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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• El Niño events caused episodic land
ward shifts of the coastline.

• The dune ridge migrated landward 5 m/ 
yr, decoupling from the beach.

• Sediment moved landward from the 
berm to the dune, maintaining a positive 
sand budget.

• Shoreface inputs supported long-term 
balance of the transgressive system.
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A B S T R A C T

Understanding long-term evolution of sandy coasts requires in-depth analysis of the sediment balance from the 
shoreface to the beach and dune. While storms typically erode the subaerial beach, they can also contribute 
sediment from deeper waters to the coastal budget. Here, we explore the impacts of El Niño-driven storms on the 
sediment balance across the entire shore-beach-dune profile. Satellite-derived shorelines (1984–2020) were 
combined with sixty-six topo-bathymetric surveys (2014–2020), along a 1 km stretch of southern Ensenada 
beach (Baja California). Forcing conditions were characterized using hourly wave and wind data. Multi-decadal 
shoreline data reveal that high-energy El Niño events have led to punctuated landward coastline translation. 
Interannual topo-bathymetric surveys show an active 8 to 9.5 m-high dune ridge along the upper part of the 
profile, migrating landward at a rate of 5 m/yr. This migration gradually decoupled the dune from the beach, 
occasionally creating space across the dune toe area for the formation of incipient dunes that eventually merged 
with the main ridge. The sediment budget analysis indicates a one-way landward transfer of sediment from the 
winter-berm to the dune. Interestingly, the overall shore-beach-dune sand budget remained positively balanced, 
with an increase of ≈40 m3/m related to sediment availability from deeper waters and onshore transport from 
the lower shoreface. Shoreline trends and sediment budgets illustrate a long-term transgressive system capable of 
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maintaining sedimentary balance in the mid-term. Increased storm activity and sea-level rise are expected to 
accelerate beach-dune transgression, which could retain sediment balance if offshore inputs persist.

1. Introduction

Understanding sediment exchanges and budgets across the shore- 
beach-dune profile at different temporal scales is key to identifying 
potential evolutionary trajectories that coastal barriers may adopt as 
they adapt to external forces such as sea-level rise and storm impacts. It 
is generally accepted that the emerged part of the beach erodes in 
response to storms, with erosion sometimes reaching the dune, and that 
the eroded sand is transported offshore forming submerged bars (Vidal- 
Ruiz and Ruiz de Alegría-Arzaburu, 2020). These bars may eventually 
return to the emerged beach under favorable wave conditions (Ruiz de 
Alegría-Arzaburu and Vidal-Ruiz, 2018). However, in contrast to this 
generally accepted model, storms can also drive the landward migration 
and eventual welding of nearshore bars along gently sloping shorefaces 
(Aagaard et al., 2004), and facilitate sediment transfers from the lower 
to the upper shoreface, thereby contributing to the nearshore sediment 
budget (Harley et al., 2022). These findings highlight the need for 
enhanced shoreface monitoring to enable accurate sediment budget 
assessments. Importantly, coastal dunes need to be also included in such 
analyses to achieve a comprehensive understanding of the cross-shore 
sediment system. Although beaches and dunes have traditionally been 
studied separately, early research highlighted the need to approach 
them as interconnected systems (Short and Hesp, 1982; Sherman and 
Bauer, 1993). Today, there is growing consensus that these systems are 
coupled, with significant sediment exchanges across the beach-dune 
boundary (Aagaard et al., 2004; Walker et al., 2017).

A lack of comprehensive perspective of the processes and sediment 
budget across the different compartments of the shore-beach-dune 
profile can prevent our ability to interpret the evolution of coastal sys
tems. Coastal dunes are depositional landforms that rely on sediment 
supply from the beach, efficient wind events, and the establishment and 
growth of vegetation (Psuty, 1988; Hesp, 2002; Delgado-Fernández and 
Davidson-Arnott, 2011). Dunes exhibit considerable spatial variation in 
response to changes in sea-level (Davidson-Arnott and Bauer, 2021) and 
climatic drivers (Lancaster and Helm, 2000; Miot da Silva et al., 2013). 
Their morphology and vegetation communities often reflect changes in 
local sediment budgets (Psuty, 2004; Herrero et al., 2020; Moore et al., 
2016), shoreline trends (DaSilva et al., 2024; Costas et al., 2023; Houser 
et al., 2008), vegetation types (Ruggiero et al., 2018), and human ac
tivities (Provoost et al., 2011; Delgado-Fernandez et al., 2019).

Dunes can advance seaward, increasing in width and height through 
foreslope accretion in pace with vegetation colonization and growth 
(Goldsmith, 1973; Hesp, 1988; Bristow et al., 2000), or by forming new 
crests in response to a positive sediment budget and active shoreline 
progradation (Psuty, 2004; Herrero et al., 2020). Conversely, dunes may 
undergo erosion during storm events, especially under conditions of 
rapid shoreline retreat and negative sediment budgets, leading to scarp 
formation and dune toe retreat (e.g., Masselink et al., 2022). Shoreline 
erosion can also trigger the formation of transgressive sand sheets that 
remobilize previously established sediment (Hesp et al., 2022; DaSilva 
et al., 2024), with landward transfers of sand facilitated by the forma
tion of blowouts (Hesp, 2002; Talavera et al., 2024; Laporte-Fauret 
et al., 2022). Under conditions of positive or stable littoral sediment 
budgets, storms can lead to episodes of stoss slope dune erosion and 
dune toe retreat, followed by the formation of dune ramps that recon
nect the upper beach with the dune, enabling landward transfer of 
sediment beyond the crest and dune crest migration (Ollerhead et al., 
2013). This allows coastal dunes to move landwards, while maintaining 
their form and volume through sediment transfers from the stoss to the 
lee slope (Ollerhead et al., 2022; Davidson-Arnott et al., 2024). Notably, 
transgressive dunes may also occur in settings with high sediment 

supply and stable coastlines (Hesp, 2013), supporting the importance of 
assessing the sediment budget across the complete shore-dune-beach 
profile. This comprehensive approach is essential not only to under
stand dune state, but more importantly, to evaluate the broader state of 
the coastal system—whether it is stationary, regressive or transgressive. 
Such understanding is especially critical under ongoing and projected 
sea-level rise scenarios, which will largely determine coastal adaptation 
strategies.

Early studies defined coastal transgression as the mechanism by 
which siliciclastic coastal systems migrate landward when relative sea- 
level rise outpaces the influx of sediment (Curray, 1964; Fischer, 
1961). Traditionally, transgression has been associated with coastal 
erosion or net loss of sediment from the subaerial beach to offshore or 
downdrift sediment sinks, leading to subsequent landward translation of 
the shoreline. Recent studies, however, suggest that transgression is not 
necessarily erosional. Beaches and barrier islands may migrate landward 
while retaining their volume, simply translating depositional environ
ments inland—provided that adequate accommodation space is avail
able (Houser, 2018; Kombiadou et al., 2019; Hein and Kirwan, 2024). 
Landward migration of barriers is facilitated through three main 
mechanisms (Cowell et al., 1995): overwash (Lorenzo-Trueba and Ash
ton, 2014), aeolian sediment transport (Costas, 2022), and barrier 
breaching (Leatherman, 1983; Nienhuis and Lorenzo-Trueba, 2019). 
While shoreline retreat due to sea-level rise typically unfolds over 
centennial to millennial timescales, the physical mechanisms that drive 
it—such as storm events and lower-energy wind-driven trans
port—occur on much shorter timescales (Masselink and van Heteren, 
2014; Walker et al., 2017). This highlights the complex and often 
nonlinear response of coastal barriers to rising sea levels and storminess, 
and underscores the challenge of isolating the relative contributions of 
different drivers to barrier migration. These complexities further sup
port the need for holistic approaches to analyzing coastal systems, 
particularly the coupled beach-dune system.

The El Niño-Southern Oscillation (ENSO) is the dominant driver of 
interannual climate variability across the Pacific Ocean, exerting a sig
nificant influence on the global climate (e.g., Oderiz et al., 2020). In 
northern Baja California, the highest winter wave energy occurs during 
the El Niño phase of ENSO, which causes the greatest coastal change 
(Ruiz de Alegría-Arzaburu and Vidal-Ruiz, 2018). Following the highly 
energetic 2015–2016 El Niño, shorelines along the sediment-starved 
California coast (USA) retreated beyond previously recorded landward 
extremes (Barnard et al., 2017). Comparable erosion occurred at Ense
nada beach, where offshore sandbar migration beyond the cross-shore 
limit delayed subaerial recovery by three years (Vidal-Ruiz and Ruiz 
de Alegría-Arzaburu, 2020).

The aim of this study is to investigate how storms shape the evolution 
of transgressive coastal systems, specifically those featuring landward- 
migrating dunefields. To achieve this, we focus on the effects of El 
Niño winters, analyzing sediment exchanges across the entire nearshore- 
beach-dune profile. Focusing on a 1 km stretch of southern Ensenada 
beach in Baja California, Mexico, we assess El Niño's impact across three 
temporal scales: multidecadal, interannual and seasonal. This is done 
using satellite-derived shoreline data from 1984 to 2020 and sixty-six 
topo-bathymetric surveys conducted between 2014 and 2020. This 
study's objectives are: (1) to evaluate how El Niño events affect sediment 
exchanges and balance across the coastal profile; (2) to examine how 
these manifest over different time scales and influence long-term 
shoreline variability; and (3) to contextualize the observed dynamics 
in relation to the broader state of the coastal system (i.e., stationary, 
regressive or transgressive).
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2. Research site

The field site is located at the southernmost 1.1 km of Ensenada 
Beach, within Todos Santos Bay, on the northwestern Pacific coast of the 
Baja California peninsula in Mexico (Figs. 1 and 2). The width of the 
beach and dunes changed significantly after the construction of the port 
and promenade in the early 1970s, during which most of the coastal 
lagoon was reclaimed for urban development. Today, “La Lagunita” is 
the only remnant of the former coastal lagoon (visible in Fig. 1, behind 
TB30). We conduct our research in this area (square section in Figs. 1c 
and 2).

The sand dunes in front of La Lagunita coastal lagoon (Fig. 2) present 
less than 15 % vegetation coverage (Carrillo–Rodríguez, 2016). 

Prevailing northwesterly winds are oblique onshore and relatively weak, 
with average speeds around 4 ms− 1 (González-Yajimovich, 1981). In 
contrast, sporadic but more intense easterly (offshore) winds – known as 
Santa Ana winds – can exceed 10 ms− 1and reverse the dominant aeolian 
transport direction during the fall and winter.

The beach is made of medium sand (D50 = 0.25 mm) derived from 
intrusive rocks (Carriquiry–Beltrán, 1985) and is aligned north-to-south. 
It is exposed to west-northwesterly swell waves and is partly protected 
from the southern Pacific swell by the islands. The bathymetry of the bay 
is relatively shallow with depths of up to 50 m; however, a canyon with 
depths exceeding 400 m is present at the southern end of the bay 
(Fig. 1b). Incident waves are predominantly shore-normal due to wave 
refraction, but seasonal variations in the nearshore bathymetry 

Fig. 1. (a) Location of Ensenada within the Baja California peninsula in Mexico. (b) Detailed bathymetry for Bahía Todos Santos; the location of Ensenada Beach in 
denoted in gray square (source: NOAA Digital Elevation Model). (c) Aerial view of Ensenada Beach. The orange square marks the research dune field site. Topo- 
bathymetric (TB) profiles analyzed in this study appear in orange, with corresponding topographic (T) shown in Fig. 3 in italics and inside brackets. The blue 
arrow points to the location of the Pacifica building (see Fig. 2).
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contribute to longshore gradients in wave height. Low-energy condi
tions, characterized by shorter (Tp = 8 s) and smaller (Hs = 0.7 m) 
waves, occur between May and September. In contrast, longer (Tp = 12 
s) and larger (Hs = 1.2 m) energetic waves are typical from October to 
April (Vidal-Ruiz and Ruiz de Alegría-Arzaburu, 2020; Ruiz de Alegría- 
Arzaburu et al., 2022). The astronomical tidal regime is semi-diurnal 
and micro-mesotidal, with a mean tidal range varying from 0.5 to 2.3 
m across neap and spring tides, respectively (http://oceanografia.cicese. 
mx/predmar).

Changes in the morphodynamic beach state, as indicated by the 
dimensionless fall velocity (Ω = Hb/Ws T; where Hb represents the 
height of breaking waves, Ws is the sediment settling velocity, and T is 
the wave period; Dean, 1973), reveal that reflective conditions prevail in 
spring and summer (Ω < 4) with prevailing onshore winds, while 
dissipative conditions dominate in fall and winter when stronger spo
radic offshore winds are likely to occur (Ω > 4) (Vidal-Ruiz and Ruiz de 
Alegría-Arzaburu, 2020). Typically, cross-shore sediment transport 
outweighs the longshore. The annual cycle commonly involves berm 
erosion and sandbar formation during winter, followed by onshore 
sandbar migration in spring, and sandbar attachment to the shoreline 
along with berm rebuilding in summer (Vidal-Ruiz and Ruiz de Alegría- 
Arzaburu, 2019, 2020). The energetic swell waves, often exceeding 
heights of 3 m, that occur in winter drive the subaerial beach erosion 
(Ruiz de Alegría-Arzaburu et al., 2017). Significant morphological 
changes also occur across years, with the most severe erosion periods 
linked to successive swell storms during El Niño winters, characterized 
by low-pressure anomalies (Ruiz de Alegría-Arzaburu and Vidal-Ruiz, 
2018).

3. Methods

3.1. Wave and wind data

Nearshore waves were measured hourly (17-min averages at 2 Hz) 
from August 2014 to October 2020 with an acoustic Doppler current 
profiler (ADCP; AWAC type from Nortek) located at an approximate 
depth of 18.5 m offshore from the southern end of Ensenada Beach 
(Fig. 1b). The instrument was moored on an aluminum pyramid and 
provided integral wave parameters including the significant wave height 
(Hs), spectral peak wave period (Tp), wave direction (Dir) and direc
tional spreading. The hourly time series of six-years of wave data were 
used to calculate the total amount of wave energy transferred to the 
beach, the total wave power (Pt, Eq. (1)) through linear wave theory 
(Ruiz de Alegría-Arzaburu et al., 2022) as follows: 

Pt = nEC (1) 

with n being the wave group to incident celerity ratio, n = 1
2

(

1+

4πd/L
sinh4πd/L); E the wave energy density, E = 1

16 ρgH2
s ; C the wave celerity, 

C =
gTp
2π tanh 2πd

L ; d the local depth; and L the wavelength.
Integral wave parameters and the total wave power were averaged 

between periods of morphological surveys, and the preceding wave 
parameters were compared to morphological variations. In addition, 
long-term hourly wave power data, calculated from integral wave pa
rameters for the period 1984 to 2020, was derived using ERA5 wave 
reanalysis data (Hersbach et al., 2020) for the node closest to Ensenada 
(Lat = 31.5; Lon = − 117). Wind measurements were collected from 
August 2014 to August 2019 with an automatic Vaisala meteorological 
station located at 10 m of elevation from mean low low-tide (MLLT) in 
the middle section of Ensenada Beach (see location in Fig. 1). Missing 
wind data from the local meteorological station for the 2014–2020 
period were complemented with measurements from the CICESE 
meteorological station (https://observatorio.cicese.mx) located slightly 
inland and approximately 8 km north from the beach (see location in 
Fig. 1).

3.2. Morphological surveys and dune morphometrics

This study comprises sixty-six topographic and bathymetric surveys 
collected from August 2014 to October 2020, along a 2867 m section of 
the sandy coastline. Each beach survey consisted of approximately 50-m 
spaced 61 topographic (T) profiles and 100-m spaced 30 bathymetric (B) 
profiles extending typically up to 10 m of depth (Fig. 1c). Since the 
maximum depth monitored in some of the profiles was 8 m, this was the 
deepest limit considered for volumetric estimates. The Leica GS14 RTK 
GPS (real time kinematic Global Positioning System) was used to mea
sure the topography with a vertical accuracy of a few centimeters. All 
profiles were measured on foot at a frequency of 1 Hz using a two- 
wheeled trolley operated by two people performing the survey down 
to MLLT (+36.135 m from ellipsoidal heights), and a threshold value of 
0.05 m was established to discard erroneous data during post- 
processing. Bathymetric profiles were measured using a jetski equip
ped with the 0.5 MHz echo-sounder integrated in the Sontek Hydro
surveyor ADCP synchronized to an RTK-GPS antenna.

A total of 30 topo-bathymetric (TB) profiles were collected per sur
vey, with TB1 positioned at the northernmost point of Ensenada Beach 
and TB30 at the southernmost point (Fig. 1c). For this study, only the 
southernmost profiles —TB21–25 and TB30—were analyzed, as they 
were the only ones that included the complete topography across the 
dune ridge. Some profiles, such as TB21 and TB30, began on a flat 
surface, while the others included presented additional dune crests 

Fig. 2. Aerial views from the study site: (a) Taken on June 1, 2013, from the roof the Pacifica building (see arrow in b, and location in Fig. 1c); (b) Taken on January 
6, 2023, with a UAV at high tide after a highly energetic storm. Image (a) faces north, while image (b) faces south.
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further landward. As a result, sand can migrate onshore, and the sedi
ment budget is not necessarily closed within each profile. Throughout 
the study period, the dune toe was not reached by marine processes; 
therefore, this area— like the dune itself—is considered predominantly 
aeolian.

The morphological evolution of the beach was assessed by analyzing 
changes in each TB profile over time. Volumes (m3m− 1) were calculated 
for different sections —subtidal (Z < 0 to − 8 m), intertidal (Z > 0 to 2 
m), supratidal (Z > 2 to 4 m), dune toe (Z > 4 to 4.5 m), and dune (Z >
4.5 m to Zmax)—by integrating upwards from specific elevations. To 
evaluate the volumetric evolution of each beach section over the six- 
year study period, instantaneous volumes were de-meaned and cumu
latively assessed. Dune crest cross-shore positions (Xd) and elevations 
(Zd) were manually extracted from each linearly interpolated TB profile 
(TB21—25 and TB30) at 0.1 m cross-shore intervals. Stoss slopes were 
calculated for the elevation range between 4.5 m and 6 m, while lee 
slopes were determined from the minimum elevation (Z min) of the 
initial profile up to 7.5 m, near the crest.

3.3. Long-term satellite-derived shorelines and validation

Time series of satellite-derived shoreline (SDS) positions were 
retrieved for the locations of measured profiles TB21—25 and TB30 
(source: http://coastsat.wrl.unsw.edu.au). SDS were obtained from the 
CoastSat toolkit developed by Vos et al. (2019a, 2019b) from publicly 
accessible optical satellite data via Google Earth Engine, specifically 
Landsat 5, 7 and 8 with a spatial resolution of 30 m, as well as Sentinel-2 
images with a finer 10-m spatial resolution. In essence, CoastSat uses a 
Neural Network classifier to categorize RGB (+ infrared) satellite images 
into four distinct classes. Coupled with a global threshold on the 
Modified Normalized Difference Water Index (MNDWI), it then employs 
a sub-pixel resolution contouring algorithm to derive a waterline from 
the image. For further details on CoastSat refer to Vos et al. (2019b).

At each transect, time series of shoreline deviation from the mean 
was retrieved from SDS. For SDS validation topographic measurements 
were used. Topographic data of eight years (2012 to 2020) for the lo
cations of TB21–25 and TB29–30 were used (Fig. 1). A total of 101 in- 
situ shorelines were extracted from this dataset as the intersection of 
the beach profile with elevation Z = 1 m, a close reference to the mean 
tide level (MTL; Z = 0.82 m). The comparative time-series of measured 
(topography-derived) and SDS (CoastSat-derived) shoreline positions 
between November 2012 and October 2020 for TB21 (T44), TB23 (T48), 
TB24 (T50), TB25 (T52), TB29 (T59) and TB30 (T61) demonstrate close 
agreement between the two datasets (Fig. 3). Thus, SDS from 1984 to 
2020 were used to analyze long-term beachface variations in the past 
four decades.

4. Results

4.1. Long-term shoreline variability 1984–2021

Multi-decadal variations reveal that the shoreline is shifting toward 
land, reflecting the transgressive nature of the field site. From 1984 to 
1997, shorelines showed relative stability around their average location. 
However, the highly energetic El Niño 1997–1998 (see peak in Fig. 4b) 
triggered a recession that persisted over the following decades, exacer
bated by subsequent El Niño events (Fig. 4a, c). Notably, shoreline re
treats were more pronounced during intense El Niño events (ONI > 1.5). 
Under high-energy conditions (monthly average Pt > 30 kW/m) the 
shoreline typically retreated 20 m below the average position, while it 
generally accreted to 20 m above average during low-energy conditions 
(monthly average Pt < 15 kW/m), (Fig. 4b, c).

Overall, the shoreline exhibited a similar response across the 1-km 
stretch of beach, with seasonal shifts of ±20 m in response to wave 
energy. Shoreline advancements typically occurred in summer, while 
retreats in winter (see gray lines in Fig. 4c). The widest beach widths in 

Fig. 3. Time-series of de-meaned measured (blue circles; Topo) and CoastSat-derived (black stars) 1-m shoreline variations between November 2012 and October 
2020 for transects T44 (TB21), T48 (TB23), T50 (TB24), T52 (TB25), T59 (TB29) and T61 (TB30; north to south) in Ensenada Beach (see locations in Fig. 1c).
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Fig. 4. Time-series from 1984 2021 of: (a) Oceanic Niño Index (ONI); (b) Monthly average total wave power (Pt); and (c) raw de-meaned and smoothed SDS for 
TB21–25 and TB29–30 (gray lines), and the average shoreline (black line). The red line represents the 5-year average de-meaned shoreline trend. Positive ONI and 
negative Dem-Sh values indicate El Niño conditions and shoreline recession relative to the mean, respectively.

Fig. 5. Time-series of hourly wave data and 10-min meteorological data for Ensenada from 2014 to 2020: (a) significant wave height, Hs; (b) spectral wave period, 
Tp; (c) wave direction; (d) wind speed; (e) wind direction (West = onshore; East = offshore); and (f) air temperature. Monthly-averaged values are shown in dots for 
each variable.
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the study period (maximum de-meaned shorelines) occurred in 1985, 
prior to El Niño 1986–1987. The 5-year average trend (red line in 
Fig. 4c) indicated above-average shorelines before El Niño 1997–1998. 
Since then, shoreline positions have oscillated around the long-term 
mean, with minimum values associated with energetic El Niño 
2009–2010 and 2015–2016 (Fig. 4). The long-term shoreline trend 
calculated from the 5-year average showed an approximate average 
retreat of 0.3 m/yr over the 37 years (1984–2021), and an accelerated 
retreat of 1.7 m/yr in the period 1984–1998. Although this study does 
not explicitly analyze vegetation cover, the period of exacerbated 
shoreline recession appears to coincide with a decline in vegetation, as 
discussed in Section 5.

4.2. Wave and wind characteristics

Nearshore wave conditions in Ensenada exhibit distinct seasonality 
(Fig. 5a, b, c). During winter, significant wave heights (Hs) can reach 4.5 
m with periods up to 22 s, while in summer, wave heights are typically 

below 1 m with periods shorter than 10 s. Waves are predominantly 
shore-normal (0◦ in Fig. 5c), with minimal directional variation due to 
wave refraction. Monthly-averaged wave heights peak around 1.5 m in 
winter and 0.6 m in summer (circles in Fig. 5a).

Interannual variability in wave conditions is evident during El Niño 
years. During the very strong 2015–2016 El Niño winter (Fig. 5a, b), 
waves were more energetic than in other winters; monthly-averaged Hs 
exceeded 1.5 m from December to March, reaching 2 m in January. In 
contrast, the moderate 2018–2019 El Niño event presented several 
winter storms with Hs surpassing 4 m, but monthly-averaged Hs did not 
exceed 1.5 m (Fig. 5a).

Wind speeds generally reach up to 10 ms− 1 (10-minute averages), 
with monthly means ranging from 3 to 4 ms− 1. Winds are predominantly 
onshore, from the WWS-W and NW, between February and October, and 
shift to offshore, from the NNE-NE, from November to January (Fig. 5d, 
e). While the dominant wind direction was from the WWN in most years 
of this study, winds from the WWS prevailed between 2014 and 2016. 
Air temperature also shows marked seasonal variation, with monthly 

Fig. 6. Left panels show morphological dune evolution at TB21 highlighting summer (red) and winter (blue) changes. Right panels show: (a) dune crest (Dc) 
elevation and cross-shore variations; (b) time-series of Dc elevation and (c) cross-shore variations; (d, e) time-series of cumulative volume differences for the dune and 
dune toe zone; and (f, g) time-series of stoss and lee slope (tanB) variations.
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averages ranging from 15 ◦C in January to 23 ◦C in September. The 
minimum and maximum recorded temperatures during the study period 
were 6 ◦C and 36 ◦C, respectively (Fig. 5f).

4.3. Dune morphodynamics

Significant differences in dune morphodynamics were evident 
alongshore (Figs. 6 and 7). As an example of the morphological varia
tions of the dune, the northernmost profile TB21, showed a significant 
landward migration of the crest (Dc) by 34 m over the six-year period 
(Fig. 6c), along with an increase in height from 7.8 to 8.6 m (Fig. 6a, b). 
During this time, the stoss slope flattened from tanβ 0.1 to 0.06 (Fig. 6f) 
while the lee slope steepened from tanβ 0.04 to 0.08 (Fig. 6g). The dune 
in this profile experienced erosion of 8 m3/m between 2014 and 2020, 
with specific erosive periods following high-energy wave events (e.g., 
April–June 2016, Jan–Feb 2017, Nov 2017–Jan 2018, Dec 2018–Mar 
2019; Fig. 6d), when the subaerial beach was notably eroded (Fig. 8).

In the dune toe zone, volume evolution indicated a positive trend, 
with a net gain of 5 m3/m, showing similar fluctuations to those of the 

dune over the study period (Fig. 6d, e). The largest onshore Dc migra
tions occurred from August 2014 to 2017, during which both dune and 
toe volumes remained relatively stable (Fig. 6c). However, significant 
fluctuations in dune volume were observed in the final two years, with 
April 2019 to March 2020 being a period of notable dune recovery (+30 
m3/m Fig. 6d), coinciding with accretion in the dune toe zone (+5 m3/m 
Fig. 6e). From March to June 2020, the dune lost 20 m3/m, while Dc 
height increased by more than 0.5 m (Fig. 6b, d).

Dune crests varied alongshore in both position and elevation (see 
upper panels in Fig. 7). In TB21 and TB23, flatter mobile dunes with 
elevations below 9 m (Fig. 7a1, a3) exhibited a single crest that gradu
ally migrated landward between 22 and 35 m (Fig. 7b1, b3). TB22, 
located between these profiles, featured a slightly higher dune crest with 
similar net landward migration of 22 m (blue dots in Fig. 7a2, b2). 
However, it also developed an incipient dune that migrated 26 m 
landward, merging with the primary crest by September 2017 (red dots 
in Fig. 7b2). By February 2018, the primary crest split into two: the 
landward crest continued migrating onshore (light blue dots in 
Fig. 7b2), while the primary crest position stabilized seaward until 

Fig. 7. Upper panels: supratidal and dune morphological evolution for TB21–25 and T 30 from August 2014 to October 2020. Time-series of: (a) dune crest elevation 
(Dc Z); (b) Cross-shore dune crest position from the upper beach (Dc XSh); (c, d) Cumulative differences of volumes for the dune and toe sections; (e) stoss and lee 
slopes (tanB) in orange and dark red, respectively.
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February 2019, when both merged again (blue dots in Fig. 7b2). In these 
three profiles (TB21-TB23), dune volumes decreased 10 to 20 m3/m 
over the time (Fig. 7c1–c3), while dune toe volumes showed increasing 
trends but of smaller magnitude of up to 5 m3/m (Fig. 7d1–d3). Stoss 

slopes decreased while lee slopes increased (Fig. 7e1–e3), and the lee 
slope steepened the most in TB22 after the 2018–2019 El Niño winter 
(Fig. 7e2).

Main dune crests migrated 36–40 m landward further south in TB24, 

Fig. 8. Morphological changes of profiles TB21 and TB30 for the supratidal beach to the dune. Panels a-e show the time series of dune, toe, supratidal, intertidal and 
subtidal cumulative volume changes from August 2014 to 2020 for TB21 (1) and TB30 (2). The bottom histograms present the sediment balance for each beach 
section and year (15–20) for TB21 (left) and TB30 (right). The bottommost panels indicate net volume changes for each beach section and profile for the 
2014–2020 period.
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TB25 and TB30, where crests were wider and/or higher than further 
north (dark blue dots in Fig. 7a, b). These profiles exhibited one or two 
incipient crests (green and red dots), as well as primary (dark blue dots) 
and secondary (light blue dots) crests further inland. In TB24, the sec
ondary crest developed after February 2018, when incipient dunes 
migrated landward, which coincided with a landward shift of the main 
crest (Fig. 7a4, b4). In TB25, incipient crests (green and red dots) also 
contributed to the formation of a secondary crest (light blue dots) by the 
end of 2018 (Fig. 7a5, b5). This secondary crest initially formed in April 
2015, located 40 m landward relative to the main crest, and remained 
relatively stable throughout the study period, except between February 
2018 and August 2019, when it temporarily merged with the main crest 
(Fig. 7b5).

The southernmost profile, TB30, wider profile than the others, 
showed primary and secondary crests 30–35 m apart that migrated 
36–42 m landward during the study period (blue dots in Fig. 7a6, b6). 
Incipient dunes also migrated onshore and welded the main ridge at 
specific times (red dots, Fig. 7a6, b6). While TB25 exhibited similar 
trends in dune and toe volumes as the northern profiles TB21–23 
(Fig. 7c5, d5), the southernmost profile, TB30, experienced substantial 

dune erosion of 50 m3/m from August 2014–2016— since it is not a 
closed profile, part of this apparent loss may be due to inland transfer— 
stabilizing after August 2016 (Fig. 7c6). The toe volume for TB30 
increased by 10 m3/m almost linearly throughout the study period 
(Fig. 7d6). In contrast to the other profiles, TB24 presented an accretive 
trend in dune volume of 15 m3/m, along with a 7 m3/m increase in toe 
volume (Fig. 7c4, d4). This profile exhibited a pronounced steepening of 
the lee slope (Fig. 7e4) compared to other profiles.

4.4. Cross-shore sediment exchange

The cross-shore sediment exchange from the upper-shoreface to the 
dune for the northernmost and southernmost profiles, TB21 and TB30, 
showed minimal net changes in all years, except during El Niño events 
(calculated from August to August; see histograms in Fig. 8). In TB21, a 
negative net volume occurred in 2015–2016 (see 16 in Fig. 8), which 
was compensated by gains the following year (see 17 in Fig. 8), resulting 
in almost zero net change over the six-year period (+10 m3m− 1). In 
contrast, TB30 exhibited much larger annual variations. Net sediment 
gains of 80 m3/m occurred during 2015–2016 (see 16 in Fig. 8) due to 

Fig. 9. Top panel: time-series of the total wave power averaged per survey periods (Pt). Middle panel: time-series of de-meaned volumes for the dune (orange), toe 
(magenta), supratidal (dark green), intertidal (light green), subtidal (blue) and total net changes (gray bars). Bottom panels represent sediment balances per period of 
time, erosive (E) and recovery (R) periods, and annual changes (A) for the six-years (1 to 6).
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significant subtidal sediment inputs, while large subtidal erosion led to a 
negative balance in 2017–2018 (see 17 in Fig. 8).

Although TB21 experienced 22 m of Dc retreat, migration in TB30 
was nearly double, reaching 42 m. Additionally, while dune volume 
remained relatively stable in TB21, it significantly decreased in TB30, 
despite an increase in dune toe volume. As indicated before, this could 
be due to inland transfer, as TB30 is not a closed profile (Fig. 8a, b). Over 
the study period, both profiles displayed similar seasonal intertidal and 
supratidal volume variations, with minimum volumes in winter 
(January to March) and maximum volumes in late summer and fall 
(September to November) (Fig. 8d and c). However, supratidal seasonal 
variations were more pronounced in TB30 compared to TB24 (Fig. 8c1, 
c2). Subtidal volume changes were also larger in TB30, particularly after 
the El Niño winters 2015–2016 and 2018–2019 (Fig. 8e1, e2), when the 
subaerial beach remained eroded (Fig. 8c, d).

4.5. Sediment balance

The volumetric sediment balance was calculated along the entire site 
length of 1142 m, spanning from TB21 to TB30 and including subtidal, 
intertidal, supratidal, toe, and dune areas (Fig. 9). Notably, during the 
study period, the dune and toe area remained primarily influenced by 
aeolian processes, as waves did not reach those elevations.

During high-energy conditions (Pt ≥ 15 kWm− 1) associated with El 
Niño 2015–2016, the energetic winter 2017, and El Niño 
2018–2019—corresponding to E2, E3 and E5 in Fig. 9—net sediment 
losses ranged between 40 and 90 m3/m (gray bars in E, Fig. 9), primarily 
due to subaerial beach erosion (green bars in E, Fig. 9), as sand was 
transported offshore. In contrast, during low-energy (Pt < 15 kWm− 1) 
recovery periods, erosion typically occurred in the subtidal zone (blue 
bars in R, Fig. 9) while the subaerial beach (intertidal and supratidal 
areas) gained sediment (green bars in R, Fig. 9), indicating onshore 
transport.

Throughout most years, sediment recovery during lower-energy 

Fig. 10. Volumetric balance for the supratidal (green), toe (magenta), and dune (orange) sections from TB21 to TB30 (top to bottom) across different years. For 
example, ‘14–15’ indicate the difference between August 2014 and August 2015. The bottom panels show the longshore-average results for each period of time.

A. Ruiz de Alegría-Arzaburu et al.                                                                                                                                                                                                          Science of the Total Environment 999 (2025) 180348 

11 



periods compensated for the losses sustained in winter. Net annual 
variations in sediment balance fluctuate up to ±30 m3/m (gray bars in 
A, Fig. 9), with net gains observed in the years following El Niño (A3, A4, 
and A6 in Fig. 9). The beach recovered its sand volume after the 
2015–2016 El Niño and even presented a surplus of 38 m3/m during the 
low-energy year following the 2018–2019 El Niño (net in A, Fig. 9). 
Volume changes in the dune were comparatively small; it eroded by 10 
m3/m during the most energetic period of the El Niño 2015–2016 (E2 in 
Fig. 9), but annual variations remained subtle, at approximately ±3 m3/ 
m (orange bars in A, Fig. 9).

To specifically analyze alongshore variations in sediment exchange 
from TB21 to TB30 and among the supratidal, toe, and dune areas, a 
volumetric balance was conducted (Fig. 10). Over the six-year period 
from 2014 to 2020, the net longshore average volume change was close 
to zero, with a dune volume loss of 10 m3/m (longAvg 14–20, Fig. 10), 
which, as mentioned earlier, may be related to inland sediment transfer. 
Annual longshore average volumetric balances showed net losses during 
El Niño years (e.g., longAvg 15–16 and 18–19, Fig. 10), primarily due to 
supratidal beach erosion. In contrast, the years following El Niño events 
(longAvg 16–17 and 19–20, Fig. 10) exhibited positive volume changes 
of approximately 7 m3/m in the dunes, coinciding with supratidal beach 
recovery and overall net gains.

Overall, net negative volume changes and dune erosion occurred 
during the energetic El Niño 2015–2016 (Fig. 10), while dune volume 
gains and positive net changes were observed in the years following El 
Niño events (2016–2017 and 2019–2020, Fig. 10). The northernmost 
profiles (TB21 and TB22) showed similar six-year trends, with modest 
gains in the supratidal and toe area (6 m3/m each), offset by dune vol
ume losses of comparable magnitude (Fig. 10). TB23 followed a similar 
pattern but experienced a net negative annual balance and a total dune 
volume loss of 15 m3/m over the six-year period (Fig. 10).

Southward alongshore, volumetric changes became more pro
nounced, especially during the erosive El Niño years. The southernmost 
profiles (TB25 and TB30) exhibited consistent net volume losses and 
dune erosion from 2014 to 2020, marked by significant erosion during El 
Niño events and accretion in the subsequent years (Fig. 10). TB30 
recorded the largest dune sediment loss of 30 m3/m/yr between 2014 
and 2016, followed by a modest recovery of 8 m3/m/yr from 2016 to 
2018, another erosion phase of 9 m3/m during the 2018–2019 El Niño, 
and accretion of 16 m3/m in 2019–2020. The net dune volume change at 
TB30 over the six-year period was a loss of 40 m3/m (Fig. 10), possibly 
transferred inland. In contrast, profile TB24—characterized by the 
steepest dune—diverged from the overall trend, showing a net gain of 35 
m3/m and a dune volume increase of 22 m3/m over the study period 
(Fig. 10).

5. Discussion

5.1. The role of ENSO

Across the Pacific Basin, interannual climate variability is primarily 
governed by the El Niño–Southern Oscillation (ENSO), which induces 
significant shifts in oceanographic conditions that impact coastlines. 
The Eastern Pacific is especially vulnerable to erosion during strong El 
Niño phases, as was evident during the 1997–1998 event (Vos et al., 
2023). This event included extreme storms that generated waves 
exceeding 10 m off Baja California (Storlazzi et al., 2000) and caused 
major sea-cliff retreat along the Central California coast (Sallenger Jr 
et al., 2002), as well as extraordinary subaerial beach erosion in 
Rosarito, northern Baja California (Lizarraga-Arciniega et al., 2003). In 
Ensenada, multi-decadal shoreline variations reveal that the powerful 
1997–1998 El Niño shifted the long-term shoreline to a new landward 
position, reflecting a stepwise long-term recession indicative of the 
transgressive behavior of the beach. The major storms during the 
exceptional 1997–1998 El Niño can be compared to the impact of a 
hurricane, which can drive landward sediment transport across barrier 

islands and deposition of washover deposits (Rodríguez et al., 2020), 
ultimately causing the shoreline to migrate landward to a new average 
position. Comparatively, subsequent energetic El Niño events—such as 
the 2015–2016, which exhibited roughly half of the wave power of the 
1997–1998—did not produce similar widespread erosion (Vos et al., 
2023), and the subaerial beach—shoreline position—recovered within a 
few years (Ruiz de Alegría-Arzaburu and Vidal-Ruiz, 2018).

In the shorter-term (2014–2020), Ensenada exhibited a relatively 
stable shoreline trend (retreat of ~0.3 m/yr), characterized by seasonal 
fluctuations around an average position. However, during this same 
period, the dunes showed evidence of transgression (landward migra
tion of 5 m/yr)—consistent with observations in other regions in the 
context of rising sea levels and storminess (Hesp et al., 2022; Hein and 
Kirwan, 2024)—though not necessarily associated with erosion 
(Ollerhead et al., 2013). In Ensenada, the absence of vegetation com
bined with predominant onshore winds result in net landward dune 
ridge migration. Despite this, sediment from the winter-berm is trans
ported onshore as bedload features that roll upslope. Additionally, 
sediment is supplied from the subtidal section, particularly following El 
Niño events. These two sediment sources contribute to the formation of 
new incipient dunes on the back-beach. Depending on their location, 
these newly formed dunes may either remain isolated or eventually 
merge with existing ones. As mature dunes migrate inland and become 
progressively decoupled from the active beach, new, smaller dunes 
continue to form behind them, sustaining a dynamic system that grad
ually transfers sediment and advances inland.

The horizontal and vertical position of the dune toe is strongly 
influenced by frontal dune erosion (Castelle et al., 2017), sediment 
availability (Costas et al., 2016), aeolian processes (Walker et al., 2017) 
and sea-level (Davidson-Arnott, 2005; Burvingt and Castelle, 2023). 
This article identifies the dune toe at an elevation of 4.0–4.5 m, repre
senting a vertical range of 0.5 m which may not always coincide with the 
base of the stoss slope of a traditional foredune. Furthermore, in their 
analyses of inconsistencies in dune toe definitions, Smith et al. (2020)
reported considerable variability in the identification of foredune toes, 
depending on the type of imagery used and the level of user expertise. 
Despite these limitations, this study treats the dune toe as a distinct 
morphological area to describe its behavior at Ensenada. This zone 
functioned as a “bypass area”, where a progressive decoupling occurred 
between the beach and the mobile dunes migrating landward. At times, 
it also served as a zone for the formation of new incipient dunes, that 
tended to migrate landwards too. It is important to note, however, that 
because waves did not reach the dune toe during the study period (see 
Section X), dune toe volumes could be merged with dune overall vol
umes and considered part of the “aeolian component” of the transect.

In vegetated shorelines subject to rising sea-levels, dunes may not 
keep up if local sediment budgets are negative. However, provided 
stable to positive sediment budgets and appropriate accommodation 
space, empirical evidence suggests that storms can push the dune toe 
landwards and upwards via wave scarping of dune stoss slopes. This 
temporarily kills dune vegetation in the dune toe area, with the subse
quent formation of an unvegetated sand ramp that facilitates sediment 
transfers toward the dune crest and lee side (Davidson-Arnott et al., 
2018; Ollerhead et al., 2013; Costas et al., 2023). This mechanism allows 
vegetated sand dunes to migrate landwards and upwards with rising sea- 
levels (Davidson-Arnott and Bauer, 2021). In the case of Ensenada, the 
dunes are sparsely vegetated, which facilitates the free movement of 
sand by wind throughout the year and across the dune profile; as a 
result, coastal dunes tend to move inland “as a block”. Sequential 
analysis of satellite imagery suggest that dune movement is triggered by 
subaerial beach erosion, inundation, and aeolian deflation. The dune toe 
remained unaffected during extreme water levels and dune trans
gression took place without scarp formation.

A. Ruiz de Alegría-Arzaburu et al.                                                                                                                                                                                                          Science of the Total Environment 999 (2025) 180348 

12 



5.2. Beach-dune sediment balance

The beach-dune sediment balance aims to account for the amount of 
sand delivered to the dune from the beach versus the amount carried 
inland. In many coastal regions, transgressive dunefield development is 
associated with marine sediment erosion (Roy et al., 1980; Hesp, 2013; 
DaSilva et al., 2024). In Ensenada, dune dynamics are primarily driven 
by aeolian processes. Inland dune migration is facilitated by onshore 
winds and the absence of vegetation cover. A small fraction of the dune 
volume is likely lost from the main ridge by winds that carry it further 
inland. The dunes migrate inland at a faster rate than the beach is 
retreating, suggesting a decoupling from the beach system. However, a 
one-way coupling exists between the dunes and the winter-berms. These 
elevated features—often preserved beyond the reach of regular wave 
activity—serve as sediment sources that are mobilized by wind to form 
incipient dunes. Aagaard et al. (2004) also describe an onshore sediment 
transfer pathway, from the subtidal zone to the intertidal beach and 
subsequently to the dunes and foredunes. In Ensenada, winter-berms 
play a key role in this sediment exchange, facilitating the wind-driven 
transport of sand from the beach to the dune. Although sediment in
puts from the supratidal winter-berm to the dune toe partially 
compensate for inland sand losses, an alongshore average sediment 
leakage of approximately 10 m3/m occurred over the six-year study 
period.

The rate of sediment supply to the coastal budget is a key factor 
influencing shoreline change along active, open-ocean coasts, ultimately 
controlling the pace of transgression (Hein and Kirwan, 2024). In 
Ensenada, the net sediment volume shows a positive balance of +40 m3/ 
m over the 2014–2020 period, primarily due to inputs from the subtidal 
section. Although the dunes migrate inland, they maintain a relatively 
stable sediment balance within a one-way coupled system. The upper 
beach, however, recovers its volume through inputs from the subtidal 
section. Thus, as long as sediment inputs from offshore (i.e., lower 
shoreface) or alongshore sources persist, this beach segment can 
continue to offset sand losses to the dune. These findings suggest that the 
shallow shoreface of Todos Santos Bay (average depth of 30 m) may hold 
sand deposits from past highly-energy erosional events—such as the 
1997–1998 El Niño—that could be remobilized and transported onshore 
under certain conditions, contributing to the beach sediment budget 
(Harley et al., 2022). This dynamic may support temporal stability in the 
beach's transgressive trend (Hein and Kirwan, 2024).

5.3. Implications for sandy coasts monitoring and management

The results presented in this study point to the value of integrating 
field observations across multiple temporal scales and morphodynamic 
units. The transgressive behavior of the entire coastal profile, charac
terized by an overall conservation of sediment volume, underscores the 
importance of considering the full continuum of the nearshore-beach- 
dune system in coastal management plans.

The city of Ensenada was granted international port status in 1886, 
followed by the construction of a deep-water pier in the 1920s and the 
main breakwater in 1956 (Archivo Histórico de Ensenada; https://copla 
dem.ensenada.gob.mx). These large-scale interventions, along with 
extensive urban development along the coastline, constrain the land
ward migration of the coastal system in some areas. As is the case in 
many urbanized coastal regions worldwide, building infrastructure and 
houses on the backshore limits the capacity for natural transgression. 
While the study area shows clear evidence of landward migration of 
dunes, similar responses cannot be expected where infrastructure has 
been constructed. This highlights the urgent need for integrated coastal 
zone planning that accounts for the space requirements of dynamic 
coastal systems under scenarios of rising sea levels.

Vegetation dynamics also play a key role in dune mobility. Although 
this study did not include an analysis of vegetation cover, existing 
literature indicates a 65 % decline in vegetation from 1979 to 1998 in 

the Ensenada dunes, largely due to human activity (Jiménez-Esquivel, 
2010). Unregulated pedestrian traffic and vehicle driving contributes to 
dune degradation (Svenia-Costa, 2011; Delgado-Fernandez et al., 2019). 
Given the leakage of sediment beyond the dune area measured in this 
study, and the fact that vegetation can trap wind-blown sand and 
contribute to dune stabilization, future coastal management plans 
should incorporate restrictions on human trampling, the restoration of 
native vegetation, and the designation of conservation zones to protect 
the sediment budgets. These measures could help counteract severe El 
Niño winters.

Finally, predominant winds in Ensenada from the northwest 
(onshore) are relatively weak in comparison with sporadic, strong 
offshore winds (see Section 2) during the fall and winter. The observed 
net landward migration of the dunes suggests a significant role for 
persistent onshore aeolian transport, but future research should explore 
the relative contributions of wind events of varying intensity, direction, 
and duration to seasonal and interannual morphological changes. These 
analyses, along with results presented in this study, could be used to 
inform numerical modelling to explore the effects of different manage
ment scenarios, changes to storminess and projected sea-level rise.

6. Conclusions

This study revealed how El Niño events influence shoreline evolution 
and sediment balance across the entire shore-beach-dune profile in 
southern Ensenada, Baja California, Mexico. The 1 km stretch of beach 
studied, characterized by a mobile dune ridge migrating landward, 
showed distinct alongshore morphodynamic responses at multiple 
temporal scales. Multi-decadal shoreline variations (1984–2021) indi
cate that the powerful 1997–1998 El Niño event forced a retreat of the 
shoreline to a new average position, marking a stepwise long-term 
recession that reflects the transgressive behavior of the beach.

Interannual and seasonal analyses of topo-bathymetric surveys 
(2014–2020) reveal a relatively stable shoreline, oscillating seasonally 
around a mean position. In contrast, dunes migrated landward at an 
average rate of approximately 5 m/yr, decoupled from the beach system 
but maintaining a relatively stable sediment balance. This migration was 
facilitated by predominantly onshore winds and the absence of vegeta
tion. A one-way connection between the beach and the dune was 
observed after El Niño events, which formed very high winter-berms. 
These berms were not eroded by wave action but were gradually 
reworked by aeolian processes that transported sand to the former dune 
ridge through the dune toe.

Sediment inputs from the supratidal winter-berms partially 
compensated for inland dune sand losses; however, an average along
shore sediment leakage of approximately 10 m3/m occurred over the 
six-year study period. Despite these losses, the overall sediment budget 
for the entire shore–beach–dune profile showed a net gain of +40 m3/m, 
primarily due to inputs from the subtidal zone. This indicates that the 
beach can continue to offset sand losses to the dune. Furthermore, the 
shallow shoreface offshore of Ensenada beach may store remnant sand 
deposits from past high-energy erosional events, which could be remo
bilized and transported onshore under favorable conditions, contrib
uting to the beach sediment budget.

This investigation highlights the complexity of transgressive shore- 
beach-dune systems, which can migrate landward while maintaining 
their overall volume in response to intense wave events such as El Niño. 
The beach appears to be forced landward by the transgressive behavior 
of the dune, which transfers sediment inland and effectively decouples 
from the original beach-dune system. Looking forward, increased storm 
activity and sea-level rise are expected to accelerate this landward 
migration; however, sediment balance may be sustained if offshore in
puts continue to supply the system.

Our findings highlight the need to develop monitoring systems that 
enable multiscale observations of the entire nearshore–beach–dune 
system, in order to adequately assess its response and adaptation to 
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environmental changes such as increased storminess and sea-level rise.
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González-Yajimovich, O., 1981. Transporte eólico en una porción de playa de la Bahía de 
Todos Santos, Baja California. Escuela Superior de Ciencias Marinas. UABC (32 pp., 
BSc Thesis). 

Harley, M., Masselink, G., Ruiz de Alegría-Arzaburu, A., Scott, T., Valiente, N., 2022. 
Single extreme storm sequence can offset decades of shoreline retreat projected to 
result from sea-level rise. Nat. Commun. Earth Environ. 3, 112. https://doi.org/ 
10.1038/s43247-022-00437-2.

Hein, C.J., Kirwan, M.L., 2024. Marine transgression in modern times. Annu. Rev. Mar. 
Sci. 16, 55–79. https://doi.org/10.1146/annurev-marine-022123-103802.

Herrero, X., Costas, S., Kombiadou, K., 2020. Coastal ridge constructive processes at a 
multi-decadal scale in Barreta Island (southern Portugal). Earth Surf. Process. Landf. 
45, 411–423. https://doi.org/10.1002/esp.4742.

Hersbach, H., et al., 2020. The ERA5 global reanalysis. Q. J. R. Meteorol. Soc. 146, 
1999–2049. https://doi.org/10.1002/qj.3803.

Hesp, P.A., 1988. Morphology, dynamics and internal stratification of some established 
foredunes in southeast Australia. Sediment. Geol. 55, 17–41. https://doi.org/ 
10.1016/0037-0738(88)90088-7.

Hesp, P., 2002. Foredunes and blowouts: initiation, geomorphology and dynamics. 
Geomorphology 48 (1–3), 245–268. https://doi.org/10.1016/s0169-555x(02) 
00184-8.

Hesp, P., 2013. Conceptual models of the evolution of transgressive dune field systems. 
Geomorphology 199, 138–149. https://doi.org/10.1016/j.geomorph.2013.05.014.

Hesp, P.A., DaSilva, M., Miot da Silva, G., Bruce, D., Keane, R., 2022. Review and direct 
evidence of transgressive aeolian sand sheet and dunefield initiation. Earth Surf. 
Process. Landf. 47, 2660–2675. https://doi.org/10.1002/esp.5400.

Houser, C., 2018. Barrier response to sea level rise and storms. Earth Surf. Process. Landf. 
43 (11), 2481–2483. https://doi.org/10.1002/esp.4396.

Houser, C., Hapke, C., Hamilton, S., 2008. Controls on coastal dune morphology, 
shoreline erosion and barrier island response to extreme storms. Geomorphology 
100, 223–240. https://doi.org/10.1016/j.geomorph.2007.12.007.
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