
Citation: Shahtakhtinskiy, A.; Khan,

S.D.; Rojas, S.S. Quantifying the

Impact of Hurricane Harvey on

Beach−Dune Systems of the Central

Texas Coast and Monitoring Their

Changes Using UAV Photogrammetry.

Remote Sens. 2023, 15, 5779.

https://doi.org/10.3390/rs15245779

Academic Editors: Monica

Palaseanu-Lovejoy, Jeff Danielson,

Dean B. Gesch and Christopher E.

Parrish

Received: 30 October 2023

Revised: 6 December 2023

Accepted: 12 December 2023

Published: 18 December 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

remote sensing  

Article

Quantifying the Impact of Hurricane Harvey on Beach−Dune
Systems of the Central Texas Coast and Monitoring Their
Changes Using UAV Photogrammetry
Aydin Shahtakhtinskiy , Shuhab D. Khan * and Sara S. Rojas

Department of Earth and Atmospheric Sciences, University of Houston, Houston, TX 77204, USA
* Correspondence: sdkhan@uh.edu; Tel.: +1-713-743-5404

Abstract: Historically, the Texas Gulf Coast has been affected by many tropical storms and hurricanes.
The most recent severe impact was caused by Hurricane Harvey, which made landfall in August 2017
on the central Texas coast. We evaluated the impact of Hurricane Harvey on the barrier islands of
the central Texas coast, including San Jose Island, Mustang Island, and North Padre Island. We used
public data sets, including 1 m resolution bare-earth digital elevation models (DEMs), derived from
airborne lidar acquisitions before (2016) and after (2018) Hurricane Harvey, and sub-meter scale
aerial imagery pre- and post-Harvey to evaluate changes at a regional scale. Shoreline proxies were
extracted to quantify shoreline retreat and/or advance, and DEM differencing was performed to
quantify net sediment erosion and accretion or deposition. Unmanned aerial vehicle surveys were
conducted at each island to produce high-resolution (cm scale) imagery and topographic data used
for morphological and change analyses of beaches and dunes at the local scale. The results show
that Hurricane Harvey caused drastic local shoreline retreat, reaching 59 m, and significant erosion
levels of beach−dune elements immediately after its landfall. Erosion and recovery processes and
their levels were influenced by the local geomorphology of the beach−foredune complexes. It is also
observed that local depositional events contributed to their post-storm rebuilding. This study aims to
enhance the understanding of major storm impacts on coastal areas and help in future protection
planning of the Texas coast. It also has broader implications for coastlines on Earth affected by
major storms.

Keywords: coastal erosion; storm impacts; post-storm recovery; beach−dune morphology; UAV

1. Introduction

The Texas Gulf Coast is a dynamic environment that is continuously modified by
natural shoreline processes and anthropogenic activity. Erosion and shoreline retreat are
the main contributors to land loss in this region, caused by the net contribution of global
sea-level rise, land subsidence, reduced sediment influx, longshore currents, high-intensity
and high-frequency storms, and human land development [1]. By using shoreline position
changes from 1930 to 2019, Paine et al. [1] estimated an average net retreat rate of 1.27 m/yr
and an average land loss rate of 74 ha/yr along the Texas coast.

Severe storm events can create significant morphological changes in coastal environ-
ments [2,3]. Historically, beach and dune systems on the Texas Gulf Coast have been
significantly affected by tropical storms and hurricanes [4–6]. Many studies suggest that
the intensity and frequency of tropical storms have increased, with some models projecting
a large (200%) increase in this century [7–9]. National Oceanic and Atmospheric Adminis-
tration (NOAA) reported 56 tropical storms and 64 hurricanes that struck the Texas coast
from 1850 until 2010, amounting to an average of four hurricanes and four tropical storms
per decade. In the last two decades (2001 to 2022), Texas received 11 tropical storms and
8 hurricanes based on NOAA records [10].
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This study aims to understand the destructive impact of major storms on the barrier
island systems of the Texas coast and their recovery processes. As large accumulations of
sand along the shore, beaches and dunes on barrier islands act as natural buffers and serve
as the first line of defense against storm-induced surges [11–14]. The level of protection by
dunes and beaches can vary depending on their geomorphologic characteristics, such as
height, width, and degree of land development [11,14,15]. Although there are many studies
on erosion on Texas beaches, little attention is given to dunes and dune morphologies. Ad-
ditionally, many studies have focused on short-term and long-term shoreline changes [16]
or low-intensity storm events that are more frequent [15].

Studies of coastal geomorphology and shoreline movement often rely on aerial images
and light-detection-and-ranging (lidar) data [17]. High-density elevation data from airborne
lidar assist in evaluating shoreline movement [1,18], effects of storms and hurricanes on
coastal geology [19–23], and coastal-dune modeling [24–26]. However, publicly available
elevation data are acquired relatively sparsely and usually at a 1 m spatial resolution.
Recently, unmanned aerial vehicles (UAVs) have been deployed in coastal studies for
the acquisition of topographic data at high spatial and temporal resolutions, allowing
for detailed mapping and multitemporal analyses [27–29]. A review of such studies and
accuracies achieved by UAV surveying on sandy beaches is provided in [29].

A previous study completed a generalized change map comparing pre- and post-
Hurricane Harvey lidar and identified erosional areas along the upper Texas coast. Addi-
tionally, the authors evaluated the morphological changes to the west end of Galveston
Island and the east end of Follett’s Island after Hurricane Harvey by comparing 2016, 2017,
2018, and 2018/2019 lidar data and 2022 UAV-derived topographic data [30].

Similarly, this study focuses on the dune and beach systems of the central Texas coast,
covering the southern portion of San Jose Island, Mustang Island, and the northern portion
of North Padre Island (Figure 1). The most recent and intense storm that impacted this area
was Hurricane Harvey, which landed as a category 4 (wind speed of 115 kt or 213 km/h)
hurricane on the northern end of San Jose Island east of Rockport, Texas, on 26 August 2017,
and caused up to 9 ft of storm surge inundation (Figure 1) [31]. We attempted to evaluate
the impact of this hurricane on dunes and beach at the island scale by using public, pre-
Harvey and post-Harvey airborne elevation data. Additionally, we performed UAV surveys
in select, local sections along the shore to analyze the present-day state of the dune−beach
complexes and net changes during the last four years. This work follows similar methods
seen in [30], however, evaluates a different area and attempts to quantify beach−dune
changes due to Harvey using the following objectives: (1) quantifying shoreline changes
between 2016 and 2018 to assess shoreline retreat, (2) quantifying elevation changes between
2016 and 2018 to identify areas of significant dune erosion, (3) describing the morphologies
of beach−dune systems from UAV-derived imagery and digital terrain models at three
selected sites, and (4) evaluating elevation changes between 2018 and 2022 at these sites to
identify areas of erosion and/or deposition and relating them to the morphology of each
barrier island. Therefore, the novelty of this study includes an evaluation of the impact of a
major storm on the beach−dune systems of the central Texas coast and their post-storm
changes using higher resolution data sets than previously employed. The morphological
aspects of beach−dune systems were of special interest, and two hypotheses were tested to
address the ways these elements react to storm events:

1. Impacted dunes migrate landward via rear-slope accretion and recover by vertical
aggradation;

2. Erosion and recovery processes and their levels are controlled by the geomorphology
(i.e., height, width, and geometry) of beach−foredune complexes.

Understanding these processes and their controls is valuable for the planning of
maintenance and restoration activities and for evaluating the potential impact of future
major storms.

Coastal erosion is a global issue that affects many coastal areas worldwide. Storm
surges, caused by storms, can damage buildings, infrastructure, utilities, and ecosystems.
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In many areas, dunes provide protection against wind, waves, and storm surges. This
study utilized aerial photographs, airborne LiDAR, and UAV imagery data to assess coastal
erosion in three key locations. The use of UAVs offers significant advantages in collecting
data from remote or inaccessible areas where traditional methods of data collection are
difficult or impossible to implement.
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Figure 1. Study area of the central Texas coast, covering San Jose, Mustang, and North Padre Islands. 
Green points indicate >100 m long sections along the shore with over 1 m vertical erosion in the 
foredunes. Red points are the sites selected for UAV surveying. The Hurricane Harvey track was 
downloaded from the NOAA National Hurricane Center [32]. Storm surge inundation levels (in feet 
above ground) are from Blake and Zelinsky [31].  
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Figure 1. Study area of the central Texas coast, covering San Jose, Mustang, and North Padre Islands.
Green points indicate >100 m long sections along the shore with over 1 m vertical erosion in the
foredunes. Red points are the sites selected for UAV surveying. The Hurricane Harvey track was
downloaded from the NOAA National Hurricane Center [32]. Storm surge inundation levels (in feet
above ground) are from Blake and Zelinsky [31].

Description of Barrier-Island Dune Systems

San Jose, Mustang, and North Padre Islands are Holocene-aged, microtidal, wave-
dominated, sandy barrier islands [1,15,33]. They are separated from each other by tidal
passes and channels: Aransas Pass between San Jose and Mustang Islands, and Packery
Channel between Mustang and North Padre Islands (Figure 1). All three studied islands
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are located above the longshore drift convergence zone at the center of the arcuate Texas
coast and are affected by southerly longshore currents [1,34]. These islands host several
valuable services, such as natural habitats and recreational sites. However, they are at risk
of disturbance by storm activity; in the past two decades, several tropical storms (Erin in
2007; Don in 2011) and hurricanes (Harvey in 2017; Hanna in 2020) have made landfall
on these islands, causing storm surges that impacted these sites. At Padre and Mustang
Islands, attempts have been made to maintain the beaches to a certain degree [33]. On
the other hand, San Jose Island is privately owned and is largely undisturbed by man;
therefore, it is a unique study area for dunes guided by natural processes.

These islands consist of a series of geomorphologic features, where the back-beach
and fore-island dunes form the seaward portion (Figure 2) [33,35]. Three types of dunes
may be typically present on a barrier island: coppice dunes, fore-island dunes, and back-
island dunes (Figure 2A) [36,37]. Coppice dunes are the initial, incipient dunes located
on the back-beach that form by the entrapment of sediment by vegetation or debris. As
sand accumulates, fore-island dunes develop between the back-beach and the vegetated
barrier flats, growing to considerable heights and forming the highest point along the
barrier island [37]. Back-island dunes are shorter, non-active dunes that occur before the
bay margin and form via landward migration of the foredune ridges. Thus, dunes on
barrier islands can vary in height and vegetation coverage, and these aspects influence the
resiliency of dunes against erosional events [2]. Erosional events cause either a scarped
dune, where a portion of the dune has been removed, or flooding (overwash) of the
dune, depending on the dune’s height relative to the wave height or storm surge during
storms [11].

The backshore area and the foredune complex, consisting of foredune ridges and
incipient dunes, are the focus of this study (Figure 2B).
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and geomorphological features observed on a barrier island (modified after [35]). (B) Detail of a
foredune−backshore complex on an unmaintained beach (modified after [33]).
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2. Materials and Methods
2.1. Data and Workflow

This work consisted of two parts. In the first part, publicly available elevation data
(bare-earth digital elevation models derived from airborne lidar surveys) and aerial imagery
data (Table 1) were downloaded, pre-processed, and used for regional-scale (~80 km along
shore) post-Harvey (2016–2018) quantitative and qualitative change analyses. Based on
these analyses, areas with high levels of change were identified (green and red points in
Figure 1). Then, three of these sites (T1, T5, and T10 in Figure 1), covering San Jose, Mustang,
and North Padre Islands, were selected for the collection of unmanned-aerial-vehicle (UAV)
imagery used for analyses of the dune morphologies and local-scale (~200 m along shore)
changes from 2018 to 2022.

Table 1. Description of public elevation (bare earth) and aerial imagery data at the studied section of
the central Texas coast, used for regional-scale post-Harvey change analyses.

Source Agency A. Date S. Res. (m) V. Acc. (cm) V. Datum

Digital Elevation Models

Gulf Coast NCMP Lidar NOAA DC: DAV USACE September 2016 1 10 NAVD88
(Geoid12B)

South Texas Lidar TNRIS USGS March 2018 1 10 NAVD88
(Geoid12B)

Orthophotos

Coastal Texas NAIP Imagery TNRIS USDA September 2016 1

Hurricane Harvey Imagery NOAA NOAA August 2017 0.35

Coastal Texas NAIP Imagery TNRIS USDA May 2018 0.6

A. Date—acquisition date; S. Res.—spatial resolution; V. Acc.—vertical accuracy; V. datum—vertical datum;
USACE—United States Army Corps of Engineers; USGS—United States Geological Survey; USDA—United States
Department of Agriculture; NOAA—National Oceanic and Atmospheric Administration; NOAA DC: DAV—
NOAA Digital Coast: Data Access Viewer; NCMP—National Coastal Mapping Program; NAIP—National
Agriculture Imagery Program; TNRIS—Texas Natural Resources Information System DataHub.

The workflow of this project is summarized in Figure 3. First, all data sets were im-
ported into an ArcGIS Pro [38] project. Then, individual digital-elevation-model (DEM) and
orthophoto tiles were combined into single raster products and projected to a common spa-
tial reference (North American Datum [NAD] 1983 [2011], Universal Transverse Mercator
[UTM] Zone 14N). Next, a study-area polygon was defined, and all products were clipped
to this polygon to ensure equal coverage among the data from different years. Following
pre-processing, shoreline change analysis and elevation differencing were performed as
described in the subsequent methodology sections.
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2.2. Shoreline Change Analysis

Historically, various techniques have been used to define shorelines in coastal studies,
including nautical charts, ground-based global positioning system (GPS) surveys, and
manual digitizing by tracing the tonal contrast between the wet and dry beach on aerial
photographs [1,39,40]. With the advent of high-accuracy airborne lidar surveys, shoreline
positions can be extracted directly from the elevation data using a specific contour as the
shoreline proxy. This contour corresponds to the high-water line or the wet-dry sand
boundary, which, in turn, usually corresponds to the seaward edge of the major beach berm
and occurs approximately 0.6 m above local mean sea level on the Texas Gulf Coastline [39].
This method is more rigorous for determining a shoreline because lidar-derived DEMs are
referenced to a fixed vertical datum and the extracted contour lies above the zone of high-
frequency water activity occurring on the lower beachface, eliminating the inconsistency
associated with the spatially and temporally variable mean sea level [1,39].

Slightly various values (e.g., 0.6 m, 1 m, 1.05 m, and 1.15 m) have been used in the
literature as the shoreline proxies for the Texas Gulf Coast in different years based on an
evaluation of multiple beach-profile, GPS, and lidar surveys. The difference in the contour
values was due to the use of updated geoid models as years advance to convert ellipsoidal
heights acquired from GPS-based lidar surveys to orthometric heights (North American
Vertical Datum of 1988 [NAVD88] elevations) during lidar data processing, and due to
the local difference between NAVD88 and mean sea level [1,16,40]. It is suggested that for
each lidar survey, the shoreline proxy should best match the wet-dry beach boundary at
the time of the survey in order to capture current conditions and to maintain consistency
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with historical shoreline mapping [40]; therefore, it is important to evaluate the extracted
elevation contour against the aerial imagery and beach profiles relevant to each lidar survey.

In this study, we used 1 m resolution DEMs derived from airborne lidar data acquired
by the United States Army Corps of Engineers (USACE) during September–October 2016
(hereafter referred to as “2016 DEM”) and the United States Geological Survey (USGS)
in March 2018 (hereafter referred to as “2018 DEM”) (Table 1). Both DEMs are relative
to NAVD88 based on GEOID12B transformation. By evaluating DEM-derived beach-
normal profiles at numerous sections of the beach and comparing them with the aerial
imagery acquired by the United States Department of Agriculture (USDA) on 30 September
2016 (hereafter referred to as “2016 NAIP imagery”) and 17 May 2018 (hereafter referred
to as “2018 NAIP imagery”) (Table 1), we extracted a 1 m elevation contour from the
2016 DEM and a 0.9 m elevation contour from the 2018 DEM as the optimal shoreline
proxies. The extracted contours were further processed in ArcGIS Pro by adapting the
process established by the Bureau of Economic Geology Coastal Studies Program. First,
they were edited to retain the most seaward, continuous contours, then smoothed using
a 2 m tolerance and generalized using a 0.1 m tolerance to eliminate fine-scale kinks
along the shore, while maintaining the shape of the shoreline feature [1,16]. The derived
shoreline proxies matched closely with the wet-dry sand tonal contrast on the aerial imagery
(Figure 4).
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Figure 4. Example of the shoreline change analysis workflow using the USGS Digital Shoreline
Analysis System (DSAS) at San Jose Island. Shore-perpendicular transects are cast from an offshore
baseline to the shoreline proxies at 50 m intervals, and their intersection points are used to calculate
the distance between the shorelines. The 2016 shoreline proxy is extracted as the 1 m DEM contour
derived from airborne lidar elevation data acquired during September–October 2016 by USACE; the
2018 shoreline proxy is extracted as the 0.9 m DEM contour derived from airborne lidar elevation
data acquired in March 2018 by USGS. The basemap is NAIP aerial imagery acquired by the USDA
on 17 May 2018 (Table 1).

Finally, the USGS Digital Shoreline Analysis System (DSAS version 5.1) [41] was used
to compute change statistics between the 2016 and 2018 shorelines. First, a shore-parallel
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baseline was defined 100 m offshore, and shore-perpendicular transects were cast from
this baseline to the 2016 and 2018 shoreline proxies at a 50 m spacing along the shore
(Figure 4). Each shoreline must have a positional uncertainty assigned to it to account
for shoreline variation due to natural influences, such as waves, tides, and winds, as
well as shoreline variation due to measurement uncertainties [41]. A 10 m positional and
measurement uncertainty was assigned to the shorelines based on the lateral shift associated
with the vertical accuracy of the DEMs (Table 1), the slope of the beach, and the range of
shoreline proxy elevations. This value is also the default, average shoreline uncertainty
value suggested by the USGS [41]. Then, the distances in meters from the baseline to the
intersection-point pairs were used to calculate the net shoreline movement (NSM) at each
transect. The end point rate (i.e., the shoreline movement rate expressed in m/yr) was
calculated by dividing the NSM by the time interval between the two shoreline proxies. It
is important to note that this time interval represents a short-term change within 18 months;
therefore, the average movement rates expressed in m/yr should not be projected into the
future as trends and should only be used as a unit to express the effect of the hurricane and
to compare to average retreat rate of the Texas coast.

Thus, DSAS produces change-rate statistics, where transects with a net negative
change are considered erosional and transects with a net positive change are considered
accretional, corresponding to shoreline retreat and advance, respectively.

2.3. Elevation Differencing

DEM differencing was used to identify areas of net vertical erosion (negative elevation
difference) and/or deposition (positive elevation difference). Because of the variability in
the coastline associated with erosional and depositional events, the 2016 and 2018 DEMs
had different expressions of the shore. In order to capture parts of the shoreline that had
been eroded and parts of the shoreline that had been accreted, the negative pixel values in
the DEMs that correspond to offshore areas and onshore water bodies were first set to zero.
Then, the 2016 DEM was subtracted from the 2018 DEM using the raster calculator tool
in ArcGIS Pro. Finally, a mask was defined and applied to the DEM-difference raster to
eliminate (i.e., set to null) zero values that resulted from areas with water bodies in both
DEMs and to retain only the real zero values, which represented no change. Thus, the
created DEM-difference map showed the areas where new sediment had been deposited
seaward of the 2016 shore (e.g., fans and bars), as well as parts of the 2016 shore where
material had been removed by storms and/or other erosional events. However, it should
be noted that the values in these areas represented change above water surface.

Based on the DEM-difference map, 17 sections along the central Texas coast with over
1 m vertical elevation change in the foredunes were identified for further investigation in
the field (Figure 1).

2.4. UAV and GPS data Collection and Processing

After reconnaissance of the identified sites, one location at each barrier island was
selected for UAV and GPS data acquisition based on field accessibility, as well as visual
inspection of storm impacts in these areas from aerial imagery. The selected sites were T1
in San Jose Island, T5 in Mustang Island, and T10 in North Padre Island (Figure 1).

The UAV used in this study was DJI Matrice 600 Pro (Figure 5A), with a mounted
Zenmuse XT2 camera (12 MP, 8 mm visual lens, and 19 mm thermal lens). At each site, the
UAV was flown at a low altitude along the shore using designed, automated flight missions,
and hundreds of aerial images were captured with 80% overlap, covering the backshore
and foredune complexes (Figure 6). The flight specifications for each site, including the
UAV altitude, ground sampling distance (spatial resolution), number of images, and area
covered, are shown in Table 2.
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Table 2. UAV flight mission specifications at the three selected sites on the central Texas coast.

Site T1 (San Jose) T5 (Mustang) T10 (North Padre)

Acquisition Date 16 May 2022 11 May 2022 11 May 2022

Altitude (m) 79 36 35

Ground Sampling Distance (cm/pixel) 1.83 0.83 0.81

Number of Images 224 322 502

Length Along Shore (m) 335 155 220

Area (m2) 23,252 8054 10,436

To georeference the UAV imagery, two ground control points at each site (green crosses
in Figure 6) were surveyed using a Trimble R9 GNSS system (Figure 5B). Additionally,
6–12 aerial targets (Figure 5B) were placed at each site and used as check points (blue
crosses in Figure 6) for accuracy assessment of the final products. Distances from the
ground control points to each check point were measured (average of three measurements)
with a Laser Atlanta Advantage rangefinder with up to 10 cm accuracy. The collected
GNSS data were post-processed at ~1 cm horizontal and 3–5 cm vertical accuracy using the
Canadian Spatial Reference System precise point positioning (CSRS-PPP) service by the
Geodetic Survey of Natural Resources Canada.

Finally, the collected imagery was processed in ArcGIS Drone2Map [42] drone map-
ping software following the structure-from-motion workflow to generate high-resolution
2D (orthophoto, digital surface model, and digital terrain model) and 3D (point cloud and
texturized mesh) products. A processing boundary (red polygons in Figure 6) was defined
for each site to exclude the far edges of the surveys, where images might be distorted. The
relative horizontal accuracy achieved by georeferencing ranged from 0.5 cm to 15 cm at
the edges of the products. The orthophotos, digital surface models, and 3D photorealistic
models were used to describe the morphology of the beach−dune systems. The digital
terrain models, which were equivalent to bare-earth digital elevation models, were used to
analyze elevation change from 2018 to 2022. First, their elevations were converted from
ellipsoidal heights to NAVD88 orthometric heights using the GEOID12B model (GEOID12B
height values for each site were obtained from NOAA’s National Geodetic Survey). Then,
the 2018 DEM was subtracted from the 2022 DEMs of each site to quantify erosion and/or
deposition. Thus, volumes of sediment change were calculated using the cut-and-fill
method in ArcGIS Pro.

3. Results
3.1. Regional Changes in Barrier Islands between 2016 and 2018

The effects of Hurricane Harvey on the coastal features of barrier islands can be seen
by visual comparison of aerial images (Figure 7). Within only a couple days from landing,
this hurricane caused severe (reaching tens of meters) erosional activity. At San Jose Island,
many fore-island dune segments were breached (at least 10 observed on Figure 7B), causing
individual and linked series of overwash extending to the barrier flats behind the foredune
complexes. The backshore area was eroded, causing retreat of the shoreline. Additionally,
the outflow of the storm surge through Aransas Pass caused strong alongshore currents,
removing a ∼100 m wide chunk of the back-barrier area along the bay margin. Dune
overwash was not observed at Mustang and North Padre Islands; instead, collision with
storm waves caused scarped dunes and dune blowouts.
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Post-storm states of the coastal areas can also be observed from aerial imagery. The NAIP
2018 imagery (Figure 7C) shows that the coastal features started recovering when observed
approximately eight months after the landfall. Redistribution of sediment by post-storm,
wave activity caused partial backfilling of the overwash areas and rebuilding of parts of the
beach−foredune complex. Correspondingly, the shoreline started to move back toward its
initial 2016 position and even advanced past the 2016 shoreline proxy in some areas, such
as the massive washout fan near the southern tip of San Jose Island, which likely resulted
from an outflow of removed sediment via the pre-existing large blowout on the barrier flat
(Figure 7C).
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Post-Harvey elevation changes quantified on the barrier islands of the central Texas
coast show various levels or erosion and/or accretion along the shore (Figure 8A), where
some sections have been impacted more than others. Particularly, the highest and most
continuous amount of vertical erosion was observed on San Jose Island, reaching up to
5.7 m in dunes completely eroded by overwash. The entire foredune ridge at the southern
part of this island underwent significant vertical erosion of 1.5–3.5 m (Figure 8B). Notable
amounts of dune erosion were also observed at North Padre Island, but were considerably
lower than San Jose Island, at around 1–1.5 m. Additionally, compared with San Jose Island,
these erosional sections were not continuous and were separated by low-affected sections
with 0.2–1 m erosion.
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Figure 8. Regional elevation changes between September 2016 and March 2018 at the central Texas
coast, south of Hurricane Harvey landfall site (Figure 1). (A) DEM difference map, where negative
values represent net vertical erosion (red) and positive values represent net vertical accretion or
deposition (blue). (B) Zoom-in of box 8B, showing detail of southern San Jose Island (Figure 7C),
where the erosional impact by Hurricane Harvey was the highest. Boxes 9A and 9B show locations
for Figure 9.
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Figure 9. Accretion (blue) and erosion (red) patterns observed around protective jetties (between
September 2016 and March 2018). (A) Packery Channel. (B) Fish Pass. The basemap is the 2018 NAIP
imagery. Figure locations shown in Figure 8.

On the other hand, Mustang Island appeared to be relatively stable, with most of
the island showing accretional changes (Figure 8A) and only a few 100–200 m long dune
sections with considerable amounts of erosion of around 1.3 m (green and red points in
Figure 1).

A few sections along the central Texas shore show accretional patterns (blue areas
in Figure 8A). These areas appear to be related to protective jetties that trap sediment
transported by the southward-moving longshore currents. Thus, the northern wall of
these structures causes the accretion of sediment along the directly adjacent shore, while
the southern side continues to erode (Figure 9). Interestingly, these processes appear
to influence the development of dunes in these areas as well. For example, significant
dune growth of up to 1.7 m was observed on the foredune line north of Packery Channel
(Figure 9A). Local depositional events, such as the washout fan shown in Figures 7C and 8B,
could also significantly contribute to backshore accretion (up to 1.5 m on San Jose Island).

Similar destructive and constructive trends were observed from the shoreline change
maps (Figure 10). The shoreline retreat was the highest (30–59 m) on San Jose Island, and
this high impact extended for ~13 km alongshore toward the south (Figure 10A). Net
shoreline movement (Figure 10A) and its rate (Figure 10B) decreased toward the south
away from the landfall, with predominantly <10 m retreat in the Mustang and North
Padre Islands.



Remote Sens. 2023, 15, 5779 14 of 27

Remote Sens. 2023, 15, x FOR PEER REVIEW 14 of 27 
 

 

away from the landfall, with predominantly <10 m retreat in the Mustang and North Pa-
dre Islands. 

 
Figure 10. Shoreline change calculated between September 2016 and March 2018 from shoreline 
proxies extracted from the DEMs at 1 m and 0.9 m contours, respectively. (A) Net shoreline move-
ment map, showing the distance between the shorelines measured along 1559 shore-normal tran-
sects spaced at 50 m intervals along the coast. (B) Movements rates calculated by diving the shore-
line movement by the time elapsed. 

A statistical summary of the shoreline change rates is shown in Table 3. Almost 90% 
of the central Texas coast was erosional, with an average retreat of 16.2 m (10.7 m/yr). 
Almost a quarter of the shore experienced statistically significant levels of erosion (i.e., the 
percentage of all transects that have a negative rate that has a larger magnitude than the 
uncertainty [41]), such as the maximum retreat of 69 m at San Jose Island due to the impact 
of Hurricane Harvey. Accretional transects, found adjacent to jetties, comprised a small 
portion (12.3%) of the coast, and only one-third of these sections experienced significant 
accretion (i.e., the washout fan on the southern tip of San Jose Island that caused the max-
imum shoreline advance of 62.7 m). Finally, the net movement of the shoreline after the 
passing of Hurricane Harvey (between 2016 and 2018) averaged at a retreat of 12.6 m and 
a rate of 8.3 m/yr. 

Table 3. Shoreline change-rate statistics, where negatives values represent transects with net shore-
line retreat (erosional transects) and positive values represent transects with net shoreline advance 
(accretional transects). 

 Net Shoreline Movement (m) Movement Rate (m/yr) 

Re
tr

ea
t Erosional Transects (%) 87.7 Significant Erosion (%) 23.7 

Max Retreat −59 Max Retreat 39.1 
Average Retreat −16.2 Average Retreat 10.7 

A
dv

an
ce

 

Accretional Transects (%) 12.3 Significant Accretion (%) 4.4 
Max Advance 62.7 Max Advance 41.5 

Average Advance 13.4 Average Advance 8.9 
 Average Movement −12.6 Average Rate 8.3 

Figure 10. Shoreline change calculated between September 2016 and March 2018 from shoreline
proxies extracted from the DEMs at 1 m and 0.9 m contours, respectively. (A) Net shoreline movement
map, showing the distance between the shorelines measured along 1559 shore-normal transects
spaced at 50 m intervals along the coast. (B) Movements rates calculated by diving the shoreline
movement by the time elapsed.

A statistical summary of the shoreline change rates is shown in Table 3. Almost 90%
of the central Texas coast was erosional, with an average retreat of 16.2 m (10.7 m/yr).
Almost a quarter of the shore experienced statistically significant levels of erosion (i.e., the
percentage of all transects that have a negative rate that has a larger magnitude than the
uncertainty [41]), such as the maximum retreat of 69 m at San Jose Island due to the impact
of Hurricane Harvey. Accretional transects, found adjacent to jetties, comprised a small
portion (12.3%) of the coast, and only one-third of these sections experienced significant
accretion (i.e., the washout fan on the southern tip of San Jose Island that caused the
maximum shoreline advance of 62.7 m). Finally, the net movement of the shoreline after
the passing of Hurricane Harvey (between 2016 and 2018) averaged at a retreat of 12.6 m
and a rate of 8.3 m/yr.

Table 3. Shoreline change-rate statistics, where negatives values represent transects with net shoreline
retreat (erosional transects) and positive values represent transects with net shoreline advance
(accretional transects).

Net Shoreline Movement (m) Movement Rate (m/yr)

R
et

re
at Erosional Transects (%) 87.7 Significant Erosion (%) 23.7

Max Retreat −59 Max Retreat 39.1

Average Retreat −16.2 Average Retreat 10.7

A
dv

an
ce Accretional Transects (%) 12.3 Significant Accretion (%) 4.4

Max Advance 62.7 Max Advance 41.5

Average Advance 13.4 Average Advance 8.9

Average Movement −12.6 Average Rate 8.3
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3.2. Geomorphologies of Beach-Foredune Complexes

The studied sites on the North Padre, Mustang, and San Jose Islands show varied
geomorphologies based on observations of topographic products derived from UAV data
collected in May 2022 (Table 2).

Site T10 on North Padre Island is characterized by a greater than 80 m wide beach–
foredune complex (Figure 11). It has a relatively narrow dry beach with a width of 24 m
(Figure 11A). The vegetated foredune complex is 57 m wide, and consists of a foremost,
linear primary dune, and a taller, curved (wavy) secondary dune ridge behind it, forming
a ridge-and-swale system with interdunal troughs (Figure 11B). The primary dune ridge
ranges from 5–8 m in width and ~3 m in height alongshore to ~20 m in width and ~6 m
in height on a blowout (Figure 11C), which is present on the northern end of the site
(Figure 11A). The blowout is characterized by large, 1 m long erosion features that point
toward the dune, indicating active, landward sand transport (Figure 11D).
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Figure 11. Geomorphological description of site T10 on North Padre Island based on topographical
data acquired on 11 May 2022. (A) A 3D photorealistic model, showing the beach−foredune complex.
(B) A 3D point cloud, showing elevation and dune features. (C) Ground view of the primary
foredunes on each side of the blowout in (A). (D) Orthophoto showing a detail of the blowout in (A).
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Site T5 on Mustang Island is characterized by a >75 m wide beach−foredune complex
(Figure 12). It has a wider dry beach with a width of 35 m (Figure 12A). The vegetated
foredune complex is over 40 m wide, and consists of a linear primary dune and a series
of large, mound-shaped secondary dunes behind it, which are separated by interdunal
troughs that form deep (5–6 m) depocenters (Figure 12B). The primary dune ridge ranges
from 7 m in width and 3 m in height at the southern end to 3 m in width and ~1.6 m in
height at the northern end of the site (Figure 12C). The northern part is also characterized
by small, relatively flat coppice dunes that are scattered at the base of the primary foredune
(Figure 12D).
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Figure 12. Geomorphological description of site T5 on Mustang Island based on topographical data
acquired on 11 May 2022. (A) A 3D photorealistic model, showing the beach−foredune complex.
(B) A 3D point cloud, showing elevation and dune features. (C) Ground view of the primary and
secondary foredunes at the southern part of the site. (D) Ground view of the primary and coppice
dunes at the northern end of the site.
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Compared with the North Padre and Mustang sites, site T1 on San Jose is character-
ized by a wider (174 m) beach−foredune complex, owing to its wide dry beach (79 m)
(Figure 13A). The foredune complex here is ~95 m wide and consists of a single, mostly
linear primary foredune, with a chain of short, incipient dunes in front of it, and small,
isolated, vegetated mounds behind it (Figure 13B). The primary foredune ridge ranges
between 10–23 m in width and 2.5–5 m in height (Figure 13C). The incipient dunes are up
to 0.5 m in height and form a vegetated row approximately 8 m in front of the primary
foredune. They are more pronounced than the coppice dunes observed at the T5 site on
Mustang Island (Figure 12D).
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Figure 13. Geomorphological description of site T1 on San Jose Island based on topographical data
acquired on 16 May 2022. (A) A 3D photorealistic model, showing the beach−foredune complex.
(B) A 3D point cloud, showing elevation and dune features. (C) Ground view of the primary and
incipient dunes. (D) Field photo showing a detail of the incipient dunes.

4. Discussion
4.1. Local Changes in Dunes and Beaches between 2018 and 2022

Elevation difference maps between 2018 and 2022 (Figures 14–16) show areas of net
erosion and accretion or deposition at the beach−foredune complexes.
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blowout from 2018 onward, with recent sediment waves, and the high levels of erosion 
indicate active erosion of this area and its susceptibility to storm events. 

However, the secondary foredune system, behind the primary foredune, shows pos-
itive elevation change, indicating accretion and/or deposition (Figure 14E). Deposition is 
likely linked to the ridge-and-swale geometry of this system, where interdunal troughs 
act as sinks, capturing the sediment eroded from the surrounding, tall dunes. Such erosion 
is observed on top of the secondary dune ridges on the southern and northern end of site 
T10 (Figure 14D,E). Significant accretion (~2.5 m) also occurred on the secondary dunes, 
such as the northwest trending dune ridge opposite the blowout dune (Figure 14E). The 
growth of this dune can be explained by the accretion of sediment blown away from the 

Figure 14. Changes in the beach−foredune complex of site T10 on North Padre Island. (A) 17 May
2018, NAIP imagery. (B) 11 May 2022, orthophoto, overlain on World Imagery basemap (22 January
2023). (C) March 2018 digital elevation model. (D) May 2022 digital terrain model. (E) Elevation
difference map showing areas of erosion and accretion or deposition.

Site T10 shows that the back-beach and primary foredune were significantly eroded
over time (Figure 14). The previous primary foredune ridge (Figure 14A,C) eroded and
retreated landward by 12–14 m (Figure 14D), resulting in a significant vertical erosion of
1.5–3 m along the foredune (Figure 14E). The highest amount of erosion, reaching 4 m,
can be observed on the blowout dune at the northern end of the site. The presence of the
blowout from 2018 onward, with recent sediment waves, and the high levels of erosion
indicate active erosion of this area and its susceptibility to storm events.

However, the secondary foredune system, behind the primary foredune, shows posi-
tive elevation change, indicating accretion and/or deposition (Figure 14E). Deposition is
likely linked to the ridge-and-swale geometry of this system, where interdunal troughs act
as sinks, capturing the sediment eroded from the surrounding, tall dunes. Such erosion is
observed on top of the secondary dune ridges on the southern and northern end of site T10
(Figure 14D,E). Significant accretion (~2.5 m) also occurred on the secondary dunes, such
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as the northwest trending dune ridge opposite the blowout dune (Figure 14E). The growth
of this dune can be explained by the accretion of sediment blown away from the opposite,
eroding dune. Additionally, the blowout passage between these two ridges appeared to
serve as a sediment transport pathway, bringing sediment from the dune systems toward
the backshore and forming a fan-like deposit (Figure 14E).
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Figure 15. Changes in the beach−foredune complex of site T5 on Mustang Island. (A) 17 May 2018,
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map showing areas of erosion and accretion or deposition.

Similar erosional and accretional or depositional patterns can be observed at site T5 on
Mustang Island (Figure 15). However, their levels here were relatively less than on North
Padre Island. The previous primary foredune ridge (Figure 15A,C) was scarped landward
by 15 m (Figure 15D), resulting in a vertical erosion of 1.5–2 m (Figure 15E). Deposition
was observed on the interdunal troughs; the most deposition was observed in the deeper
depocenters between the mound-shaped large dunes of the secondary foredune system
(Figure 15D,E). This sediment was likely sourced from these mounds, as they had erosional
tops (yellow areas on the rear-dune mounds in Figure 15E). Compared with North Padre
Island, the entire beach at this site was eroded, as there were no blowouts or other sediment
passages sourcing the backshore.
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(C) March 2018 digital elevation model. (D) May 2022 digital terrain model. (E) Elevation difference
map showing areas of erosion and accretion or deposition.

Finally, site T1 on San Jose Island (Figure 16) shows a different erosional and accretional
pattern. Compared with North Padre and Mustang Islands, the primary foredune ridge
here recovered (Figure 16C,D) and showed significant growth of 1.5–3.3 m (Figure 16E).
Such behavior could possibly be explained by the significant, natural vegetation growth
(Figure 16A,B): vegetation here likely recolonized rapidly after Hurricane Harvey passed,
covering the previous blowout (Figure 16A) from this hurricane and stabilizing the foredune
system. Aboveground vegetation is known to protect dunes from erosion by attenuating
wave swash [43]. Accretion was also observed on the seaward edge of the backshore
(Figure 16E) via sediment entrapment by the Aransas Pass jetty (Figure 13A).



Remote Sens. 2023, 15, 5779 21 of 27

The response of beaches and dunes to erosional and accretional or depositional forces
can be observed from comparison of 2018 and 2022 beach−foredune elevation profiles (Fig-
ure 17). At site T10 on North Padre Island, a series of interchanging erosion and accretion
or deposition were observed (Figure 17A). The primary foredune shows escarpment from
erosional forces that removed the frontal portion of the dune, including the coppice dune at
its base. The dune ridge directly behind was also significantly eroded due to the exposure
of this side of the dune by the blowout. Deposition occurred at the shallow swale behind it
from the sediment eroded from the blowout. Finally, the deeper swale in the back was first
filled by sediment and then built up by rear-slope accretion.
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Figure 17. Comparison of shore-perpendicular elevation profiles between 2018 and 2022 at the studied
sites. (A) Elevation profile X-X′ from site T10 on North Padre Island (Figure 14E). (B) Elevation profile
Y-Y′ from site T5 on Mustang Island (Figure 15E). (C) Elevation profile Z-Z′ from site T1 on San Jose
Island (Figure 16E).

Site T5 on Mustang Island shows that the primary foredune migrated landward by
rear-slope accretion (Figure 17B). This happened as the sediment scraped from the frontal
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(stoss) side of the foredune was pushed up over the dune crest and deposited on its lee
side. Sediment was also moved here via erosion of the taller, secondary dune ridge.

On the other hand, site T1 on San Jose Island shows an opposite process, where the
primary foredune ridge was accreting while the surrounding areas were being eroded
(Figure 17C). Accretion happened vertically on the crest of the dune, rather than via the
rear slope, indicating rapid aggradation. The small, vegetated, mound-shaped dunes were
eroded vertically, while the backshore was accreted by longshore currents blocked by the
Aransas Pass jetty.

4.2. Volumetric Analysis

To show the redistribution of the sediment budget, the volume difference between the
2018 and 2022 elevation surfaces was calculated for each site (Figure 18). The results of
these analyses are summarized in Table 4.
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Table 4. Volume difference values calculated for the whole area and foredune ridges at each site, as
shown in Figure 18.

Whole Area Foredune Ridge

Site Net Loss (m3) Net Gain (m3) Net Change (m3)

T10 (North Padre) 9923 13,614 −6151

T5 (Mustang) 5546 1767 −3310

T1 (San Jose) 23,893 7982 +6502

Both San Jose and Mustang Island sites (Figure 18A,B) lost more sediment than gained
(Table 4), indicating that the sediment budget in these locations decreased from 2018 to 2022.
On the other hand, the site at North Padre Island (Figure 18C) gained more sediment than
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lost (Table 4), indicating that its sediment budget increased and was possibly maintained by
surge outflows after storm events, bringing in sand from surrounding areas via the blowout
passage (i.e., the blue, fan-like feature in Figure 18C), as well as by longshore drift. The
backshore area of the San Jose site (seaward blue segment in Figure 18A) also accumulated
sediment (~1412 m3), likely sourced from the longshore drift trapped by the adjacent jetty.
At all sites, part of the removed sediment was likely redeposited on the rear-dune areas
(i.e., interdunal troughs on Mustang and North Padre Islands) or on the dune ridge itself
(i.e., the primary dune on San Jose Island), while the other part was removed from the
system and carried to offshore bars and/or surrounding areas.

The calculated volume of sediment change on the primary foredune at each site is
as follows: 3310 m3 of net sediment erosion at site T5 on Mustang Island; 6151 m3 of net
sediment erosion at site T10 on North Padre Island; and 6502 m3 of net sediment accretion
at site T1 on San Jose Island (Table 4).

4.3. Factors Influencing the Erosion and Recovery of Beach−Dune Systems

The trends in post-Harvey elevation and shoreline changes observed on the beaches
and dunes of the central Texas coast can be attributed to several factors. These factors
include distance from hurricane landfall; proximity to protective coastal structures such as
jetties; height of dunes relative to storm surge level; and other geomorphological character-
istics such as the width, geometry, and vegetation cover of beach−foredune complexes.

For example, the highest erosional impact is observed on San Jose Island due to its
proximity to Hurricane Harvey landfall, where storm surge was higher (Figure 1), and
its relatively wide beach providing more surface area for erosion [44]. On the other hand,
this area experienced fast recovery from 2018 to 2022 possibly due to significant, natural
vegetation growth that stabilized its foredunes, accompanied by sediment entrapment and
accumulation north of the Aransas Pass jetty (Figure 19A). This unique site shows that
coastal areas guided by natural processes could be highly responsive, and these natural
processes could play both significant destructive and constructive roles.

Conversely, Mustang Island experienced the lowest erosional impact due to its taller
(4–5 m) foredunes relative to the lower storm surge level (Figure 1) and its narrower beach.
As a result, Hurricane Harvey reached the base of the foredune complex, affecting mostly
the base of the foredune in this area. Additionally, Mustang Island is located in a stable
sedimentary area near the central Texas bend, where longshore currents converge and
contribute to its aggradation [33,34,45]. Historically, shoreline changes have been minimal
in this area (net retreat of 0.29 m/yr from the 1930s to 2019) compared with other parts
of the Texas coast [40]. This natural protection could also explain the lower erosion levels
from 2018 onward, compared with North Padre Island.

Although the beach at North Padre Island is also narrow, the higher erosion levels here
could be explained by the pre-existing and active blowout processes (Figure 19B). Several
blowouts, both along the shore and foredune ridges, exist further south in Padre Island
based on inspection of historical aerial imagery. Hurricane Hanna, which made landfall on
25 July 2020, at Padre Island National Seashore, influenced these areas [person commun.
Shelley Todd, Padre Island National Seashore].

While the 2016 and 2018 surveys show net erosion, the direct impact of Harvey is only
seen in the 2017 post-Harvey aerial imagery, showing more significant erosion and retreat.
Within approximately 9 months, from September 2017 to May 2018, the barrier-island
system started recovering. It should be noted that our analyses are limited to available data
sets, which are snapshots in time; therefore, the exact contribution of post-storm processes
to the changes from 2018 to 2022 is unclear (i.e., a mixture of continued recovery from the
effects of Hurricane Harvey and normal coastal processes for these areas). Thus, it could be
highly beneficial to collect quarterly topographic data using UAVs and conduct time-series
analyses for future events to determine post-storm dune and beach equilibrium rates.
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Figure 19. (A) Illustration of processes contributing to the growth of the foredune on San Jose Island.
(B) Illustration of erosion processes affecting the dune system on North Padre Island. Dashed line
represents the beach−foredune profile extracted from the March 2018 digital elevation model. Solid-
fill line represents the beach−foredune profile extracted from the May 2022 digital terrain model,
built in this study.

5. Conclusions

We analyzed the impact of Hurricane Harvey on the beaches and dunes of the barrier
islands on the central Texas coast. Hurricane Harvey caused a significant retreat of the
shoreline, averaging at a net of 16.2 m and locally reaching 59 m near landfall, which are
drastic values compared with the average short- and long-term (1.27 m/yr) retreat rates
reported for the Texas coast [1]. This impact could be continuous alongshore (~13 km in
the case of Harvey), but decreased further away from the site of landfall.

Based on regional pre-Harvey and post-Harvey elevation differencing, we identified
17 sites along the central Texas coast where dunes were significantly eroded. UAV surveys
were conducted at three of these sites, and high-resolution (cm-scale) topographic data
were acquired and processed with high accuracy. We used these data to evaluate changes
to dunes and beaches from 2018 to 2022. The high-resolution products derived from these
surveys may serve as baselines for future surveys and change analyses.

The response of the beach−foredune complexes to erosional events can vary based on
the complexity of the foredune systems and depends on their geomorphological aspects,
including the width of the back-beach, the height of the primary foredune ridge, the
geometry of primary and secondary fore-island dunes (single, linear ridge versus multi-
ridge-swale complex with interdunal troughs), and the presence of blowouts that expose the
surfaces of dunes. Local depositional processes, such as storm washouts and entrapment
of longshore drift by protective jetties, can contribute to the accretion of not only back-
beach areas, but also the foredune ridges. Additionally, natural, post-storm vegetation
growth can accelerate the recovery of dunes. Dune growth can happen in multiple ways,
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including rear-slope accretion, vertical aggradation, and dune-trough filling, depending
on the geometry of the dune systems. Generally, impacted dunes migrate landward by
rear-slope accretion and recover by vertical aggradation and seaward accretion.

Finally, we recommend that UAV surveys be conducted quarterly (or at a possibly
higher frequency) to document the response of beach−dune complexes to erosional events
in more detail and, if permitted, directly after storm events to analyze their instantaneous
effects. Time-series analyses from these UAV surveys could help to identify the equilibrium
time of dune and beach systems, as well as differentiate storm impacts from other erosional
events that occur in these dynamic environments. This type of study could help in future
storm mitigation and coast protection missions.
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