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Abstract A study of the evolution of North Padre Island
(southern Texas Gulf Coast) dunes was carried out using
LIDAR topographic data, dune vibracores through the
center of the dunes, and grab samples of shoreface sand at
four locations along a cross-shore profile. Grain-size
analyses of the vibracores show vertical variations in
shoreface sand deposition over decimeter depth intervals.
A dune ridge growth model is introduced that describes the
dune vertical accretion rate as a function of island
progradation and freshwater lens expansion. This model
allows indirect dating of the dune core samples based on a
known island progradation rate (1 m/year), and height and
spacing of the dunes calculated from the topographic data.
A sand provenance model is also proposed that links the
sand deposition in the dunes with sand sourced from
various depths along the shoreface profile, depending on
storm activity. We present evidence linking the changes in
storm-sand deposition in the dune cores with yearly
climatic fluctuations in the Gulf of Mexico associated with

landfalling tropical storm activity in the period from 1942–
1965. This record of storm-induced sand variability is
negatively correlated with El Niño-Southern Oscillation
(Pacific) sea surface temperature variability, and positively
correlated with North Atlantic decadal sea surface temper-
ature variability.

Introduction

Climate variability can directly influence the dynamics of
clastic shoreline depositional systems, resulting in varia-
tions in eustatic sea level, storm activity, and sediment
budgets (e.g., Stone and Orford 2004; Keim et al. 2004;
Schwarzer et al. 2004; Stone et al. 2004; Wanner et al.
2008). The sedimentologic and depositional facies patterns
resulting from climatic fluctuations are commonly recorded
in clastic shoreline deposits, and can be quantified using a
variety of analytical techniques based on, for example,
beach dune ridge granulometry and topography (e.g.,
Tanner et al. 1989; Tanner 1991, 1992 for the Gulf of
Mexico), ground-penetrating radar (GPR; e.g., Buynevich
et al. 2004 for Maine; Aagaard et al. 2007 for Denmark;
Garrison et al. 2010 for the Gulf of Mexico), coring (e.g.,
Buynevich et al. 2004; Skilbeck et al. 2005 for eastern
Australia), and a variety of geochemical analyses of
sediments (Skilbeck et al. 2005; Aagaard et al. 2007).

The shoreface is extremely sensitive to variations in
sediment supply, sea level, and hydrodynamic processes
(e.g., Wright 1995; Schwarzer et al. 2004). Intense, short-
time modifications of these parameters are possible during
the passage of storms. During storm events, sediment
transport rates increase by at least an order of magnitude,
caused by high wave orbital velocities and strong wind-
driven currents (e.g., Swift et al. 1985; Pepper and Stone
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2004; Stone et al. 2004). A recent study of beach dune
ridges at Skallingen Spit, Denmark, found that dune ridge
topography and grain-size distributions were correlated
with sea-level changes controlled by centennial climatic
variations (Aagaard et al. 2007). The authors suggested that
storm-transported sediment contributes to the formation of
dunes, and showed that climatic variations were linked to
variations in storm intensity (i.e., wave energy) and sediment
availability.

Foredunes nucleate when vegetation becomes estab-
lished on the backbeach, becoming a sediment trap for
eolian-transported beach sand. As strand plain and barrier
beaches grow seaward during progradation, the phreatic
freshwater lenses also expand seaward, facilitating the
establishment of a new line of vegetation, which is
followed quickly by backbeach dune nucleation and the
development of an incipient foredune ridge. The incipient
foredune must survive storm surges until a critical survival
height is reached, and vertical accretion becomes the
dominant sedimentologic process. Even when incipient
foredunes are destroyed by a major storm surge, the stable
freshwater lens facilitates a rapid recovery of vegetation
and the re-initiation of incipient dune growth.

This study evaluates a preserved beach dune ridge train
on North Padre Island along the Texas Gulf of Mexico

coast (Fig. 1). Shoreface and dune sand granulometric
analyses are used to develop a model for the growth and
propagation of beach dune ridges, document that beach
dune ridges may contain storm-transported shoreface sand,
and develop and test a methodology for detecting suspected
inter-annual to decadal climatic signals in these beach dune
ridges.

Study area

The barrier island system along the Texas Gulf Coast
extends for over 500 km from the Bolivar Peninsula, on
the southeast side of Galveston Bay, to South Padre
Island at the international border with Mexico (Fig. 1).
The longest island of this chain is Mustang Island/Padre
Island, which is 200 km long and up to 3 km wide. This
approximately 2,000-year-old barrier island (Garrison et
al. 2010) was formed predominantly from northward
longshore-drifted sediments derived from the Rio Grande
River delta (Bullard 1942).

The prevailing winds in the region are from the southeast
with monthly averaged wind speeds of about 25 km/h,
maximum speeds normally reaching up to 40 km/h.
Obviously, storm winds may reach speeds greater than
250 km/h during category 5 hurricanes. Northerly winds

Fig. 1 Map of the Texas Gulf
Coast showing the location of
the study areas (adapted from
Morton et al. 2000)
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associated with the passage of cold fronts occur periodi-
cally from October to March. The hydrodynamic conditions
of the region are micro-tidal with a mean tidal range of
0.5 m, and a mean significant wave height between 0.8 and
1.0 m. During tropical storm conditions, significant wave
heights and storm surge levels can range from 2 to 7 m.

The dune ridge study area is located on Mustang Island,
approximately 23 km south of Port Aransas, within the
southern portion of Mustang Island State Park, and 1 km
north of Corpus Christi Pass (northern white box in Fig. 1).
This area was chosen because it is one of the few areas at
the northern end of North Padre Island that contains a
preserved beach ridge dune train across the entire island.
The ephemeral washover pass, Corpus Christi Pass, lies to
the south of this location, and an ancient washover plain
lies to the north. The beach gradient of North Padre Island

is about 0.008 (1 m/128 m), estimated from data by
Williams et al. (2005).

The study area for the analysis of the shoreface
nucleation and development of foredunes is located on the
Padre Island National Seashore (southern white box in
Fig. 1) at Malaquite Beach (Fig. 2a). This section of beach
was chosen for this study because it is a protected beach,
not altered by anthropogenic activity.

Materials and methods

Calibration of dune ridge age and vertical accretion rate

Foredune beach ridges (Fig. 2a) have been well docu-
mented in the literature, but the nature of the processes

Fig. 2 a Photograph of the
foredune ridge and row of
incipient foredunes (vegetation
line) at Malaquite beach on the
Padre Island National Seashore.
b Yearly dune topographic pro-
files from the Wadden
Sea island of Vlieland (The
Netherlands), illustrating the
vertical accretion growth of
foredunes (modified from Arens
et al. 2007)
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resulting in their nucleation and subsequent growth is only
beginning to be understood (e.g., Nordstrom et al. 1990;
Tanner 1991; Otvos 2000; Aagaard et al. 2007; Arens et al.
2007; Lindhorst et al. 2008). Arens (1996) suggested that
vegetated foredunes grow by vertical accretion, and that
very little saltating sand reaches the leeward side of the
foredune. Arens and co-workers estimated that the vertical
accretion rate in modern vegetated foredunes is about 15–
20 cm/year on theWadden Sea island of Vlieland in the southern
North Sea (Fig. 2b; Arens and Wiersma 1994; Arens et al.
2007), whereas Aagaard et al. (2007) reported dune vertical
accretion rates of 13–18 cm/year at Skallingen Spit, Denmark.

Based on this knowledge, a novel conceptual model
describing the progressive development of beach dune
ridges has been developed for this study (Fig. 3). The
model assumes that a given dune, n=1, at location x0 will
grow vertically from time T0 to time T1 to reach a height h1
at a rate R1=h1/(T1–T0), and then stop. At that same time,
T1, a new dune, n=2, will start developing at location x1,
and in turn grow to reach a height h2 at time T2 at a rate
R2 ¼ h2= T2 � T1ð Þ. In this model, x1 coincides with the
leading edge of the subsurface freshwater lens expanding at rate
E0–1, which is assumed to be equal to the island progradation
rate P0�1 ¼ Δx0�1=ΔT0�1 ¼ x1 � x0ð Þ= T1 � T0ð Þ. There-
fore, in this model, vertical dune accretion is controlled not
only by wind energy and sediment availability, but also by
beach progradation rate, which in part controls the rate of
freshwater lens expansion. If the beach progradation rate is
known or can be estimated, this model can be used to estimate
the vertical accretion rates of older beach ridges.

Garrison et al. (2010) concluded that the spatial
distribution of the seaward-dipping reflectors in a Padre
Island cross-island GPR profile indicated approximately
2 km of seaward progradation of the barrier island over the
past 2,000 years, corresponding to an average progradation
rate of 1 m/year for that time period. Morton and Pieper
(1977) identified that, over a period of 115 years prior to
1977 AD, most of North Padre Island experienced seaward
progradation at a rate reaching 1 m/year. This progradation
rate is consistent with the time-averaged progradation rate
estimated from the North Padre Island GPR data. Based on
these two studies, cross-island distance (in meters) is
assumed to be a reasonable indicator of dune ridge age
(in years). Using the model for dune ridge growth shown in
Fig. 3 and dune ridge ages, vertical accretion rates were
calculated from dune topography (i.e., spacing and height).

Topographic analysis

The topographic analysis of the beach ridge dune train was
conducted utilizing a portion of a geo-referenced 2005
University of Texas Bureau of Economic Geology LIDAR
survey conducted at the northern end of North Padre Island.
The LIDAR topographic data have an estimated horizontal
error of <0.5 m and an estimated vertical error of <0.25 m.
The elevation of the top of each dune along the sampling
transect was calculated from the LIDAR dataset by means
of ArcGIS software. The distance of each dune to the beach
was also determined using the LIDAR data, and defined as
the perpendicular distance from the top of the dune to the
seaward toe of the youngest foredune ridge.

Dune vertical granulometry

Vibracores 7.6 cm in diameter were collected through the
center of selected North Padre Island dunes along a cross-
island transect using a modified Dreyer vibrator system. The
data included a 4.2 m core in a dune located on the seaward
side of the island at a distance of 41 m from the beach (MI-3),
a 1.4m core in a dune in the center of the island at a distance of
642 m from the beach, and a 1.3 m core in a dune on the
landward side of the island at a distance of 1,396 m from the
beach. These vibracores were used for vertical grain-size
profile analysis by dividing them into 10 cm intervals.

The grain-size analysis of these samples was done using
standard sieve techniques. Briefly, samples were dried in an
oven at 40°C for 48 h. The entire sample was then
homogenized and a split for grain-size analysis was taken.
The grain size was characterized using the phi (φ) scale. A
sub-sample of each interval was sieved through a set of
0.25 phi increment brass sieves using a Ro-Tap machine.
The proportion of each size fraction was determined
according to the procedures outlined by Folk (1974).

Fig. 3 Conceptual geochronological model for the growth of
foredune ridges as a function of island progradation rate and
freshwater lens expansion rate. An isochron illustrates the timing of
progradation and expansion
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Replicate analyses of splits demonstrated an excellent
reproducibility in each case.

Grain-size distributions of the samples were constructed
using the method of moments. Those distributions deter-
mined to be polymodal were subsequently unmixed into
discrete end-member distributions using a simple mixing
algorithm developed in Excel. End-member grain-size
distributions were determined from selected unimodal and
bimodal grain-size samples where the distribution peaks
could be clearly defined. The abundance of these end-
members was used to calculate the relative proportions of
coarser (2.5 phi) and finer (3.25–3.5 phi) sand populations
in each sample. This paper focuses on the granulometric
results from the longer MI-3 core.

Shoreface granulometry

The data for the shoreface analysis comemainly from samples
taken during the monitoring program for the construction of
the Packery Channel, Corpus Christi, Texas (Williams et al.
2005). These data are grab samples of the upper 10 cm of
sediment collected at four depths along a cross-shore profile,
namely, 0 m (foreshore), 0.5 m (upper shoreface), 4 m
(middle shoreface), and 8 m (lower shoreface) with respect
to mean sea level. The grain-size distributions of these
samples were constructed using the same procedure as
applied to the dune sediments (see above).

Results

Dune and shoreface granulometry

The grain-size distributions of the shallower sediment
samples in two selected Mustang Island dunes are shown
in Fig. 4. These distributions and other similar ones from
other dunes are characterized by the presence of different
grain-size components (populations), suggesting that the
dune ridge sediment is of mixed origin. Furthermore, the
relative abundance of the different grain-size components
varies with depth at decimeter scales in all cores.

The grain-size distributions of the four beach shoreface
sediment samples are shown as insets on the beach profile
in Fig. 5. Overall, coarser sand (mode: ∼2.5 phi) abounds at
shallower depths and finer sand (mode: 3.25–3.5 phi) at the
deeper end of the beach cross-section. Significant amounts
of intermediate-size sand grains (mode: ∼3 phi) are found at
all depths along the shoreface profile.

Storm-sand transport model

Based on the results of the shoreface grain-size analyses, a
conceptual storm-sand transport model is proposed here (Fig. 6).

Storm sands are here defined as shoreface sands with unique
grain-size distributions, upper shoreface sands being character-
ized by a grain-size mode of ∼2.5 phi, and middle to lower
shoreface sands by modal diameters of 3.25–3.5 phi. These
two sand provenance zones represent two distinctly different
depths of local storm wave bases, which correlate with
different storm intensities. The upper shoreface sand occurs
in shallow water (<3 m), and is easily transported onto the
beach by less intense storms. This is due to the fact that less
intense storms have smaller waves that break in shallower
water. Lower to middle shoreface sand occurs in deeper water
(4–10 m), and is transported by more intense storms that have
larger waves that break in deeper water. The ∼3.0 phi grain-
size mode is ubiquitous in all samples, and therefore not
considered to be diagnostic as a provenance indicator. It
represents the most commonly transported eolian component.

Dune vertical granulometry and tropical storms

To investigate the possible associations between the vertical
variations in dune sand deposition and climatic variability,
the total amount of storm sands was calculated for the

Fig. 4 Grain-size distributions of two selected dune samples (a, b)
taken at 30 cm depth and characterizing North Padre Island dunes
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4.2 m core taken from dune MI-3. Using the conceptual
model for beach ridge growth presented in Fig. 3, the dune
ridge was calculated to be about 41 years old with an

average vertical growth rate of 17 cm/year. The MI-3 dune
age and vertical accretion rate were then used to convert the
core depths of grain-size samples into time. The resulting

Fig. 5 Beach profile and grain-size distributions of beach shoreface samples from four different water depths along the shoreface profile

Fig. 6 Conceptual model for
the introduction of storm-
transported sand into beach
dune ridges as a function of sea
level and wave energy
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temporal record of storm-sand abundance extracted from
the dune core reveals year-to-year temporal variability at
inter-annual to decadal timescales.

Discussion

Dune vertical granulometry and tropical storms

The vertical accretion rate for dune MI-3 of 17 cm/year
estimated in this study is consistent with the 15–20 cm/year
accretion rates reported by Arens and Wiersma (1994) and
Arens et al. (2007), and the 13–18 cm/year rate reported by
Aagaard et al. (2007).

To verify that the variability in the storm sands in the
MI-3 dune is indeed associated with tropical cyclone
variability, the National Hurricane Center North Atlantic
hurricane database, also known as HURDAT or “best
tracks” (Landsea et al. 2004), was used. This dataset
allowed constructing a record of the number of Gulf of
Mexico storms and hurricanes that made landfall west of
the Louisiana–Alabama border during 1941–1966. When
this time series was compared to the time series of
proportion of storm sand, a statistically significant positive
correlation of about 0.45 was obtained (Fig. 7a). This
supports the hypothesis that increases (decreases) in
thickness of storm-sand layers in the dunes may be
associated with enhanced (diminished) sand transport

Fig. 7 a Yearly proportion of
storm sand in dune MI-3 (solid)
and number of Atlantic tropical
cyclones landfalling at the Gulf
of Mexico coast west of the
Louisiana–Alabama border in
1942–1965 (dashed). b Same as
the dashed curve in a but for
1930–2002 (solid) and SST
averaged over the North Atlantic
(the latter data from Kaplan et
al. 1998, dashed). c Same as
dashed curve in a and solid
curve in b but for 1950–2007
(solid) and summer Niño-3 SST
(dashed). All time series have
been detrended, normalized (i.e.,
divided by their respective stan-
dard deviations, SD), and
smoothed with a 3-point running
mean
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during periods of more (less) storm activity in the western
Gulf of Mexico.

Drivers of climate variability in tropical storm activity

On multidecadal timescales, Atlantic major hurricane
activity (category 3–5) is positively correlated with North
Atlantic sea surface temperature (SST) through the Atlantic
Multidecadal Oscillation (AMO; Goldenberg et al. 2001).
The AMO is a quasi-periodic climate mode of variability
with multidecadal periodicities (∼60–80 years) manifested
by anomalous warming and cooling of North Atlantic SSTs,
with climate impacts in and around the North Atlantic basin
and beyond (Mestas-Nuñez and Enfield 1999; Enfield et al.
2001). In the Gulf of Mexico, the AMO may involve
shorter (∼30–60 years) periodicities (Poore et al. 2009).
There is also some evidence of positive decadal correlations
between Atlantic tropical storm and hurricane activity and
Atlantic SSTs (e.g., Molinari and Mestas-Nuñez 2003).

In contrast, Atlantic tropical cyclone activity is nega-
tively correlated with tropical Pacific SSTs associated with
the El Niño-Southern Oscillation (ENSO) phenomenon on
inter-annual timescales (Gray 1984). During the warm
phase of ENSO (El Niño), the anomalous atmospheric
circulation results in an increase in wind shear over the
Atlantic, which is unfavorable for the formation of tropical
storms (e.g., Shapiro and Goldenberg 1998).

To see if the decadal to multidecadal relationships
between Atlantic tropical cyclone activity and climate
variability apply to tropical cyclone activity in the western
Gulf of Mexico, a climatic index of North Atlantic SST was
compared with the number of Gulf of Mexico tropical
cyclones landfalling west of the Louisiana–Alabama border.
The North Atlantic SST index used here follows the Enfield
et al. (2001) AMO index definition based on the Kaplan et
al. (1998) dataset, but without applying the 10-year running
mean. It was found that the North Atlantic SSTs indeed
modulate the storm variability (Fig. 7b) with somewhat

Fig. 8 a Yearly proportion of
storm sand as shown in Fig. 7a
(solid) and North Atlantic SST
as shown in Fig. 7b (dashed) but
for 1942–1965. b Lagged cor-
relations between the two time
series in a with SST leading for
negative lags. c Yearly propor-
tion of storm sand as shown in a
(solid) and Niño-3 SST as
shown in Fig. 7c but for 1950–
1965 (dashed). For more infor-
mation, see caption of Fig. 7
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better correlations after a 3-point smoother is applied.
Evidence of both decadal and multidecadal fluctuations is
found in these time series.

To verify the inter-annual inverse associations between
western Gulf of Mexico tropical storm activity and ENSO,
a Niño-3 SST index for 1950–2008 extracted from the
NOAA Climate Prediction Center website (www.cpc.ncep.
noaa.gov/data/indices) was used. The negative correlation
shown in Fig. 7c is consistent with El Niño (La Niña)
having unfavorable (favorable) influences in the formation
of Atlantic tropical cyclones.

Dune vertical granulometry and climate variability

This study has shown that the dune sand time series is a
good proxy for western Gulf of Mexico tropical cyclone
activity, and that the tropical cyclone activity is in turn
directly associated with Atlantic SSTs for decadal to
multidecadal timescales, and inversely related to Pacific
SSTs (ENSO) for inter-annual timescales. It remains to be
verified that these climatic signals are also present in the
sand dune time series.

A comparison of the proportion of storm sand in dune
MI-3 (Fig. 7a) with the Atlantic SST index for 1942–1965
(Fig. 7b) reveals a positive correlation (Fig. 8a), although
there appears to be a 2-year time lag between changes in the
Atlantic SST index and the subsequent change in storm
frequency in the Gulf of Mexico (Fig. 8b). Examination of
the Fig. 8a time series indicates that this lag varies over
time, with a larger value of about 4 years in the earlier part of
the records and nearly zero during the last part. The 4-year lag
could be due to errors in the estimation of the dune age and
accretion rates for the earlier part of the record.

In Fig. 8c, the proportion of storm-sand time series is
compared with the ENSO SST index to show that the
storm-sand data are consistent with the associations
between tropical cyclone activity and ENSO. During warm
(cold) ENSO events there is a decrease (increase) of sand
transported and deposited in the dunes, which is consistent
with the corresponding ENSO modulation of Atlantic
tropical cyclone activity.

Conclusions

Two conceptual models are presented in this study of North
Padre Island dunes, one that describes the cross-shore
evolution of the barrier island, and another that identifies
the sources and transport routes of sand from the shoreface
to the coastal dune. The results suggest that dune ridge
cores may preserve a record of past climate variability.
Expanding the analysis to subsequent older dunes of the
dune train would allow extending the record of storm-sand

variability back in time to more than a millennium. A
century or longer record of storminess would allow studying
the potential signature of the AMO. On the other hand, if this
study can be extended back in time and validated, it may
provide a useful tool for studying the future evolution of
North Padre Island under different climate change scenarios.
A weak part of the analysis is the indirect dating of the dune
profiles, and direct dating of the dune sediment samples is
therefore recommended for future studies.
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