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ABSTRACT

Sherwood, C.R.; Warrick, J.A.; Hill, A.D.; Ritchie, A.C.; Andrews, B.D., and Plant, N.G., 2018. Rapid, remote assessment
of Hurricane Matthew impacts using four-dimensional structure-from-motion photogrammetry. Journal of Coastal
Research, 34(6), 1303—1316. Coconut Creek (Florida), ISSN 0749-0208.

Timely assessment of coastal landforms and structures after storms is important for evaluating storm impacts, aiding
emergency response and restoration, and initializing and assessing morphological models. Four-dimensional multiview
photogrammetry, also known as structure from motion (4D SfM), provides a method for generating three-dimensional
reconstructions of landscapes at two times (before and after events) using only photos and existing information for
ground control points. Here, these techniques were applied using National Oceanic and Atmospheric Administration
(NOAA)-obtained oblique aerial photos taken before (2015) and immediately after Hurricane Matthew (2016) to assess
coastal changes near Matanzas, Florida. This work demonstrated that 3D digital elevation models can be constructed
within 48 hours of postevent photo collection without on-site ground control measurements. One advantage of timely SfM
elevation-change assessments is that they avoid confusion of storm impacts with changes that occur after the event but
before LIDAR surveys can be performed. The accuracy and precision of the 4D SfM maps were assessed a posteriori using
the first-available LIDAR data, which were collected more than a month after the hurricane, and 11 independent ground-
truth survey points measured a week after the hurricane. Horizontal coordinates of the 4D SfM reconstruction were
biased by an average of 0.79 m (0.83 m root-mean-square difference; RMSD) compared with the ground-truth points, but
vertical elevations were more accurate. They were biased from the LIDAR by —0.09 to —0.25 m, with ~0.20 m RMSD from
both the LIDAR data and five ground-truth points with good vertical positioning and 0.25 m RMSD from LIDAR data
along a 60-m stretch of pavement. This level of precision was sufficient to quantify geomorphological change that was
often in excess of 1 m. The methodology is conducive for rapid assessment of changes along short stretches (tens of
kilometers) of coast with modest resources and could be scaled up for larger regions.

www.JCRonline.org

ADDITIONAL INDEX WORDS: Coastal geomorphology, coastal monitoring, remote sensing, multiview stereo
photogrammetry, oblique aerial photography.

INTRODUCTION
This section describes the need for timely, quantitative maps
of conditions following coastal storms and reviews approaches
for obtaining coastal change measurements. This section also
outlines the objectives of this paper, introduces the study area
near Matanzas, Florida, and describes the oceanographic
conditions associated with Hurricane Matthew.

Motivation

Timely assessment of coastal changes following storms is
important for emergency response and planning recovery
operations. Access is often limited in coastal regions after
storms, so remote sensing methods can provide scientists, first
responders, and local and federal resource and emergency
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management authorities with information about flooding, road
conditions, and damage to habitat or infrastructure.
Forecasts of storm impacts begin with a prestorm beach
landscape, usually based on LIDAR measurements (e.g.,
Stockdon, Doran, and Sallenger, 2009). The actual changes to
beaches during storms can be influenced by the prestorm beach
state, in addition to the oceanographic and geologic conditions
during the storm (e.g., Angnuureng et al., 2017; Barnard et al.,
2014; Yates, Guza, and O’Reilly, 2009). Changes to beach
morphology during storms, especially the formation of breach-
es or the closing of existing inlets, may leave the coast in a more
vulnerable condition, so, ideally, forecasts for subsequent
storms should use an updated beach state. Updates may be
particularly important during hurricane season or an El Nifio
winter, when storms are prolonged, slow-moving, or occur in
rapid succession, for example during Hurricane Matthew in
2016 (Stewart, 2017) or Hurricanes Irma and Jose in 2017, or
the El Nifo of 2015-16 (Barnard et al., 2017). However, the
ability to measure and update the beach state after a storm for
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immediate use in new forecasts requires rapid, quantitative
measurements of the new beach morphology.

Measurements of immediate poststorm conditions are also
essential to researchers for development and evaluation of
models of coastal change and flooding in response to storms.
The utility of LIDAR to conduct measurement for storm
response has been evaluated previously (Brock et al., 2002;
Stockdon, Doran, and Sallenger, 2009). Owing to the high cost
of LIDAR equipment and processing, acquisition requires
planning and investment that, typically, takes a week after a
storm impacts the coast (Sopkin et al., 2014). The morphology
that exists during and immediately following a storm can be
modified by natural processes and human recovery activities in
the days and weeks after the event, obscuring the effects of any
particular storm (Lindemer et al., 2010). Thus, poststorm
measurements are needed within hours to days of storms to
preserve these important and time-sensitive data.

Background

Aerial photographs provide a means for quickly evaluating
poststorm conditions that meets all of these needs. Visual
examination of imagery provides qualitative information about
coastal changes, but multiview photogrammetry (also known
as structure from motion; SfM) has the potential to provide
accurate quantitative information (e.g., Clapuyt, Vanacker,
and Van Oost, 2016; Fonstad et al., 2013; Hugenholtz et al.,
2013; Javernick, Brasington, and Caruso, 2014; Smith,
Carrivick, and Quincey, 2016). Three dimensional SfM yields
a 3D reconstruction of the scene from images taken (nearly)
simultaneously. Four-dimensional SfM (4D SfM) uses images
made at several times (thus 4D) that include unchanged
features; the additional images can strengthen the geometric
reconstruction and align the images over both time and space
(Warrick et al., 2017). Thus, 4D SfM may be ideal for remote
determination of coastal morphology before and after a storm.

Observations and assessments of coastal change on beaches
and dunes has evolved over time and has included evaluations
of historical photographs; maps and charts; aerial photographs;
beach profiles and beach surveys using ever more accurate
instruments; and various forms of remote sensing, including
LIDAR, synthetic aperture radar, and multispectral imaging
(Boak and Turner, 2005). Rapid measurement of beach
morphology with cross-shore profiles can be performed with
low-tech methods (Emery, 1961) or modern surveying equip-
ment, but these methods require personnel on the ground,
produce sparse spatial point clouds, and are time consuming for
large areas (Smith, Carrivick, and Quincey, 2016). Broader
surveys using ground based-remote sensing methods includ-
ing cameras (e.g., Holman and Stanley, 2007) or terrestrial
LIDAR (e.g., Hobbs et al., 2010) are effective for small, selected
areas (hundreds of meters), and mobile terrestrial LIDAR
systems have been used for longer stretches of coast (tens of
kilometers; Bitenc et al., 2011; Lim et al., 2013; Pietro, O’Neal,
and Puleo, 2008). The current state of the art is airborne
topographic-bathymetric LIDAR, which can be used for
measuring coastal morphology and change at large spatial
scales (hundreds of kilometers) with root-mean-squared errors
(RMSE) of ~10 cm (e.g., Bailly et al., 2016; Brock and Purkis,
2009; Hapke et al., 2010; Levoy et al., 2016; Nayegandhi et al.,

2006; Sallenger et al., 2003; Sopkin et al., 2014; Stockdon,
Doran, and Sallenger, 2009; Stockdon et al., 2002; Wozencraft
and Millar, 2005; Zhang et al., 2005). Unfortunately, LIDAR is
often cost prohibitive for many applications, including rapid
assessment after storms.

SfM has quickly become a popular tool for measuring
topography in a wide range of settings because of its accuracy,
relatively low cost, and low barriers to entry (Fonstad et al.,
2013; Javernick, Brasington, and Caruso, 2014; Westoby et al.,
2012). SfM has been shown to be useful to, and embraced by,
the coastal research community for mapping beaches, wet-
lands, and sea cliffs (Casella et al., 2016; Harwin and Lucieer,
2012; James and Robson, 2012; Klemas, 2015; Mancini et al.,
2013; Ruzié et al., 2014; Schmid, Hadley, and Wijekoon, 2011;
Sturdivant et al., 2017; Turner, Harley, and Drummond, 2016;
Warrick et al., 2017). Smith, Carrivick, and Quincey (2016)
provide a review of the principles and practice of SfM, and
many studies have validated the use of SfM for measurement of
topography in a range of environments, including coastal and
riparian landscapes, hillslopes, landslides, glaciers, and coral
reefs (e.g., Clapuyt, Vanacker, and Van Oost, 2016; Fonstad et
al., 2013; Harwin and Lucieer, 2012; Hugenholtz et al., 2013;
Smith, Carrivick, and Quincey, 2016; Tonkin et al., 2014;
Westoby et al., 2012; Wheaton et al., 2010). Accurate SfM
products can be generated using direct georeferencing of
camera positions and orientations, but this approach requires
real-time kinematic global navigation satellite systems (RTK-
GNSS) and inertial motion units that are expensive and heavy
for platforms such as drones (Chiang, Tsai, and Chu, 2012; Tsai
et al., 2010; Turner, Lucieer, and Wallace, 2014). However,
geolocated maps can also be made with little (or no) knowledge
of camera locations as long as the coordinates of at least three
ground control points are visible in the scene (Smith, Carrivick,
and Quincey, 2016). The RMSE of digital elevation models
produced using SfM from aerial platforms (drones or manned
aircraft) varies with camera focal length, lens quality, and
altitude (Clapuyt, Vanacker, and Van Oost, 2016; James and
Robson, 2012; Smith and Vericat, 2015), vegetation cover
(Hugenholtz et al., 2013), terrain steepness (Tonkin et al.,
2014), and number of ground control points (Clapuyt, Vanack-
er, and Van Oost, 2016; Tonkin and Midgley, 2016). The
addition of multiple collection dates in the alignment and
calibration stages results in a 4D SfM analysis that can reduce
mapping errors and improve change detection, especially for
photographic collections that include limited passes of the
study area (Warrick et al., 2017).

Objective

The objective of this paper is to evaluate the application of 4D
SfM to the rapid measurement of coastal change that resulted
from a large storm, Hurricane Matthew, which significantly
impacted several stretches of the eastern Florida coast, as
discussed in detail below. At the time of the storm (October
2016; Figure 1), the most recent published LIDAR dataset was
6 years old (JALBTCX, 2016a). (More recent prestorm LIDAR
data had been collected in the spring of 2016 but remained
unpublished until March 2017; JALBTCX, 2016b). After
Hurricane Matthew, acquisition of poststorm LIDAR data
was a high priority, but it took time: the overflight occurred 43
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Figure 1. Study area. (a) Inset showing location of study area in NE Florida and location of Hurricane Matthew on 7 October 2016. (b) Track of Hurricane
Matthew, 4-8 October 2016 colored by Saffir—Simpson hurricane wind scale. (¢) Aerial photo showing the study area (yellow box), location of ground-truth survey
points (yellow triangles), location of Figures 4A and 4B (black boxes), and location of USGS pressure sensor FLSTJ03126 (orange triangle).

days after the storm (20 November 2016), and the processed
data were released in March 2017, 5 months after the storm
(JALBTCX, 2017). In the interim, the only information on the
state of the coast was from a series of oblique images acquired
by the National Oceanic and Atmospheric Administration
(NOAA) Remote Sensing Division on 8 October 2016, the day
after the storm (NGS, 2016; NOAA, 2018a). The immediate
availability of these images, along with the availability of
prestorm images taken in the same area 5 months earlier (15
June 2016), enabled a pilot project to determine whether 4D
SfM can provide a rapid and quantitative method for assessing
coastal change after a major storm using only remotely
accessed data.

This paper describes the data and photogrammetric methods
used to construct both prestorm and poststorm digital elevation
models (DEMs) for a portion of the eastern Florida coast using

NOAA oblique aerial photos, online data from Google Earth,
and publicly available LIDAR data collected in 2010. Addition-
ally, the differences between the prestorm and poststorm
DEMs highlight patterns of coastal change, including dune
erosion and overwash deposition, caused by Hurricane Mat-
thew. Finally, a comparison of the 4D SfM DEMs with
prestorm and poststorm LIDAR data demonstrates that the
4D SfM method is accurate enough to assess damage and
update initial beach conditions for storm-impact models.

Study Area

Changes were examined along an ~8-km section of the east
Florida coast between Marineland and Matanzas Inlet, about
25 km (15 miles) south of St. Augustine, to assess the ability for
4D SfM to produce rapid measurements of coastal change
(Figure 1A). This region was selected because it was exposed to
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Table 1. Summary of LIDAR and Imagery Data.

Dataset Acquisition Date Publication Date
2010 LIDAR 4 May-16 Jun 2010 16 Nov 2016
2015 pre-Matthew imagery 15 Jun 2015 Jan 2016
2016 pre-Matthew LIDAR 19 May-20 Jul 2016 15 Dec 2016
2016 post-Matthew imagery 8 Oct 2016 10 Oct 2016
2016 post-Matthew LIDAR Nov-Dec 2016 15 Feb 2017

large waves and several meters of storm surge during
Hurricane Matthew, resulting in significant morphological
changes, as discussed below. The study area is represented by a
sandy beach, a dune ridge with residential and commercial
developments, the north—south trending Highway A1A corri-
dor, and wetlands and open waters associated with the
Matanzas River and the U.S. Intracoastal Waterway (Figure
10).

Hurricane Matthew

Hurricane Matthew was a category 5 storm while in the
Caribbean that made landfall in western Haiti on 4 October
2016, eastern Cuba on 5 October, and western Grand Bahama
Island on 7 October (Figure 1B). It remained offshore as it
worked up the SE coast of the United States, briefly making
landfall in South Carolina on 8 October as a category 1 storm
before turning east and weakening to an extratropical
depression on 9 October. Sustained winds of 33-38 m/s (64—
74 kts) with gusts to 47-48 m/s (91-93 kts) were measured at
Cape Canaveral, Florida, as the storm passed (Stewart, 2017).

Storm tides were measured in the study area at U.S.
Geological Survey (USGS) storm-tide pressure sensor
FLSTJ03126 deployed on Fort Matanzas Beach, just north of
Matanzas Inlet (Figure 1C), that recorded a wave-filtered
storm-tide water elevation of 2.23 m North American Vertical
Datum 1988 (NAVDS88) on 7 October 2016 (Frantz et al., 2017).
For comparison, ground level at this site is 1.55 m NAVDS8S,
and mean higher high water is approximately 0.61 * 0.086 m
NAVDS88 at this location, according to the NOAA VDatum
model (White et al., 2016). USGS high-water mark measure-
ments between Marineland and Matanzas inlet indicate that
surge and waves drove water levels to 2.1 to 2.6 m NAVD88 m,
as much as 0.8 m above local ground elevations (USGS, 2018a).

The nearest wave measurements were made at National
Data Buoy Center (NDBC) buoy 41112, located ~115 km NE of
the study area. These measurements indicated that waves
peaked at 2100 on 7 October, with significant wave heights of
5.96 m and peak periods of 12.5 s approaching with mean
incident wave directions of 122° (ndbc.noaa.gov). Waves closer
to the study area may have been even larger. Simulations from
the quasi-operational coupled ocean—atmosphere—wave—sedi-
ment transport (COAWST) forecast model (Warner et al., 2010;
USGS 2018b), which underpredicted the NDBC 41112 mea-
surements by about 0.2 m, indicated that waves at 20-m depth
offshore of Matanzas peaked at 1800 on 7 October, with
significant wave heights of 7.3 m, peaks periods of 12.8 s, and
mean incident wave directions of 65°. During the hurricane,
significant coastal erosion, road damage, and overwash
occurred between Marineland and Mantanzas, and a small
breach occurred in the barrier beach, forming a new connection
with the Intracoastal Waterway.

Overwash deposits
R 4

Figure 2. Detail of one of the NOAA oblique images (21060bP28254034.tif)
acquired on 8 October 2016, immediately after Hurricane Matthew. See
Figure 4A for location.

METHODS
Oblique aerial photographs and mulitview photogrammetery
were used to reconstruct digital elevation models of the study
area before and after Hurricane Matthew. This section
describes the methods used, as well as LIDAR and field
measurements used to evaluate the models.

Oblique Aerial Photographs

The dataset that motivated this application is a series of
oblique aerial photos taken on 8 October 2016, the day after
Hurricane Matthew passed the Florida coast. The images were
acquired by the NOAA Remote Sensing Division from altitudes
of about 760 to 1500 m (2500 to 5000 feet) using a Trimble
Digital Sensor System (NGS, 2016) at a look angle of 37.5° from
vertical. The images had pixel dimensions of 7212 X 5408, and
the ground sample distance (GSD) for each pixel was
approximately 0.35 to 0.50 m (NOAA 2018b). Images along
each flight line overlapped by 60-70%. The images were made
publicly available by NOAA and downloaded on 10 October
2016, only 3 days after the storm (Table 1). An inset from one of
the images looking shoreward (roughly west) shows damage to
the roadway of old route A1A (in foreground at top of beach)
and overwash deposits landward of the houses (Figure 2).

Images of the study area were also taken by NOAA on 15
June 2015 (Table 1), which is slightly greater than 1 year before
Hurricane Matthew, and these photos were used here to
represent the prestorm conditions. These photos are available
through NOAA’s Coastal Imagery Viewer (NOAA, 2018c).

4D Structure-from-Motion Point Clouds

Multiview stereo photogrammetry (structure from motion;
SfM) was used to make topographic point clouds of the study
area before and after Hurricane Matthew. Images from both
2015 and 2016 were aligned together using Agisoft Photoscan
v. 1.2.x using a technique termed 4D SfM (Warrick et al., 2017).
This technique develops tie points across both image sets
simultaneously during the alignment and subsequent optimi-
zation of the lens calibration and camera locations and view
directions. Photoscan was used because it facilitates grouping
images by time and because it has demonstrated excellent
performance in some software comparisons (Turner, Lucieer,
and Wallace, 2014). Tie points are locations identified with
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Figure 3. Illustration of the structure-from-motion (SfM) reconstruction. This is an oblique 3D view of the point cloud (>30 million points) of the reconstructed
landscape, looking NE (offshore). The blue flags with red dots indicate locations of the synthetic ground control points (SGCPs). The ground-truth points are
indicated with blue flags and yellow dots. The inferred camera locations are indicated by light blue (2015) and dark blue (2016) image planes.

computer vision algorithms as representing the same feature in
two or more images. The advantage of 4D SfM is that the
features within the study area that are unchanged between the
photo collection dates provide extra candidate tie points, thus
strengthening the geometrical reconstruction.

Alignment

The camera alignment process involved several steps. All of
the available images (13 from 2015 and 29 from 2016; Figure 3)
were imported into two camera groups. Masks were created to
outline and remove portions of the images that contained water
or were above the horizon. The masked images from both years
were aligned together, allowing the software to infer separate
lens calibration coefficients for each flight. Following the initial
alignment, an iterative procedure was used to identify and
remove tie points with weak geometry and readjust the camera
alignment (Breithaupt et al., 2004; Matthews, Noble, and
Breithaupt, 2016; Noble, personal communication, 2016;
Thoeni et al., 2014; Warrick et al., 2017). After this optimiza-
tion, the remaining sparse point cloud contained 71,796 tie
points.

Synthetic Ground Control Points

Ground control points (GCPs) are required to accurately
georeference SfM point clouds, but the NOAA oblique photos
were collected independently of any ground-truth data. James
et al. (2006) have shown that LIDAR-derived GCPs were
almost as effective as surveyed GCPs for improving the

accuracy of SfM DEMS. The most recent LIDAR data that
were publicly available at the time of the storm were from a
2010 survey published on the NOAA Digital Coast website in
2016 (NOAA, 2018d; JALBTCX, 2016a). These data were part
of a coastal survey extending from Cape Canaveral, Florida, to
Cape Lookout, North Carolina, from the waterline inland about
500 m and were used to create the synthetic ground control
points used in SfM reconstruction.

A set of synthetic ground control points (SGCPs) was
developed using a combination of Google Earth imagery for
horizontal coordinates and the 2010 LIDAR dataset (JALBTCX
2016a) for elevations. Ideally, GCPs are placed in flat sections
of the landscape, are precisely located, and are readily
identifiable in multiple aerial images. Painted road strips,
manhole covers, and seams on pavement or flat roofs are
suitable targets. While LIDAR data provide precise position-
ing, it is difficult to use LIDAR output (elevation and intensity)
to find flat-lying features that can be unambiguously identified
in aerial images. A novel combination of Google Earth images
(to identify visible features) and LIDAR positioning (to better
constrain vertical elevations) was developed. This was predi-
cated on the ease of colocating features such as road stripes in
both the oblique aerial photos and Google Earth and the
reported horizontal accuracy of Google Earth (RMSE ranging
from 0.67 to 5 m; Goudarzi and Landry, 2017; Mohammed,
Ghazi, and Mustafa, 2013; Paredes-Henandez et al., 2013;
Wang et al., 2017). This level of accuracy was judged to be
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better than that of horizontal positions extracted from LIDAR
and the oblique imagery. Google Earth was not used for vertical
positions, owing to the larger errors in Google Earth elevations
reported by Wang et al. (2017).

The locations of useful SGCPs were constrained by the
geography of the study area, which included beaches, wetlands,
and the Matanzas River. Within these constraints, an attempt
was made to distribute SGCPs fairly uniformly around the
study area, with emphasis on cross-shore distributions to help
constrain the geometry along that axis. After some assessment
of the NOAA and Google Earth imagery and the LIDAR data,
16 points were identified (Figure 3) and assigned horizontal
coordinates from Google Earth positions and elevations from
the LIDAR data at the same location. Horizontal coordinates
for this project were projected to Universal Transverse
Mercator (UTM) Northing and Easting (meters, zone 17 North)
in the North American Datum 1983 (NAD83) reference frame
(Geoid12a). Vertical coordinates were meters referenced to
NAVDSS.

The coordinates of the SGCPs were imported into Photoscan
and manually located on each of the images in which they
appeared. These points were assigned marker accuracies of 2 m
(horizontal; Mohammed, Ghazi, and Mustafa 2013) and 0.1 m
(vertical; JALBTCX, 2016a) in Photoscan. Camera location
accuracy was set at 10 m (the default); tie-point accuracy was
set at 0.1 pix (following guidance of Noble, personal commu-
nication, 2016). The accuracy assigned in Photoscan to various
inputs (camera locations, tie points, GCP locations) determined
the weights assigned in the overall optimization of the
reconstruction. After placing the SGCPs in the project, the
geometry and lens calibration coefficients were optimized a
final time to account for the additional constraint of the SGCPs
(Figure 3). The standard error of unit weight reported by
Photoscan after optimization was 1.16; a value of 1.0 indicates
that the weighted errors are perfectly equally distributed
among the various inputs.

Photogrammetry Products: Point Clouds, DEMs,
Orthomosaics, and Difference Maps

Two geolocated point clouds were constructed independently
using the aligned images from pre- and post-Matthew using
Photoscan with the high density setting and the moderate
depth filtering algorithm. This resulted in prestorm and
poststorm point clouds with 22.6 million and 33.2 million data
points, respectively. The point clouds were unclassified but
included red—green—blue (RGB) colors for each point interpo-
lated by Photoscan from the original photographs.

Digital elevation models (DEMs) were interpolated from the
dense point clouds using inverse-distance weighting in Photo-
scan and exported at 0.5-m resolution. No manual editing of the
point clouds was performed prior to interpolation. The term
DEM is used here for both the SfM and LIDAR products
(discussed below), recognizing that the two technologies are
mapping different surfaces. Orthomosaics were also construct-
ed in Photoscan using the aligned images and the DEMs and
exported at 0.25-m resolution. The DEMs were differenced in
Global Mapper (v.17.2) (post- minus pre-Matthew) to quantify
changes between 15 June 2015 and 8 October 2016.

Topo-bathy LIDAR Products: Point Clouds and DEMs

Topographic—bathymetric (topo—bathy) LIDAR data were
acquired in the study area before and after Hurricane Matthew
(in June 2016 and November 2016, respectively; Table 1), but
these were not available for analysis in the immediate
aftermath of the storm. However, they were released months
later (December 2016 and February 2017, respectively; Table
1) and were used retrospectively to assess the quality of the
SfM reconstruction. Both datasets were obtained with the U.S.
Army Corps of Engineers (USACE) Coastal Zone Mapping and
Imaging LIDAR (CZMIL) system. CZMIL integrates a topo—
bathy LIDAR sensor with a digital camera and a hyperspectral
imager on a single remote sensing platform. Topo—bathy
LIDAR data were collected before Hurricane Matthew by the
USACE on 24 June 2016 and published on 15 December 2016
(JALBTCX, 2016b; Table 1). Similar data were collected after
Hurricane Matthew (JALBTCX, 2017) with flights over the
study area on 20 November 2016. Several field crews from the
USGS used survey equipment to provide ground-truth mea-
surements along the flight lines, and the LIDAR data were
published on 15 February 2017 (Table 1).

Topo-bathy point clouds from the 2016 pre- and post-
Matthew surveys were classified as either 1 = Unclassified, 2
= Ground, or 29 = Bathymetry. The data were distributed in
compressed LAS format as LAZ files (ASPRS, 2013; Isenburg,
2013). LAZ files were imported to Global Mapper for an area
covering approximately 8 km of coast south of Matanzas Inlet
and displayed as point clouds. Only the ground (bare earth)
points (point class 2) were used for this analysis; they
accounted for 15-20% of the overall points in each tile. One-
meter DEMs were created from the pre- and post-Matthew
ground point clouds and exported as 32-bit floating point
GeoTIFF files.

The two LIDAR DEMs were differenced in ArcGIS (v. 10.2) to
measure change between June and October 2016. The stated
vertical accuracy of the USACE LIDAR data is 0.196 m at 95%
confidence interval. Although the two LIDAR surveys were
collected by the same organization using the same sensor,
vertical differences existed in areas where there should have
been no changes. These areas were used to calculate and
remove a 0.17-m bias between the pre- and post-Matthew
LIDAR point clouds, as follows. The road centerline of new
state route A1A was obtained from the Florida Department of
Transportation, and a 1-m buffer was added to create a 2-m
wide strip along the road centerline. The mean change value of
this strip was 17 cm, with the post-Matthew LIDAR data
higher than the pre-Matthew survey. The post-Matthew DEM
was adjusted by subtracting 0.17 m, and the difference map
was recalculated. This approach has been applied elsewhere
when there are multiple colocated LIDAR data sets (Thompson
etal., 2017).

Ground-Truth Survey Points

The USGS deployed a survey crew to the Matanzas study
area to collect ground-truth measurements 6 days after the
storm (13 and 14 October 2016). The team identified 12 points
on features that were likely to be visible in the aerial photos
and that did not appear to have moved since the storm
(Supplemental Material). The points included corners of
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asphalt and concrete slabs, the ends of exposed water pipes, the
end of a wall, a dune scarp, a nearly buried fire hydrant, and
the trunk of a downed palm tree. The points were located by
setting up a GNSS surveying system (Ashtech GNSS antenna
and Ashtech Proflex 800 receiver) on a tripod over the feature
and collecting satellite observations for 5 minutes. These data
were postprocessed to provide positions with horizontal
precision of ~1.5 cm and vertical precision of ~3.5 cm, based
on the maximum standard deviations in the recorded time
series, instrument precision, and distance (<1 km) from the
base station to the surveyed point.

The ground-truth features were identified in the oblique
aerial images, and the photogrammetry software was used to
compare their surveyed locations with the locations deter-
mined using the 4D SfM reconstruction. In some cases, it was
difficult to determine the exact location of the ground-truth
feature in the oblique image, either because the feature was not
fully resolved, the look angle hid part of the feature, or because
the location of the feature was ambiguous in the field notes and
photographs. Vertical positioning was considered compromised
when the feature was prominent relative to its immediate
surroundings and when small errors in the horizontal position
could have led to substantial vertical differences. Horizontal
positioning was considered compromised if the feature was
indistinct or difficult to locate precisely in the oblique photos.
Despite the difficulty in precisely locating these points in the
oblique photos, they provide some information about the
accuracy of the SfM reconstruction on the beach.

RESULTS
The methods described above generated orthomosaics and
DEMs that were used to make difference maps. This section
describes the changes observed in the orthomosaics, DEMS,
and difference maps and compares the DEMs and the
difference maps with LIDAR data and ground-truth points.

4D SfM Orthomosaics and DEMs

Results from the 4D SfM process include orthomosaics,
DEMs that were used to make difference maps, and cross-shore
profiles at representative cross-sections devoid of vegetation or
structures. Comparison of orthomosaics and DEMs before and
after Hurricane Matthew reveal distinct changes in coastal
features. Examples from two sites are shown in Figure 4. The
panels on the left show data from a southern site with
significant beach erosion and overwash. The panels on the
right show data from a region a few hundred meters farther
north, where a breach in the barrier beach formed during the
storm.

The pre-Matthew orthomosaic at the southern site (Figure
4A) shows a stretch of coast with houses built on the dune crest
landward of old route A1A. New route AlA curves inland
behind a wetland west of the houses (upper left corner of the
images). The post-Matthew orthomosaic (Figure 4C) shows
destruction of old route A1A, modification of the dune line, and
formation of distinctive orange sand overwash deposits
between the houses. Orthomosaics at the northern site show
a thin stretch of barrier beach before Hurricane Matthew
(Figure 4B). After Hurricane Matthew, the orthomosaic shows
that a breach has formed, and the barrier has migrated inland

through erosion of the shoreface and overwash deposition in
the back-barrier river channel (Figure 4D).

DEMs produced by 4D SfM (Figure 4E-H) were differenced
to quantify changes for these sites (Figure 41-J). The difference
maps were shaded to indicate regions of erosion (red) and
deposition (blue). Changes less than 0.5 m are unshaded.
These difference maps showed erosion at the dune crest and
along old route A1A and smaller amounts of erosion on the
beach face (Figure 4I). Deposition in the developed portion of
the coast occurred in overwash lobes that formed between
houses. Erosion was more widespread at the northern section
where a new breach formed, but overwash resulted in
deposition in the back-barrier waterway (Figure 4dJ).

The vertical changes are shown more clearly in profiles
across the beach extracted from the SfM DEMs at two locations
(profiles P9 and P6 in Figure 4). At the northern profile (P6),
the dune crest was eroded by as much as ~2 m, and an
overwash lobe was deposited that was nearly ~1 m thick
(Figure 5A). At the southern profile (P9) the beachface was
lowered by ~0.3 m, the dune crest reduced by ~1.5 m, and the
overwash lobe was ~1.2 m thick as it extended into the small
pond west of the barrier (Figure 5B).

Comparison with LIDAR DEMs

The vertical uncertainty associated with the SfM reconstruc-
tion can be assessed roughly by comparison with the LIDAR
data. A global assessment over the entire DEM is not useful
because the LIDAR surfaces do not contain structures or
vegetation, whereas the SfM surfaces contain both. Addition-
ally, the DEMs are not contemporaneous: the pre-Matthew
imagery and LIDAR are nearly a year apart, and the post-
Matthew imagery and LIDAR are 6 weeks apart. Therefore,
some of the measured differences are real changes related to
natural processes and human activity. That noted, the
difference maps using SfM and LIDAR show spatial patterns
of deposition and erosion that agree well over most of the study
area (Figure 6). Both maps indicate erosion of the dune crest
along nearly the entire reach, usually with deposition imme-
diately landward. Farther west, in the vegetated wetlands, the
patterns of erosion and deposition are irregular and probably
mostly artifacts of vegetation and/or water levels. In the
northern part of the study area (in the region of profiles P1-P3),
the LIDAR difference map shows deposition on the upper
portion of beach and broad regions of erosion west of the dune
crest. However, an examination of imagery available from
Google Maps (accessed 21 December 2017) revealed that
significant human modification occurred in this region,
involving removal of sand from the overwash deposits and
construction of a new, artificial dune seaward of the preexisting
dune crest. These changes occurred after the SfM imagery was
collected but were in progress during the LIDAR flight.

More comparisons can be made along the profiles shown in
Figure 6. Profiles P6 and P9 are the same as Figure 5 but now
include pre-Matthew (green) and post-Matthew (blue) profiles
from the LIDAR data (darker thin lines). The other cross-
barrier profiles were extracted at irregular but representative
locations with bare sand or sparse vegetation. Profiles P4 and
P7 are plotted along with P4 and P9 in Figure 6. There is good
qualitative agreement between SfM and LIDAR elevations in
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Figure 4. Orthomosaics at two locations in the study area (Figure 1) constructed from pre-Matthew (A, B) and post-Matthew (C, D) oblique images using 4D SfM,
with corresponding DEMs (E, F and G, H). Difference maps calculated from the DEMs (I, J) show regions of erosion (red) and deposition (blue); the white region
indicating no significant difference extends from —0.5 to +0.5 m. Dark regions in the DEMs and difference maps are regions with no data. P9 and P6 indicate

locations of elevation profiles that are presented in Figure 5.

all of the profiles except profiles P4 and P6, where there are
differences between the poststorm LIDAR and SfM of 0.5 m
(P4) and 1.1 m (P6). In profile P4, the post-Matthew LIDAR
profile is higher on the upper beach. Google Maps images
indicate that a roadbed was constructed here after the date of
the SfM imagery. Profile P6 was located at the northern edge of
the new breach, another place where rapid poststorm changes
occurred as the inlet evolved naturally and construction crews
worked to close it. The root-mean-square difference (RMSD)
computed for the eight pairs (SfM vs. LIDAR) of profiles ranged
from 0 to 0.75 m, with a mean of 0.18 m (Figure 6). The mean
RMSD for all 10 of the pre-Matthew profiles STM/LIDAR pairs
was 0.18 m, and for the post-Matthew profile pairs the mean
RMSD was 0.20 m. The real changes that occurred between the
SfM and LIDAR acquisition dates are included in this
calculation, so 0.2 m is a realistic estimate of the vertical
accuracy of the SfM elevations on bare sand along the profiles.

Elevations for all five datasets (2010 LIDAR, 2016 pre-
Matthew LIDAR, 2016 post-Matthew LIDAR, 2015 pre-
Matthew SfM, and 2016 post-Matthew SfM) were compared
along a swath 60 m long and 2 m wide down the middle of the
paved highway near the intersection of route A1A with old
A1A, a section that appeared to be devoid of cars or overwash in
all five datasets. The 2016 pre-Matthew LIDAR elevations
were used as a reference and subtracted from the other
datasets along the profile. The 2010 and 2016 post-Matthew
LIDAR datasets showed mean differences (RMSD) of —0.07
(0.07) m and —0.02 (0.02) m, respectively. (Note that the 2016
post-Matthew LIDAR was previously adjusted 0.17 m to match
the pre-Matthew LIDAR along a slightly different portion of
the road.) The pre- and post-Matthew SfM profiles showed
differences of —0.18 (0.20) m and —0.25 (0.26) m, respectively.
These were slightly larger differences than occurred along the
cross-shore profiles. The mean difference (RMSD) between the
two SfM road profiles was 0.07 (0.10) m. These suggest that, in
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Figure 5. Profiles extracted from the SfM DEMs across the beach at two
locations indicated in Figure 1C and Figure 4. Distance is measured from the
approximate water line in pre-Matthew LIDAR DEMs.

this region, the SfM reconstructions were biased low by —0.18 to
—0.25 m relative to the pre-Matthew LIDAR but matched each
other within 0.10 m.

Comparison with Ground-Truth Survey Points

Twelve ground-truth features were surveyed, but one had
clearly moved and was not used. All of the 11 reconstructed
locations in the 4D SfM DEMs fell within 1.27 m (horizontal)
and 1.4 m (vertical) of the ground-truth features identified by
the survey crew (Supplemental Material). The mean horizontal
difference (bias) was 0.79 m, with a range of 0.36 to 1.27 m and
RMSD of 0.83 m. The vertical bias was 0.48 m, with a range of
—0.33 to 1.4 m and RMSD of 0.48 m. Some features were likely
to be more reliable than others. For example, it was difficult to
determine the exact point where the survey instrument was
located in an image of the eroded dune scarp. Similarly, small
changes in positioning the survey point in images of water
pipes or a stone wall resulted in large vertical changes.
Removing from the comparison features with questionable
horizontal positioning does not make much difference, but
when features with questionable vertical positioning are
eliminated, the vertical bias in the five remaining points
decreases to —0.09 m, with an RMSD of 0.12 m and a range of
—0.18 to 0.02 m. These results are consistent with the LIDAR
comparisons in the previous section and indicate that the SfM
elevations are accurate to within ~0.2—-0.25 m.

DISCUSSION

The rapid collection of oblique photographs by the NOAA
Remote Sensing Division after Hurricane Matthew, com-
bined with prestorm imagery, provided adequate imagery to
develop 4D SfM topographic models that characterized
changes in coastal morphology resulting from the storms.
Here the utility of these data products is evaluated,
considering their accuracy and timeliness, especially with
respect to LIDAR collections.

Accuracy and Precision

A crucial question is whether the SfM reconstructions using
the techniques here are accurate enough for a rapid assessment
of coastal change. LIDAR data are the standard for comparison.
There are a number of important differences between DEMs
created with SfM and LIDAR. LIDAR point clouds are
classified and can usually provide bare-earth surfaces. Most
SfM point clouds are initially unclassified and, while they have
colors that help identify features on the landscape, the DEM
surfaces include vegetation, structures, vehicles, and other
features that are not included in the LIDAR ground class.
Commonly, LIDAR data have been quality checked and have
been compiled to meet horizontal and vertical accuracies of 1 m
and 19.6 cm, respectively, at the 95% confidence limits
(JALBTCX, 2016a,b). However, in this case, a 17-cm discrep-
ancy was found between the two LIDAR data sets that would
have biased difference maps had it not been found and
removed. Standardized quality assurance procedures for 4D
SfM have not been established, but the horizontal accuracy of
the SfM reconstructions showed a mean bias of 0.79 m with a
maximum error of 1.27 m, a consequence of referencing the
SGCPs to Google Earth. The horizontal resolution of the SfM
orthomosaics (0.1 m) and DEMs (0.5 m) allows precise
comparisons between pre- and post-Matthew maps. The
estimates of vertical uncertainties in the SfM DEMs were
~0.25 m, as judged by both comparison with LIDAR and
independent ground-truth points. The 4D SfM methodology
minimized biases between the two SfM DEMs, and the
difference maps appear to be biased by less than 0.07 m.
Additionally, the spatial distribution of the changes is
qualitatively similar to those inferred from pre- and post-
Matthew LIDAR maps, with most differences appearing either
on the lower shoreface, near the new breach, or on the wetlands
landward of the barrier (vicinity of profiles P1-P5; Figure 6).
All of this evidence suggests that sufficient precision exists in
the difference maps to identify the observed changes of a meter
or more.

Artifacts in the LIDAR data are fairly well understood and
include biases across flight lines, scattered returns associated
with vegetation and power lines, and lost returns from light-
absorbing surfaces including water. Artifacts in the SfM data
arise for other reasons, including global biases associated with
error in the GCP locations and regional distortions caused by
misalignment of the camera locations and imperfections in the
inferred camera lens model. In addition, the SfM reconstruc-
tions contain artifacts caused by shadows and moving objects,
such as water and wind-blown vegetation. However, the
additional information provided by the orthomosaics greatly
enhances the interpretive value of the SfM DEMs. The
coregistration of the SfM elevation and underlying imagery
allows for very clear characterization of coastal changes and
their impacts to infrastructure and ecosystems. Thus, SfM
results can be used to describe changes in features such as
houses, roads, and wetlands (e.g., Figure 4), which would
support simultaneous estimation of elevation change and
economic loss due to storm damage (Liu et al., 2014). These
sorts of data are needed to develop and test improved risk
reduction methods that go beyond assessing coastal hazards
(e.g., van Verseveld et al., 2015).
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LIDAR profiles.

The coastal zone LIDAR system includes a blue-green LIDAR
that acquires bathymetric data in the nearshore region
(Feygels et al., 2013; Tuell, Barbor, and Wozencraft, 2010).
Although the working depth varies with water clarity, these
data are very useful for assessing changes in coastal morphol-
ogy. At present, estimates of bathymetry cannot be extracted
using SfM from coastal images with waves.

Many of the differences between SfM and LIDAR maps were
real changes resulting primarily from human recovery efforts,

reflecting the timing of data collection. Where beach modifica-
tions occurred between the dates when LIDAR and SfM were
acquired, the differences between the two data sets were over 1
m, exceeding the 0.25 m RMSD estimate. In these cases, the
SfM elevations are more accurate estimates of changes
associated with Hurricane Matthew. Applications of LIDAR
elevation data to test model accuracy often identify areas of
mismatch between modeled and observed elevation changes
that are blamed on timing of data acquisition (Lindemer et al.,
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2010; McCall et al., 2010; Sherwood et al., 2014). At remote
locations, human interference cannot be blamed for mismatch-
es, but continued coastal evolution may occur, particularly if an
area has been breached. Rapid observations can help to avoid
the convolution of model errors, observation errors, and actual
landscape evolution.

Spatial Coverage

Point densities varied for both methods, and gaps in coverage
occurred for different reasons. The LIDAR data had variable
point densities ranging from ~10 to 40 points/m?2, dropping to
zero in regions where the bare-earth algorithm had removed
structures. The SfM point cloud was more uniform, ranging
from about 10 to 17 points/m?, dropping to zero in water and
behind tall objects (including houses) where the look angle was
obscured.

LIDAR missions typically cover large regions of the coast. For
example, the post-Matthew flight extended from Florida to
North Carolina, and post-Sandy flights extended from Long
Island to Maryland (NOAA, 2018e). SfM maps are usually
made for smaller survey areas, but the NOAA oblique images
used here were part of a much longer mission, extending from
South Carolina to south Florida, with approximately five
images per kilometer. A 4D SfM project for 100 km of coastline
would involve ~1000 images.

Timeliness

The objective of this pilot application was to evaluate 4D SfM
as a rapid assessment tool, which includes rapid data
acquisition and can include the rapid processing and dissem-
ination of the results. Thus, it is also important to discuss the
timing of the analyses and results. User-friendly software
packages with sophisticated algorithms (e.g., Agisoft Photo-
scan, Pix4D, Correlator3D) are commercially available and can
be used effectively with only a moderate amount of training. In
this case, most of the processing effort involved identifying the
SGCPs and masking the images to remove water. This work
required about 8 person-hours. After the workflow was
established and the SGCPs were established, the actual
photogrammetric processing took about 4 person-hours and
overnight processing on a high-end workstation. Thus, it would
be reasonable for a small team to provide difference maps for
small regions within 48 hours of receipt of the images. This
turnaround time could be reduced with more resources,
especially if automatic water-masking algorithms were used
and if SGCPs were preselected for vulnerable regions before or
during storms. In contrast, LIDAR data are routinely processed
by contract specialists with dedicated software and multistep
workflows. These procedures produce a consistent and reliable
product covering a much larger region, but processing times
are usually weeks to months, rather than hours.

Both approaches require well-timed datasets. In the past,
coastal LIDAR mapping missions have been flown on an
irregular schedule, and while parts of eastern Florida have
been mapped six times between 2004 and June 2017, other
portions of the U.S. coast have never been mapped with modern
topo-bathy LIDAR (A. Fredericks, U.S. Geological Survey,
personal communication, 2017; Wozencraft, 2017). Unless
resources are dedicated to mapping after a specific event, the

interval between LIDAR maps is likely to range from 1 to 5
years.

The 4D SfM method depends on good quality images before
and after the event of interest. Imagery is collected more
frequently than LIDAR: NOAA acquires imagery after most
damaging hurricanes, and other organizations, including state
emergency management agencies and the USGS, often arrange
for aerial photo collection after major coastal events. Most of
the east and Gulf coasts of the U.S. have been imaged recently,
but not all imagery is ideally suited for SfM processing. For
example, the images acquired during the 2017 hurricane
season were distributed in an orthometric format with minimal
overlap, making them unsuitable for SfM analysis. Ideally,
photos should overlap by about 60% and would not be processed
in a way that degrades the ability for pixel mapping. Acceptable
images may be acquired from other light planes with hand-held
cameras if static camera settings and photographic overlap
requirements are implemented, which means that local Civil
Air Patrol wings or contractors can help assess poststorm
conditions and topographic change. Given the lower cost for
both photo acquisition and SfM processing compared with
LIDAR data, it is anticipated that aerial images will be more
readily available along many coastal reaches, making the 4D
SfM a practical alternative for future change assessments.

SfM projects involving ~1000 images (~100 km of coastline)
can be easily processed overnight on a workstation with a high-
end graphics card with a graphics processing unit (GPU) and a
moderate amount of memory (~16-32 GB). High-performance
computing resources with tens of GPUs and large shared
memory can process projects with tens of thousands of images.
With planning, sufficient trained assistance, and adequate
computer resources, it would be technically feasible to scale the
SfM analysis to incorporate the larger domains usually mapped
with LIDAR. It is also possible to incorporate a wider source of
images, as demonstrated by the use of crowd-sourced images
(e.g., Frahm et al., 2013), and leverage the growing number of
cloud resources to render large-scale SfM processing.

CONCLUSIONS

Digital elevation models (DEMs) of coastal regions produced
from aerial photos can be used to rapidly assess storm impacts.
NOAA oblique aerial imagery, combined with a photogram-
metric technique that incorporated imagery from multiple
viewpoints at several times (known as four-dimensional
structure-from-motion; 4D SfM) and synthetic ground control
points derived from publicly available sources, produced DEMs
that agreed both qualitatively and quantitatively with DEMs
generated from LIDAR data. Vertical RMS differences between
LIDAR and SfM were 0.20-0.25 m, which are sufficiently
precise to resolve beach changes caused by major storms, which
are often more than 1 m. The main benefit of using these SfM
methods is timeliness. Oblique aerial imagery can be acquired
and made available within hours to days after significant
storms such as Hurricane Matthew. Timely acquisition can
avoid confusing observation errors with actual beach changes
that occur after, and are unrelated to, a major storm event.
Accuracy improvement from timely observations was shown to
be as much as 1 m where beach modification had begun after
the storm passed but prior to LIDAR acquisition. This pilot
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application of the 4D SfM method demonstrates that photo-
grammetric analysis of a multiple-kilometer coastal region can
be performed by a small team with modest computer resources
in 48 hours from receipt of the images, producing orthomosaics
and digital elevation models with an RMS error of ~0.25 m.
Larger regions or faster turnaround could be processed with
more computer resources, multiple teams, and/or prior plan-
ning. The timeliness of these quantitative products makes
them valuable for rapid assessment of coastal change.
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