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ABSTRACT

Vicens-Miquel, M.; Williams, D.D., and Tissot, P.E., 2024. Analysis of sandy beach morphology changes and inundation
events from a high spatiotemporal resolution dataset. Journal of Coastal Research, 40(6), 1001–1018. Charlotte (North
Carolina), ISSN 0749-0208.

Coastal inundation creates significant beach management and conservation challenges. The frequency of these events
is increasing because of the influence of sea-level rise in combination with background erosion and subsidence in some
areas. More accurate predictive models are needed to anticipate potential coastal inundation events for public safety
and protection of backshore infrastructure, as well as beach management that can be improved by including the influ-
ence of wave runup. Improvement of prediction accuracy requires an in-depth exploration of changes in beach morphol-
ogy over time and an understanding of the complex interactions responsible for change. This study focuses on changes
in beach morphology along a representative beach segment adjacent to Horace Caldwell Pier, Port Aransas, Texas.
Ongoing monitoring, initiated in July 2022, provides a rich dataset for analyzing 21 beach-profile surveys, capturing
the dynamic evolution of the coastal landscape. Emphasis is placed on quantifying the influence of metocean conditions,
particularly high waves with varying periodicity, and wind patterns on morphologic alterations. This research identi-
fied two types of inundation events, with two of them resulting in erosion. Consequently, the findings suggest a correla-
tion between the onset of erosion and a maximum dominant wave period of approximately 10 seconds in the study
area. The findings contribute to a better understanding of the challenges inherent in predicting coastal inundation and
event-based beach morphology changes, fostering informed decision-making that supports sustainable coastal manage-
ment and developing effective conservation practices.

ADDITIONAL INDEX WORDS: DEM, beach profile survey, dissipative beach, coastal inundation, shoreline erosion,

tidal datums, storm impact.

INTRODUCTION
Coastal environments are dynamic, and vulnerable land-

scapes continually shaped by a complex interplay of natural

forces (Jackson, Cooper, and del Rio, 2005; Masselink, Kroon,

and Davidson-Arnott, 2006; Moser, Jeffress Williams, and

Boesch, 2012). The understanding of beach morphology and the

factors influencing its evolution are essential for effective

coastal management, especially when addressing challenges

such as rising relative sea levels and the increase in the fre-

quency of coastal inundation. Despite the value of studying

beach dynamics, a notable gap exists in the availability of high-

frequency datasets, capturing the changes in beach morphology

over time in concert with wave and current measurements and

correlated photographic documentation of inundation events.

Historically, beach morphology studies have faced limitations

because of inadequate data collection frequency; many of the

studies relied on sporadic beach-profile surveys, which have

impeded the ability to capture the dynamic nature of the coastal

landscapes, often over short periods. Existing datasets, while

valuable, often lack the temporal granularity required to

discern subtle, but consequential, changes in beach morphology.

Furthermore, some studies have attempted to address this limi-

tation by using controlled laboratory environments, such as the

large Engineering Research and Development Center (ERDC)

laboratory (USACE, 2023a) and the O.H. Hinsdale Wave

Research Laboratory (Oregon State University, 2023). The

ERDC has conducted research on coastal sediment transport

processes (Hamilton et al., 2001), providing valuable insights

into the intricate mechanisms shaping coastal environments.

Conversely, the O.H. Hinsdale Wave Research Laboratory’s

focus encompasses coastal and nearshore processing, explor-

ing wave-structure interactions, neahydrodynamics, sedi-

ment transport, and the complexities of tsunamis and

coastal hazards (Oregon State University, 2023).

One noteworthy study revealed a proportional relationship

between the significant wave height of breaking waves and

the resulting runup distance on the beach (Roberts, Wang,

and Kraus, 2010). This finding is relevant for the present

research, offering invaluable guidance about the potential

reach of water on the beach during wave events; with fore-

casted and observed wave characteristics, it serves as an

early warning system for potential erosion in these areas.

This relationship offers a predictive framework, allowing for

anticipation of the extent of wave impact based on the height

and period of the breaking waves, thereby enhancing the
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ability to forecast and be ready to mitigate potential erosion

risks more effectively. Moreover, by delving into the specifics

of this relationship, it was possible to gain an understanding

of the coastal dynamics at play, shedding light on the intri-

cate mechanisms that shape the runup distance. This level of

detail is necessary for refining coastal management strate-

gies, ensuring that the predictive models consider the fre-

quency and intensity of wave events and the interplay

between wave characteristics and resulting beach dynamics.

Similar studies have been undertaken at the U.S. Army

Corps of Engineers (USACE) field facility in Duck, North

Carolina, providing valuable data on beach morphology

changes under different conditions (USACE, 2023a). The reg-

ular monitoring of Duck’s nearshore system provides less

controlled but more realistic insights from repeated field

experiments and further contributes to the understanding of

coastal dynamics. Although coastal morphology studies have

been conducted in various countries, both in the field and in

laboratories, the frequency of high-resolution, real-time obser-

vations remains limited, particularly when coupled with real-

time video documentation to capture the extent of runup and

inundation in the field. Despite the valuable insights gained

from high-frequency experiments in the laboratory, it is neces-

sary to acknowledge that the controlled nature of such settings

might not fully represent the intricacies of real-world coastal

dynamics. The challenge lies in contributing to bridging the

gap between the controlled laboratory environment and the

complexity of natural coastal systems.

Recognizing these limitations, this research seeks to address

the gap in current knowledge by introducing a unique dataset

focused on the morphological changes adjacent to Horace Cald-

well Pier in Port Aransas, Texas. This dataset, initiated in July

2022, stands as a rare contribution to the field of research,

encompassing a series of 25 beach-profile surveys conducted

with an average 2-week interval. One particularity of this data-

set is the integration of high-resolution, 30-minute imagery and

video that (1) captures the degree of inundation across the

berm that is not captured in typical coastal datasets and (2) pro-

vides an unprecedented level of detail in capturing the dynamic

evolution of the coastal landscape. Creating this dataset is an

academic endeavor and a response to the practical needs of

beach managers and conservationists. By establishing a regular

survey schedule and incorporating continuous monitoring

through imagery and video, the goal is to provide a foundation

for understanding the intricacies of beach morphology changes

in real-world conditions. This meticulous approach enables

researchers to capture the gradual change in beach-profile mor-

phology, the influence and correlation to periodic inundation

events, and the mechanisms responsible for them.

In the subsequent sections of this paper, the methodology

employed in data collection is explored, highlighting the sys-

tematic approach and the technology used. The paper also pre-

sents results and discussions, shedding light on the unique

insights gained from the analysis of this comprehensive data-

set. Ultimately, this work contributes to the broader discourse

on coastal management, offering an improved understanding

of beach morphology changes that can inform sustainable

practices and decision-making.

UNDERSTANDING LOCAL COASTAL DYNAMICS:
COASTAL INUNDATION AND TYPICAL EROSION
In this section, the fundamental forces driving coastal

dynamics are explored, examining two interconnected phe-

nomena: coastal inundation and typical coastal erosion. The

goal of discussing these topics is to provide an understanding

of the transformative mechanisms that shape the interface

between land and sea in coastal environments.

Coastal Inundation
Coastal inundation is a natural process characterized by

submerging coastal areas, presenting a complex interplay of

environmental factors. This phenomenon occurs because of

the combined dynamic forces of wind, waves, tides, and cur-

rents, leading to the encroachment of water across the typi-

cally subaerial beach, including the foreshore, berm, and

backshore (Hague and Taylor, 2021; Krestenitis et al., 2011;

Wang et al., 2020). This study specifically focuses on coastal

processes influencing the inundation of the berm along a

wide recreational beach.

Coastal inundation has far-reaching consequences, affect-

ing natural ecosystems and coastal communities (Mcinnes

et al., 2003). The encroachment of water onto land can result

in the temporary submersion of low-lying areas, affecting

habitats and disrupting ecosystems. Furthermore, human

infrastructure (e.g., homes, roads, businesses) may be at risk

during inundation events, leading to potential economic and

societal impacts (Jeon, Eem, and Park, 2018; Wang et al.,

2020). Finally, coastal inundation may result in limitations

on emergency and public access to essential resources.

Although coastal inundation is a distinct process from ero-

sion, its occurrence can influence erosion dynamics (Pollard,

Spencer, and Brooks, 2019). In some cases, inundation may

contribute to erosion by altering sediment transport patterns

and affecting coastal features (Fabiyi and Yesuf, 2016). How-

ever, not all instances of inundation lead to erosion, and the

relationship between the two processes depends on various

factors, such as the duration, intensity, and frequency of the

inundation event (Pollard, Spencer, and Brooks, 2019).

Coastal Erosion
Coastal erosion, driven by natural forcing mechanisms

such as wind, waves, tides, currents and sea-level rise, influ-

ences sediment transport and the morphology of coastal land-

forms (Gillie, 1997; Prasad and Kumar, 2014; van Rijn, 2011).

Erosion is a natural process characterized by gradually erod-

ing and reshaping shorelines, cliffs, and beaches due to the

relentless forces of these elements (Saadon et al., 2020) and

anthropogenic influences in some areas. The dynamic inter-

actions of wind, waves, tides, and currents may manifest in

the gradual landward recession, also referred to as “retreat”

or complete elimination of coastal features (Gillie, 1997; Pra-

sad and Kumar, 2014; Prasetya, 2007; van Rijn, 2011). Wave

action, influenced by wind patterns, at times combined with

surge events, erodes landforms such as the berm or dunes by

persistently transporting and depositing sediment along and

across the shore (Prasad and Kumar, 2014). Additionally,

sea-level fluctuations, influenced by tides and climatic condi-

tions, contribute to the erosive impact by altering wave
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energy and frequently shifting the focus of coastal forcing

further onshore (Prasetya, 2007; van Rijn, 2011). Geological

factors, including the type of coastal sediment and bedrock

composition, further influence erosion rates, portraying

coastal erosion as a dynamic and intricate phenomenon (Saa-

don et al., 2020).

It is necessary to recognize that coastal erosion can be tran-

sitory and episodic, particularly in areas characterized by

unconsolidated materials such as sand, pebbles, and shells,

constituting a soft coast (Prasetya, 2007). These regions, typi-

cally dissipative beaches, are characterized by short-term fluc-

tuating or cyclic erosion, requiring long-term assessments to

quantify the degree of erosion and persistence of the problem

(Prasetya, 2007). Dissipative beaches with flat slopes and wide

barred nearshore shelves are found along Gulf-facing beaches

along the Texas coast. Despite experiencing erosional events,

accretion and dune rebuilding along such soft coastal environ-

ments can take an extended period, potentially leading to

insufficient time for natural beach recovery before the next

erosive event occurs (Prasetya, 2007; Williams and Turner,

2022), with a possible the frequency increase. This increase

potentially leads to the need for cyclic beach nourishment,

which is common on many Texas Gulf coast beaches.

Study Area
Measurements were conducted along a small 553 85-m seg-

ment of the Gulf-facing beach that is adjacent to Horace Cald-

well Pier, Port Aransas, Texas. The study area—found along a

small segment of the I.B. Magee Beach Park and managed by

Nueces County Coastal Parks—is located south of the Aransas

Ship Channel south jetty on Mustang Island, a 29-km long bar-

rier island along the central Texas coastline. The study area is

closed to vehicles, whereas the surrounding beaches are mostly

open to traffic, both in accordance with the Open Beaches Act

and Texas law (Texas Natural Resources Code, 2024). There-

fore, the study area’s beach morphology is more natural than

most other beaches along Mustang Island, with the exception of

a segment of Mustang Island State Park, because of infrequent

mechanical redistribution of sand and lack of vehicular traffic.

A small trench constructed on the southern end of the study

area is maintained by park staff to help promote pier access by

reducing pooling after rain and periods of inundation.

The focused area of study begins seaward of the parking

area and extends across the central berm, ending at the

water’s edge at the time of data collection, which is variable

(Figure 1). The beach segment stretching from the south jetty

to Lantana Drive has been relatively stable since the 1950s

(Morton and Pieper, 1977; Gibeaut et al., 2001; Williams and

Turner, 2022); it historically was blocked by the construction

of Aransas Pass and is associated with approximately 1.5 km

long jetties completed during 1919. The median grain size

ranges from 0.16 mm at the dunes and midshore to 0.18 mm

at the surf, with a slope of 0.02 m (Knezek, 1997). Sediment

transport along Magee Beach is primarily influenced by long-

shore sediment transport directed toward the NE during

strong SE winds that dominate most of the year. Exceptions

occur during winter storms and tropical events when cross-

shore sediment transport dominates due to onshore surges and

storm waves. The berm near the south jetty is significantly

wider than the adjacent beach to the south, generally decreas-

ing in width with distance from the jetties at Aransas Pass.

The berm near the south jetty has been relatively stable

since its construction, except for periods of hurricane impact.

The beach exhibits periodic, event-driven erosion during hur-

ricanes and tropical storms but is generally stable and has

demonstrated recovery following storms of significance. This

includes the impact of 2017 Hurricane Harvey, which created

significant beach erosion close to the jetty and a breach of the

jetty, yet recovery took place without beach renourishment or

other anthropogenic action (Williams and Turner, 2022).

Unique Characteristics of the Study Area
The unique characteristics of the designated research

study area and the implications for generalizing results to

other coastal contexts are outlined here. Sediment transport

in the study area is influenced by wave shadowing, refrac-

tion, and human activities associated with the proximity of

Horace Caldwell Pier and the long south jetty. The south jetty

shelters the adjacent beach from longshore currents directed

from the north, thereby influencing alongshore sediment

transport as well as impoundment. The isolated location min-

imizes mechanical sand management of the berm and limits

vehicular access that can disrupt natural sediment transport,

leading to a more natural dataset. Additionally, the study

area is wider and has a higher elevation than other beaches

on Mustang Island, leading to less frequent periods of inun-

dation that reach the dune line. These factors highlight the

need for careful interpretation of results, considering the

influence of coastal structures and differences in beach man-

agement in the study area as compared with the adjacent

beaches. In addition, this paper also provides the basis for a

recommended more detailed analysis of anthropogenic influ-

ences on beach stability in future studies.

Anthropogenic Impact
The ways in which anthropogenic structures (e.g., piers

and jetties) and restricted vehicular access influence the

study area’s beach morphology are examined here. Under-

standing these impacts is necessary for accurately interpret-

ing and generalizing the results of this study.

The proximity of Horace Caldwell Pier to the study area

introduces several distinct influences on beach morphology.

First, the pier contributes to wave shadowing and refraction

dynamics because it can cast a shadow that alters the distri-

bution of wave energy along the beach (Miller and Dean,

2004; Splinter et al., 2014). Additionally, waves refracting

around the pier may generate areas of heightened energy or

turbulence, potentially leading to localized erosion or accre-

tion (Ludka et al., 2015; Pianca, Holman, and Siegle, 2015;

Plant et al., 1999). Second, the structural impact of piers on

sediment transport is notable, acting as barriers that disrupt

the natural alongshore movement of sediment (Splinter

et al., 2014). This disruption can result in the accumulation

of sand on one side of the pier and erosion on the other,

emphasizing the need for an understanding of localized sedi-

ment dynamics (Splinter et al., 2014).

Similarly, the influence of the nearby jetty on beach mor-

phology is multifaceted. First, the jetty provides a sheltering
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effect on the adjacent beach, protecting it from the full impact

of longshore sediment transport directed from the NE and

influencing natural sedimentary processes (Garel, Sousa,

and Ferreira, 2015). It has been observed that the dominant

direction of sediment transport is from south to north

because of dominant winds directed from the S to SE (Fox

and Davis, 1978; Hunter, Richmond, and Alpha, 1983; Knight

and Burningham, 2003).

Second, the impoundment of sediment by the jetty design

contributes to variations in sediment availability and distribu-

tion along the beach (Garel, Sousa, and Ferreira, 2015).

Understanding the historical context of jetty construction is

critical for interpreting the long-term stability of the beach in

relation to sediment dynamics. Garel, Sousa, and Ferreira

(2015) showed that erosion of historical deltas can influence

updrift shoreline progradation and sand bypassing after jetty

construction. Furthermore, Suanez et al. (2015) highlighted

that the construction of jetties can lead to hydrodynamic modi-

fications and interrupted sand drift, resulting in increased

sediment loss for beach and dune systems. Additionally, Gor-

don and Nielsen (2020) emphasized that jetties at estuary

entrances have the potential to induce fundamental coastal

and estuary process alterations, which may take centuries to

resolve.

Figure 1. The figure illustrates the study area, situated adjacent to and north of Horace Caldwell Pier, Port Aransas, Texas. The image highlights the sur-

veyed region (study area), the parking zone, the beach driving lanes, and the nearby dunes. A view of the bollards, which serve to delimit traffic boundaries

in the area, is also provided.
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Finally, Texas beaches typically allow vehicular traffic, com-

plicating the interpretation of natural beach morphology

changes due to mechanical sand redistribution by the vehicles

themselves and also during the efforts to manage beach driv-

ing lanes and parking areas. This study focused on a protected

area that prohibits public driving, thereby minimizing

mechanical sand redistribution and enhancing data reliability.

Although occasional use by lifeguards and beach managers

occurs, the area experiences significantly less interference

from continuous vehicular traffic and the beach management

associated with it. This characteristic distinguishes the study

area from most Texas Gulf–facing beaches, offering a clearer

understanding of beach changes without ongoing vehicle-

driven activities and maintenance operations.

The study area is limited to the unaltered berm, excluding

profiles landward of the parking area where anthropogenic

influences begin. This focus preserves data integrity, avoiding

variability from areas accessible to cars. The influence of

runup rarely extends to the road and dunes, except during the

impact of Hurricane Ian reaching the Texas coast on 29 Sep-

tember 2022. This strategic focus on a minimally influenced

study area enhances the reliability of findings, removes

unknown influences, and provides valuable insights into beach

dynamics in a relatively undisturbed coastal environment.

Microtidal Range
The effect of tidal dynamics on the study area introduces

another feature that distinguishes the study area from some

other coastal research settings. The Texas coast has a lim-

ited tidal range with, for example, a mean range of tides

(MN) of 0.36 m within the Galveston ship channel entrance

jetties, 0.40 m for Corpus Christi, and 0.38 m within the

Brazos Santiago Pass (NOAA, 2023a). The range of the sea-

sonal cycles is similar to the tidal range: 0.27 m for the Galves-

ton Ship channel 0.27 m for Aransas Pass (NOAA, 2023b, c).

The range of the daily water level is often driven by meteorologi-

cal forces, particularly wind more so than tidal influence.

Despite the limited tidal range, tides significantly influence the

erosion of the foreshore and berm when combined with wind,

surge, and wave forcing, particularly because of the flat slope of

Texas beaches.

The influence of low tide is particularly noteworthy, expos-

ing a significant portion of the foreshore and berm to direct

coastal processes (Coco et al., 2004). This exposes formerly

submerged areas to strong onshore waves, altering the typi-

cally protected foreshore. Low tide’s temporal variability cap-

tures distinct beach morphology changes (Bernabeu Tello,

Medina Santamarı́a, Vidal Pascual, 2002). Furthermore, the

low tide conditions in the study area influence sediment

transport patterns. With a wider foreshore exposed during

low tide, sediment movement and redistribution may exhibit

greater variation compared to high tide conditions (Carrasco

et al., 2011). The ebb and flow of tidal currents play a role in

shaping the nearshore bathymetry, influencing the deposi-

tion and erosion of sediment (Pacheco et al., 2015). This tem-

poral variability adds a layer of complexity to the dataset,

offering insights into the way in which tidal stages contribute

to the overall dynamics driving changes in beach morphology.

METHODS
The methodology employed in this research included conduct-

ing 25 beach-profile surveys with an average 2-week interval

between each survey. In addition, a set of cameras was strategi-

cally installed to monitor the study area continuously. The data

from the cameras provided valuable information because it

allowed the recording and observation of inundation events,

which can contribute to beach erosion and are rarely captured

by other datasets. The elevation measurements acquired during

these surveys were applied to develop beach-profile plots. These

plots showed the pre- and postevent state of the berm as well as

change over the extended study period, serving as a fundamen-

tal component for the analysis and interpretation of changes in

beach morphology over the study period.

Data Collection
The modified beach-profile surveys were conducted using a

Trimble R10 Global Navigation Satellite System receiver

equipped with virtual reference stations to measure topo-

graphic spot elevations along the beach through real-time

kinematic positioning. The beach-profile survey extent is

modified because of the focus covering only the most dynamic

section of the berm and foreshore.

A systematic approach was adopted, employing a 3.053 3.05

m grid (10 310 ft; Figure 2). The x and y coordinates were ref-

erenced to NAD 1983 State Plane Texas South, whereas

NAVD88 (GEOID12B) was used for elevation measurements.

All survey grids shared a common starting point; however, the

termination of each survey, particularly in proximity to the

water, was contingent upon the fluctuating position of the water

line during the survey, resulting in surveys of varying lengths.

Figure 2. Location of the study area next to Horace Caldwell Pier (top)

with data points (grid) collected during one of the surveys, which is repre-

sentative of all surveys conducted at Horace Caldwell Pier.
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The survey area includes the berm and foreshore but does not

include the backshore or backshore limiting features such as

dunes. Therefore, the profile section is truncated and not repre-

sentative of the entire region of sediment transport but instead

captures the most dynamic region during inundation.

The survey campaign commenced on 7 July 2022 and con-

cluded with the last survey on 13 September 2023. Throughout

this timeframe, surveys were conducted regularly, with an aver-

age frequency of 2 weeks. The shortest interval between sur-

veys was 1 week, while the longest extended to approximately 1

month. This survey schedule allowed for a comprehensive and

temporally diverse dataset, enabling a thorough examination of

beach elevation and morphology over the specified period.

Beach Profiles
The application of beach-profile survey data is a fundamen-

tal methodology for analyzing temporal changes in beach mor-

phology. These profiles facilitate quantitative and qualitative

assessment, capturing the intricate dynamics inherent in

coastal environments. By generating beach profiles from sur-

veys conducted to document distinct conditions, this approach

enables direct temporal comparison, unveiling trends and

understanding the impact of natural and anthropogenic fac-

tors on beach dynamics. This quantitative approach is a valu-

able tool for identifying trends in erosion and accretion,

offering insights into how the beach responds to environmen-

tal changes and providing a foundation for informed decision-

making in coastal planning and management.

An average beach profile was computed for each survey by

averaging the elevation measurements of all the survey points

for each alongshore row. The variability of the beach eleva-

tions along each row was estimated using two standard errors.

The two standard errors were found to be very small, with a

mean value of 1.7 cm. This measure of limited variability con-

firms that the alongshore beach morphology is relatively

homogeneous when moving from the water line toward the

dunes and that anthropogenic impacts or other forcings do not

substantially influence the measurements and natural beach

dynamics. Note that although the starting point of the survey

lines was consistent, the width of each beach profile varied

because of its termination point at the water line at the time of

the survey. The surveys were conducted under various tidal

conditions, with some surveys occurring during low tide and

others during high tide. This disparity in tidal levels, along

with the other factors driving water-level variability, influ-

enced the length of the beach profiles, with surveys during

periods of high water level resulting in shorter profiles. The

temporal variability, along with the differences in the offshore

limit of data collection, presents a limitation in the interpreta-

tion of the data, which is acknowledged, although the random

nature of the surveys allowed for unexpected events to be doc-

umented. Ideally, surveys would have been conducted during

peak low tides and extended further into the nearshore, but,

given the relatively high frequency of the surveys, limitations

in seaward extent occurred because of scheduling constraints.

Meteocean Data
This section describes the influence of metocean conditions

on the occurrence of beach inundation and under specific con-

ditions in combination with erosion. To gain deeper insights

into this influence within the dataset, a thorough analysis of

metocean conditions was conducted, encompassing wind

speed and direction, water level, and wave data. Hourly

water-level data from Aransas Pass was chosen for analysis

because of proximity (about 1600 m) to the study area

(National Oceanic and Atmospheric Administration, 2023g;

Figure 3). Wind measurements were from the National Data

Buoy Center (NDBC) C-Man station located on the seaward

side of Horace Caldwell Pier, the PTAT2 station (NOAA,

2023f). Options regarding wave data were limited because no

stations or buoys were close to the study area. At the time of

this writing, no buoys measuring nearshore wave conditions

are found anywhere along the Texas coast, making such stud-

ies and the design of coastal structures more difficult. The

available choices were measured waves from buoys NDBC

42019 (National Oceanic and Atmospheric Administration,

2023d) and NDBC 42020 (National Oceanic and Atmospheric

Administration, 2023e) and buoy stations and reanalysis data

from station ST73039 from the WaveWIS portal (USACE,

2023b). Of these, the WaveWIS portal provides data closest to

Figure 3. Representation of hourly Port Aransas water-level signal.
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the coast. Still, the data are limited to 2022 and previous years,

limiting applicability to interpreting results for most of the sur-

veys conducted in 2023. In contrast, although more offshore

than ideal, NDBC 42019 and 42020 buoy data offer available

data up to present date (Figure 4). Consequently, these two

sources constitute the only wave data available for the analysis.

The NDBC 42019 station is situated north of the study area,

whereas NDBC 42020 is located to the south, a bit closer to

the coast. Depending on wave directions, one buoy’s data may

be more representative of onshore conditions close to the study

area than the other. Thus, both buoys are considered valuable;

determining which buoy provides more accurate and valuable

information depends on the wave direction. Consequently, a

decision was made to create a wave signal incorporating the

maximum values from both buoys. This approach was chosen

because the largest wave conditions are most influenced by

inundation and erosion events. Typically, these events are trig-

gered by individual occurrences with higher values than the

average rather than by the average values. Figure 5 illus-

trates the hourly maximum significant wave height, maxi-

mum average wave period, and maximum dominant wave

period, respectively, obtained from combining the maximum

values from the two buoy stations.

Figures 3, 5, and 6 illustrate the fluctuations in water-level

measurements, waves, and winds during the study period.

The influence of tides, winds, seasonality of metocean param-

eters, and more extreme events can be identified. The visual

representations emphasize the need for a deeper exploration

of the impact caused by the high peaks of waves and water

level in the study area. A detailed discussion on this matter

is provided in the “Results” and “Discussion” sections.

RESULTS
The results of the combined analysis of changes in consecu-

tive beach profiles and metocean variables describes the mor-

phological dynamics of the study area. The results also

compare the beach profiles of the first and last surveys of the

dataset to provide analysis of annual change. This analysis

provided the basis for a detailed examination of the seven full

and partial beach inundation cases documented during the

study period (“Discussion” section).

Morphological Dynamics of the Study Area
This section describes changes in beach-profile morphology

over 19 paired sets of consecutive surveys spanning a period of

12 months. The spatial variability in the measurement of beach

morphology is estimated using two standard errors of the mean

alongshore survey measurements. The variability is represented

by the lighter band color (ribbon) in Figures 7-10. For most

cases, minor differences occur in the morphology of consecutive

beach profiles (Figure 7a,b); however, events with high domi-

nant wave periods (e.g., Figure 7c–e) cause erosion on the fore-

shore with sand redistribution across the landward section of

the berm (discussed further in the “Inundation Cases” section).

Inundation Cases
In addition to frequent beach surveys, the study was

enhanced by deploying cameras to continuously monitor

the study area. The images and videos allowed real-time

Figure 4. Location of the wave buoy stations in the Gulf of Mexico with respect to the study area.
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observation of the dynamic interplay between water, waves,

and the beach, determining how far landward the water

advanced across the berm. Seven full inundation or partial

events were identified, characterized either as water covering

the beach up to the bollards next to the driving lane and back

dunes or water covering up to the middle of the berm without

reaching the bollards, respectively. These events are listed and

further described in Table 1.

Figures 11 and 12 present the respective metocean condi-

tions during the inundation events identified in Table 1. The

relationship between the inundation events and the metocean

forcings is described in the “Discussion” section.

Figure 5. Illustration of (a) maximum significant wave height, (b) maximum average wave period, and (c) maximum dominant wave period. Values

obtained after combining NDBC 42019 and NDBC 42020 data.

Figure 6. Alongshore and across-shore wind speeds measured at the NDBC PTAT2 station located on the seaward end of Horace Caldwell Pier.
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Figures 8, 12, and 10—detailing Cases 1, 2, and 3, respec-

tively—illustrate the shoreline camera imagery during inun-

dation events along with the changes in beach topography

associated with these events. Figures 13, 14, and 15—detail-

ing Cases 1, 2, and 3, respectively—display time series of wind

speeds and wind directions measured during the respective

events at the study site.

Figure 16 displays the total water-level time series results

for the study period and compares it with the average water

levels measured at the nearby tide gauge and the associated

harmonic predictions. The time series are also compared with

the highest astronomical tide (HAT), the mean high water

(MHW), and the mean higher high water (MHHW) tidal

datums for the study area tide gauge station.

Figure 7. Comparison of beach profiles from two consecutive surveys: (a) 21 July 2022 and 3 August 2022; (b) 10 and 17 November 2022. They are repre-

sentative of the most common beach morphological changes between two consecutive surveys. (c) Impact of Hurricane Ian on 29 September 2022 during its

initial hours; (d) impact of Hurricane Ian on beach morphology; (e) erosion on the foreshore due to high dominant wave period; (f) comparison of the first

and last beach profiles, indicating stability.
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DISCUSSION
This section provides a detailed analysis of the seven full

and partial beach inundation cases documented during the

study period. These events were associated with increases in

the maximum dominant wave period, maximum significant

wave height, and water level. A maximum dominant wave

period threshold of approximately 10 seconds was found to be

associated with a high risk of full or partial beach erosion

across the berm in the study location. The discussion con-

cludes with the comparison of the wet/dry shoreline elevation

with tidal datums. Through this discussion, a pattern emerged

that revealed that the location of the wet/dry shoreline consis-

tently exceeded the MHW and MHHW elevation. Further-

more, the wet/dry shoreline remained predominantly above

the HAT elevation. Collectively, these findings contribute to a

deeper understanding of the dynamic interactions within the

study area and future coastal modeling applications.

Discussion of Inundation Cases
To enhance the understanding of the inundation events, the

inter-relationship between metocean variables (e.g., maximum

significant wave height, maximum average wave period, maxi-

mum dominant wave period, average water level) were analyzed

during instances of inundation (Figures 11 and 12); each inun-

dation case, detailed in the “Results” section (Table 1), is visually

in both figures. The varying widths of these columns correspond

to the respective durations of the inundation events, with wider

bands indicating longer-lasting events. A detailed examination

of each inundation case follows.

Inundation Case 1
Inundation Case 1 describes an event that occurred between

29 and 30 September 2022, which correlated with the landfall of

Hurricane Ian on the other side of the Gulf of Mexico on Cayo

Costa Island, SW Florida. Figures 11 and 12 illustrate that the

maximum significant wave height, maximum average wave

period, maximum dominant wave period, and average water

level are all significantly above their averages, suggesting their

significant role in beach inundation. The study’s maximum aver-

age wave period is recorded during the landfall of Hurricane Ian.

Figure 8 shows the study area fully flooded during this event,

with water reaching the bollards. Figure 13 describes nearshore

winds at 5–6 m/s during the 4 to 5 hours preceding the image

shared in Figure 8. Stronger nearshore winds were also

recorded (reaching up to 8 m/s from the same direction), but

about 24 hours earlier, and not thought to have contributed

directly to this inundation event. Further analysis of the lack of

direct nearshore wind influence on the inundation of this beach

is discussed at the end of this section.

Figure 7c, d illustrates the impact of Hurricane Ian on the

beach morphology. On 29 September, the survey was conducted

a few hours after the impact of Hurricane Ian started. This

beach profile shows foreshore erosion and sand redistribution

landward, as compared with the prior profile correlated with a

long maximum dominant wave period exceeding 10 seconds

Figure 8. Degree of inundation during Hurricane Ian on 29 September 2022 (1720 [central daylight time]). The beach profile inserted at the top of the

figure illustrates erosion across the foreshore that occurred during by Hurricane Ian.
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(Figure 7c). Figure 7d compares the beach morphologies a few

hours after the initial impact of Hurricane Ian and 2 weeks

later. This comparison shows further foreshore erosion and

landward sand redistribution. Despite Hurricane Ian causing

full beach inundation, only the foreshore experienced erosion.

Inundation Case 2
Inundation Case 2 occurred on 19 November 2022. The

fully flooded beach is illustrated in Figure 9. To understand

this event, a thorough data examination was performed,

focusing on the maximum significant wave height (Figure

7a), maximum average wave period (Figure 7b), and maxi-

mum dominant wave period (Figure 7c), derived from the

combined datasets of NDBC 42019 and NDBC 42020. Addi-

tionally, the water level at Aransas Pass was studied (Figure

12). Similar to inundation Case 1, this inundation event is

characterized by elevated values in maximum significant wave

height, maximum average wave period, and water level—

inundation-driven factors that pushed the water inland. The

impact of these elevated values is further illustrated in Figure

7e, illustrating significant foreshore erosion with sand redistri-

bution landward (Figure 9). Similar to the previous inundation

event, the dominant wave period was more than 10 seconds.

Inundation Case 3
The third recorded inundation event, documented on video

on 18 January 2023 (Figure 10), unfolded under similar con-

ditions to inundation Case 2. Mirroring the patterns observed

in this earlier event, an increase in maximum significant

wave height (reaching 10 seconds), maximum average wave

period, and average water level occurred, resulting in the

inundation of the full beach. The beach profiles in Figure 10

illustrate a small degree of foreshore erosion with sand redis-

tribution across the berm in a landward direction. Figure 15

describes relatively light nearshore winds in the 1–8 m/s

range, mostly from the south with a short shift to the north

for a few hours on 17 January, about 24 hours before the

image of the beach in Figure 10.

Inundation Cases 4 through 7
Specific figures documenting inundation Cases 4 through 7

are not included in this text but are subsequently described

and compared with the prior cases. These events occurred in

2022 on 14 February, 16 and 17 March, 13 April, and 24 and

25 April (Table 1). For all cases, increases in maximum wave

height, maximum average wave period, and water levels

were observed, leading to full or partial beach inundations.

Cases 4 and 5 were the only inundation events without beach

erosion. Figure 11 show that these two cases, along with Case

7, show a maximum dominant wave period under 10 seconds.

Although a maximum dominant wave period of only 8.3

seconds was recorded for Case 7, the highest water levels of

the study were recorded during this event (Figure 12), likely

compensating for the lower maximum dominant wave period

and explaining the onset of partial beach erosion. For Case 6,

Figure 9. Inundation event on 19 November 2022 (1400 [central daylight time]). The beach profile at the top of the figure illustrates the foreshore erosion

consistent with the long, dominant wave period.
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the maximum dominant wave period was more than 10 sec-

onds with foreshore erosion, similar to Cases 1 and 2. This

suggests that a maximum dominant wave period threshold of

10 seconds leads to erosion by itself but that very high water

levels and potentially other metocean variables, such as very

high maximum significant wave height, can be compounded to

create erosion at a maximum dominant wave period slightly

under the 10 seconds threshold. This statement holds for the

beach profiles compared during the entire study period.

Maximum wind speeds during Cases 4 through 7 reached,

respectively, about 12, 15, 4, and 10 m/s with wind directions,

respectively, from the S, N, SE, and N at the time of the maxi-

mum wind speed observed. Maximum wind speeds during Cases

1 through 3 were 6, 16, and 8 m/s from the north and south,

respectively. Although this part of the Texas coast experiences

some of the strongest nearshore wind speeds in the continental

coastal United States and winds play a significant role in the

dynamic of nearshore currents and waves as well as water levels,

nearshore winds were not identified as a major driving factor

regarding inundation and erosion of the beach during this study.

The findings from these additional cases reinforce the consistency

of these patterns, providing further support for understanding

Figure 10. Facing north from Horace Caldwell Pier: inundation event on 18 January 2023 (1400 [central daylight time]). The beach profile at the top of the

figure illustrates the small foreshore erosion consistent with the long-dominant wave period.

Table 1. Beach inundation cases identified through a review of the beach imagery and correlated drivers of coastal inundations.

Case
Number Date of Event Event Supplementary Information

1 29 and 30 September 2022 Full beach inundation with erosion across

the foreshore (Hurricane Ian)

https://github.com/conrad-blucher-institute/High-Resolution-Beach-

Morphodynamics/tree/main/Inundation%20Event%20%231

2 19 November 2022 Full beach inundation with erosion across

the foreshore

https://github.com/conrad-blucher-institute/High-Resolution-Beach-

Morphodynamics/tree/main/Inundation%20Event%20%232

3 16 and 18 January 2023 Partial beach inundation with small erosion

across the foreshore

https://github.com/conrad-blucher-institute/High-Resolution-Beach-

Morphodynamics/tree/main/Inundation%20Event%20%233

4 14 February 2023 Partial beach inundation without erosion https://github.com/conrad-blucher-institute/High-Resolution-Beach-

Morphodynamics/tree/main/Inundation%20Event%20%234

5 16 and 17March 2023 Full beach inundation without erosion https://github.com/conrad-blucher-institute/High-Resolution-Beach-

Morphodynamics/tree/main/Inundation%20Event%20%235

6 13 April 2023 Partial beach inundation with small erosion

across the foreshore

https://github.com/conrad-blucher-institute/High-Resolution-Beach-

Morphodynamics/tree/main/Inundation%20Event%20%236

7 24 and 25 April 2023 Partial beach inundation with small erosion

across the foreshore

https://github.com/conrad-blucher-institute/High-Resolution-Beach-

Morphodynamics/tree/main/Inundation%20Event%20%237
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how changes in offshore wave characteristics and water level

influence the dynamics of beach inundation and erosion.

Finally, Figure 7f compares the beach morphologies of the first

and the last survey of the study period. Little change is observed

over this 13-month interval, suggesting that the recorded erosion

events with sand redistribution are followed by more progressive

recovery events with an overall seasonally stable berm for this

beach. The observations are consistent with previous studies

over longer temporal scales conducted by Gibeaut et al. (2001),

Morton and Pieper (1977), andWilliams and Turner (2022).

Figure 12. Representation of water-level data (Port Aransas) during inundation events. Red columns: full inundation events; yellow columns: partial

inundation events. The width of each column corresponds to the duration of the respective inundation events.

Figure 11. Representation of (a) maximum significant wave height, (b) maximum average wave period, and (c) maximum dominant wave period. The maximum

values were obtained after combining NDBC 42019 and NDBC 42020 data. Red columns: full inundation events; yellow columns: partial inundation events.
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As discussed in the “Unique Characteristics of the Study

Area” subsection, the results of this study are for a very spe-

cific beach just south of a long jetty where the berm is wider

and the elevation is higher than most of the beach segments

farther south along Mustang Island and the northern part of

North Padre Island (excluding the beaches near Packery

Channel). Therefore, these results of limited periodic inunda-

tion are location dependent, and it is anticipated, based on

visual observation, that during the study period, these other

beaches experienced a higher frequency of coastal inunda-

tion, in some cases up to the foredunes.

Comparison of the Wet/Dry Shoreline Elevation with
Tidal Datums
Tidal datums are frequently applied in beach management

and regulatory processes. The relationship between mea-

sured average water level and the respective elevations of

tidal datums is not straightforward and can even be mislead-

ing for microtidal beaches with strong metocean forcings,

such as in the study area. Imagery from pier-mounted cam-

eras was applied to determine the dynamic shifts in the loca-

tion and elevation of wet/dry shorelines (Vicens-Miquel et al.,

2022a; Vicens-Miquel et al., 2022b). A systematic process was

employed to compute the elevation of the wet/dry shoreline.

Initially, the camera imagery was georeferenced using a pro-

jective transformation. Sequentially, the wet/dry shoreline

was identified and overlaid onto a digital elevation model

(DEM). These DEMs were sourced from survey data, with

preference given to the most recent survey corresponding to

the current imagery. Following the superposition of the imag-

ery, numerous elevation points were extracted. These points

were sorted based on their values, eliminating the top and

bottom 5% to mitigate the impact of elevation outliers. Subse-

quently, the mean value of the remaining points was calcu-

lated, defining it as the wet/dry shoreline elevation for that

specific time of day. Figure 16 details a time series of four wet/

dry shoreline elevation measurements per day and compares

Figure 14. Wind for the second inundation event (19 November 2022). The yellow band highlights the 4 hours before the image of the beach was captured

at 1400 (Figure 11).

Figure 13. Wind time series for inundation event of 29 September 2022. The yellow band highlights the 4 hours before the image of the beach captured at

1720 and presented in Figure 10.
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it with a time series of average water level measured simulta-

neously at the nearby Aransas Channel tide gauge.

The average elevation of the wet/dry shoreline during the

study was 0.77 m above NAVD88, significantly higher than

the average water level recorded at a nearby tide gauge of

0.16 m above NAVD88 for the same period. This location’s

0.61 m difference is larger than twice the tidal range; other

differences include the seasonality of the respective signals.

The average water-level signal displays the expected season-

ality with lower levels during the July to August period,

increasing water level after that through the end of Septem-

ber, and then water level increasing from February through

May (NOAA, 2023c). The time series of the wet/shoreline

elevations display only a dampened seasonality, with the var-

iability dominated by individual events, particularly during

the first part of the study from February through May 2023.

Overall, the relationship between average water level and

wet/dryshoreline elevations is not straightforward. This is

not surprising because the significant height of nearshore

waves is a good predictor of the wave runup (Roberts, Wang,

and Kraus, 2010), hence driving the difference between aver-

age water level and the elevation of the wet/dry shoreline.

Large increases in the wet/dry shoreline elevation can occur,

whereas little change occurs in the average water level mea-

sured at nearby stations during periods of increasing maxi-

mum significant wave height or wave period, as discussed in

Figure 16. Time series of the wet and dry shoreline elevations (orange) and the average water level (blue) measured at the tide gauge station 8775237,

Port Aransas, Texas, compared with frequently used tidal datums relative to the tide gauge station.

Figure 15. Wind for the second inundation event on 18 January 2023 (1400 [central daylight time]) to match the picture.
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the previous section. Because of the absence of real-time

nearshore wave measurements along the Texas coast during

the study period, wave information came from the aforemen-

tioned NDBC deep-water buoys. Although these buoy mea-

surements, particularly wave periods, provide general wave

conditions and nearshore winds, onshore or offshore direc-

tions will have a significant impact on nearshore maximum

significant wave height, making it difficult to perform a more

detailed analysis of the relationship between average water

level and wet/dry shoreline height.

Some of the limitations of the study include wet/dry shore-

line elevations that are measured only during the daytime

and weather conditions that will influence the rate at which

the wet beach dries and, hence, the latency of the location of

the wet/dry shoreline. The absence of nighttime observation is

somewhat mitigated by checking the early morning imagery

and looking at other metocean recorded observations that may

suggest the possibility of a coastal inundation during the night.

Figure 16 compares the measurements of both the average

water level and the wet/shoreline elevation to the commonly

applied tidal datums (i.e. MHW, MHHW, HAT) for the nearby

tide gauge 8775237, Port Aransas, Texas. The comparisons

show that the average water level measured at nearby moni-

toring stations regularly exceeds the MHW and MHHW tidal

datums but rarely the HAT datums. It is critical for beach

stakeholders to understand that the MHWand MHHWeleva-

tions are not indicative of a particularly high-water level for

this location and the Texas coast in general. The higher ele-

vation HAT datum is a better indication of the highest aver-

age water level reached, without accounting for wave runup,

for locations such as the study area given the local metocean

forcings. When possible, it is recommended to use the HAT

line as a survey reference level for beach management pur-

poses because it is a better indication of a high-water mark

for the location and will be more practical to survey, leading

to more accurate measurements because the berm at MHHW

is frequently inundated.

Figure 16 further shows that the wet/dryshoreline always

exceeds the MHHW datum and predominantly exceeds the

HAT datum. Beach managers should be aware of these com-

parisons when using these different tidal datums for typical

beach management and planning. These differences also

emphasize that for this location and other beaches with simi-

lar metocean characteristics, it is vital to have a more com-

prehensive suite of parameters applied in measurements and

models rather than just water level or surge models to predict

potential beach inundation.

CONCLUSIONS
The study of a small representative segment of the beach

adjacent to Horace Caldwell Pier at I.B. Magee Beach Park,

Port Aransas, Texas, has provided valuable insights into the

intricate dynamics of beach morphology over short temporal

periods. Throughout the year-long investigation, relatively

significant changes in the area between successively sur-

veyed beach profiles were associated with increased wave

energy, in particular dominant wave period longer than 10

seconds. This phenomenon underscores the direct influence

of wave and water-level dynamics on beach morphology, with

higher energy events leading to erosion across beach profiles

that result in significant changes in the beach morphology.

Specific metocean conditions accompany these morphological

changes as well as inundation events that reach further land-

ward than common water level forecasting tools predict.

The investigation differentiated between two distinct types

of inundation events: one that does not cause erosion and a

second type that leads to erosion along the focused beach seg-

ment. An increase in maximum significant wave height, max-

imum average dominant wave period, and average water

level initiated both types of events. In the first scenario,

where erosion does not occur, no large increases occurred in

the maximum dominant wave period. In cases of beach ero-

sion, a substantial increase in the offshore maximum domi-

nant wave period was measured with a threshold for beach

erosion in the study cases at approximately 10 seconds. Conse-

quently, whether an increase in the maximum dominant wave

period occurs or not may be the determining factor for beach

erosion in the study area, whereas increases in nearshore

winds did not have a direct influence on the beach inundation

and erosion cases of the study. This differentiation under-

scores the pivotal role that wave energy, particularly the domi-

nant maximum wave period, plays in influencing the erosive

impact of inundation events. A comprehensive understanding

of these event-specific triggers and outcomes is necessary for

an accurate prediction that supports effective proactive man-

agement of potential beach erosion scenarios.

Seven partial or full inundation events were recorded (real-

time continuous video) over the 13 months’ investigation,

indicating that such events were not frequent in the Port

Aransas area. This infrequency can be justified by consider-

ing the local climatic and oceanographic conditions in addi-

tion to the wide berm width and higher elevation that this

beach segment has in comparison with the majority of the

coastline along Mustang and North Padre Island. The rela-

tively low occurrence of inundation events in this area under-

scores the value of recognizing the specific context of each

coastal region when formulating management strategies.

Although this study provides valuable insights into the

dynamics of beach morphology and inundation events on the

north end of Mustang Island, the study was relatively short,

with 13 months of survey data and imagery. Longer time

series are necessary to strengthen the conclusions and refine

the inundation and erosion thresholds; hence, continued

research and monitoring are underway and are crucial for

further refining predictive models. Such models enhance the

understanding of these complex coastal processes, particu-

larly for application along narrower, low-elevation beach seg-

ments that dominate the coastline.

The time series of total water levels, including wave runup,

were compared with observed average water levels and tidal

datums at a colocated tide gauge, as well as the related tidal

datums frequently used for beach studies and management.

The comparison concluded that the total water levels were on

average 0.6 m above the average water levels. Furthermore,

the water levels were above the HAT datum for most of the

13 months’ study period and always above the MHW and

MHHW datums. Although generally below the wet/dry shore-

line elevation, the higher elevation HAT tidal datum was
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mostly above the average water levels for this location. These

results show that beach management and operations could

benefit from using HAT datum rather than the MHW, which

is commonly used, as a better suited indicator of high water

levels for this and nearby beaches and for surveys defining

limits of inundation and decision-making.

Future work in this research involves developing an opera-

tional real-time inundation model specifically designed for the

studied area. This research is essential because it enables a

nuanced understanding of beach changes and their correlation

with metocean conditions. It serves as a foundational step

toward developing an accurate real-time inundation model

that focuses on parameters of significance, such as the maxi-

mum dominant wave period. Thus, this research holds signifi-

cant value for beach managers and stakeholders, serving as

an essential component of the ongoing inundation model

development.
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