundation modeling for atoll nations (Helweg and others,
2014). Modern topographic survey equipment and airborne
lidar surveys can be very difficult and costly to deploy, thus,
we investigated the usability of collecting overlapping
imagery with commercial unmanned aircraft systems (UAS)
(for example, DJI Phantom 4) to generate bare-earth digital
elevation models (DEMs) and medium- and high-resolution
satellite imagery (Landsat 8 [L8] and WorldView-3 [WV-3])
to derive bathymetry in nearshore tropical waters.

The final topobathymetric digital elevation model
(TBDEM) for Majuro Atoll is derived from various data
sources, from charts and soundings to UAS and satellite
imagery, spanning over 70 years of data collection on
different sections of Majuro Atoll, from 1944 to 2016, and
covering an area of 599.6 km?. The goal of this research was
to generate a 1-m resolution bare-earth DEM of the southern
portion of Majuro Atoll, from Rita in the east to Laura in



the west, covering approximately 20 km?, to (1) provide a
much needed baseline for inundation modeling, (2) natural
hazards risk assessment, and (3) marine and coastal resource
management. The incorporated lagoon and ocean bathym-
etry derived from historical lidar, charts, and soundings is in
compliance with the International Hydrographic Organiza-
tion (2008) published standards for vertical accuracy.

The topographic survey of Majuro Atoll is one of the
largest areas (over 20 km?) acquired using a commercial
light UAS in a tropical coastal community with data
processed at decimeter accuracy and centimeter precision. In
comparison, the only other available data, the Shuttle Radar
Topography Mission (SRTM) and Advanced Spaceborne
Thermal Emission and Reflection Radiometer (ASTER),
have 30-m grid cell spacing and 8-m vertical root mean
square error (RMSE), which are inadequate for inundation
modeling. From the validation results, the RMSE for the
topographic part of the Majuro Atoll TBDEM is 0.197 m,
which translates to £0.386-m accuracy at 95 percent
confidence level, and is consistent with the American
Society for Photogrammetry and Remote Sensing (American
Society for Photogrammetry and Remote Sensing, 2015)
20-cm vertical RMSE class.

For the L8 blue/green and coastal/red band ratios and
the WV-3 satellite-derived bathymetry (SDB), the mean
errors for depths up to 4 m are -0.199 m, -0.913 m, and
1.253 m, respectively, while the mean error for depths
greater than 4 m (up to the optical extinction depth) are
1.004 m, 0.336 m, and 0.810 m, respectively (table 4). These
results identify not only the bias in the data, but also show
that L8-derived bathymetry has a bimodal distribution. The
total area covered by SDB is approximately 3.56 percent of
the total area. This is one of the first attempts to use SDB
for shallow nearshore bathymetry in the context of a tropical
carbonate platform.

The Majuro Atoll TBDEM is the first seamless,
topobathymetric digital model for this area with a high
enough vertical and horizontal accuracy to adequately
analyze the impact of extreme inundation events on atoll
geomorphology and fresh groundwater lenses. The TBDEM
will also help to better understand the geomorphic dynamics
and the processes controlling the development and changes
of atoll landforms.

Recommendations for Topographic Unmanned
Aircraft Systems (UAS) Surveys

Utilizing UAS for elevation data acquisitions has three
main advantages including (1) relatively low equipment cost,
(2) low deployment cost, and (3) short data acquisition time.
But processing a large volume of data to obtain a 3D point
cloud at survey grade accuracy and precision can be time
consuming, and sometimes unachievable if attention to survey
planning is not taken into account. Therefore, we recommend
the following to eliminate errors during data acquisition:

Conclusions and Recommendations 13

Depending on the quality of the optical instrument
used, 75 percent forward overlap may be too much;
70 percent may be more efficient.

Make sure targets are laid down before the UAS survey.

Make sure that at least one target is placed in the over-
lap areas of adjacent flight polygons.

Ideally, the targets should be measured with the Global
Navigation Satellite System (GNSS) before or after the
UAS flight mission is completed, and not during the
UAS flight, to avoid capturing the tripod or people
obscuring the target in the photograph.

Do not put targets under tree or building shadows, or
too close to trees, fences, or walls.

If targets are placed in tidal areas, make sure that the
targets will not be displaced by incoming tides during
the UAS survey.

When collecting nadir and oblique imagery during
the same mission, ensure the targets are placed far
enough toward the shore edge to be visible from both
modes of camera orientation.

In coastal areas, it is better to do the survey at low tide.

Take multiple photographs and good field notes of
visually identifiable points (VIP) if they are sur-
veyed with GNSS.

Ideally, the camera lens calibration (for PhotoScan)
should be performed onsite in the same conditions as
the field work.

When processing the data, before initial camera align-
ment, delete all photographs at takeoff up to the
cruise altitude, and at landing.

Joint Photographic Experts Group (.jpg) format
photographs introduce distortions; use raw format
photographs, if possible.

The DJI Phantom 4 optical instrument uses a rolling
shutter; using cameras with a global shutter is
preferable.

Keep good field notes for the entire survey, including
records about weather, environmental conditions, and
time for each flight mission and area.
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