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A B S T R A C T   

Coastal erosion is critical in many locations along the northern Yucatan Peninsula. The area is characterized by a 
micro-tidal regime and low-energy wave conditions, with a high-incidence angle with respect to the shoreline. 
Port and harbor infrastructure for fisheries, commercial, and tourist activities has promoted the growth of coastal 
communities settled on barrier islands. However, the human settlements have degraded the coastal ecosystems 
and interrupted the littoral transport. Due to coastal development in the region, the land use of the remaining 
pristine coastal areas is expected to change in forthcoming years. Thus, understanding coastal changes occurring 
along the northern Yucatan Peninsula is fundamental for improving coastal planning. We employed open access 
remote sensing data sets and reanalysis information to investigate shoreline changes at different spatial and 
temporal scales. Shoreline position was obtained along a 150-km stretch of coast from satellite imagery using 
CoastSat. Firstly, reanalysis and satellite-derived information were validated with in situ measurements in the 
vicinity of coastal structures. A satisfactory agreement was found for characterizing the forcing conditions (waves 
and sea level) and shoreline evolution at different temporal scales. A dominant direction of alongshore sediment 
transport (50,000–80,000 m3/year) make the shoreline highly sensitive to any nearshore disturbance. We found 
that coastal erosion occurred in 50% of the analyzed transects, whereas beach accretion occurred in only 30%, 
suggesting net beach losses. Erosive trends are strongly correlated with the presence of coastal structures. The 6- 
km long Progreso pier induced significant beach erosion along O(10) km, while sheltered harbors induced 
downdrift erosion along O(1) km. Detached breakwaters and groins have an overall negative impact on down-
drift areas (O(100) m). On the other hand, significant erosion was also observed in pristine areas located 
downdrift of a coastal lagoon due to the sediment impoundment associated with the growth of a sand spit. 
Moreover, shoreline sand waves drive 40-m shoreline oscillations and propagate (alongshore) at a rate of 300 m/ 
year. The generation of sand waves seems to be related to both natural and anthropogenic perturbations, in 
combination with the high-incidence wave angle. Their propagation plays a key role in the shoreline dynamics of 
this region.   

1. Introduction 

The morphology of sandy beaches undergoes continuous changes 
associated with the interaction between wind, tides, waves, and currents 
(Aubrey, 1979; Wright and Short, 1984). This natural response is 
affected by man-made structures, such as breakwaters, geotextiles, 
groins, ports, and navigation channels among others, as they interrupt 
cross-shore and alongshore sediment transport (Komar, 1998; Williams, 
1999; Turner, 2006; Ratnayake et al., 2018), in addition to modifying 

currents with the potential to produce sediment transport gradients 
(Ranasinghe and Turner, 2006; Pattiaratchi et al., 2009). Moreover, 
climate change can further exacerbate coastal inundation and beach 
erosion due to sea level rise and increased intensity and frequency of 
storms (Ranasinghe, 2016). 

Beach morphology varies at different spatial and temporal scales 
(Zenkovich, 1967; Coco and Murray, 2007). In the short-term, storms 
can produce extensive erosion over a scale of hours, causing dunes to 
collapse (De Winter et al., 2014), the shoreline position to retreat, and 
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moving sandbars farther offshore (Sallenger et al., 1985; Gallagher et al., 
1998; Hoefel and Elgar, 2003; Vidal-Ruiz and Ruiz de Alegría-Arzaburu, 
2019). A strong storm sequence could even surpass expected decadal 
erosion associated with sea-level rise (Harley et al., 2022). In the 
medium-term, beach morphology can change due to seasonal variations 
in the forcing, as the beach slope is modified and the shoreline recon-
figured (e.g., beach rotation, see Ojeda and Guillen, 2008; Ruiz de 
Alegria-Arzaburu and Masselink, 2010; Harley et al., 2015). On a longer 
time-scale, wave climate variability associated with the ENSO can 
induce interannual variability in beach morphology (Mortlock and 
Goodwin, 2016; Barnard et al., 2017; Almar et al., 2023), whereas in the 
long-term shoreline changes can be related to sea-level rise (Ranasinghe 
et al., 2012) or sediment transport gradients (e.g., Appendini et al., 
2012). The latter is particularly evident along coasts with a clearly 
dominant direction of alongshore sediment transport as the affected area 
can occur several kilometers downdrift of an anthropogenic intervention 
(Williams, 1999). 

Shorelines can present undulating shapes associated with kilometer- 
scale sand waves (Ashton et al., 2001; Falqués, 2006; Medellín et al., 
2008). These morphological features often present spatial scales (i.e., 
characteristic wave length) on the order of 2–5 km and migration rates 
of 100–300 m/year (Guillen et al., 1999). Sand waves can grow and 
migrate downdrift, depending on advective and diffusive sediment 
fluxes, providing a massive sediment addition to the coastal system (e.g., 
Warrick et al., 2023). Downdrift migration of sand waves drives a 
temporal variation in the shoreline position characterized by an accre-
tional downdrift end and an erosional updrift end, with beach width 
difference of 50–100 m (Davidson-Arnott and Van Heyningen, 2003). 
Thus, they are also referred to in the literature as accretion/erosion 
waves (Inman and Bagnold, 1963). Nevertheless, large-scale sand 
waves’ role in coastal dynamics is often ignored in coastal planning. 

Given the multiple processes and scales involved in the complex 
beach response, it is crucial to understand the beach evolution at a 
regional scale (O~100 km) for the integral planning of the coast. 
Fortunately, the advent of satellite imagery (Garcia-Rubio et al., 2015; 
Vos et al., 2019; Nidhinarangkoon et al., 2023; Vitousek et al., 2023; 
Westley et al., 2023; Amalan et al., 2018) allows coastal dynamics to be 
investigated over large areas, serving as the sole source of information in 
regions where in-situ data is scarce. Satellite imagery in coastal engi-
neering studies has increased exponentially over the past decade (Turner 
et al., 2019). Vos et al. (2019) developed an open-source software 
(CoastSat) to analyze shoreline evolution from publicly available Google 
Earth Engine imagery. The satellite-derived shoreline position obtained 
with CoastSat has been widely validated in different coastal settings (e. 
g., Vos et al., 2019; Castelle et al., 2021; among many others). 

The northern Yucatan Peninsula coast is a low-lying area prone to 
winter and tropical storms. Furthermore, this region presents a persis-
tent littoral transport (Appendini et al., 2012). Prior field observations 
have been obtained on a few field sites due to the challenges of covering 
extended locations. Hence, they have mainly focused on the vicinity of 
coastal structures to investigate seasonal (Medellín and 
Torres-Freyermuth, 2019) and short-term (Medellin et al., 2018; Tor-
res-Freyermuth et al., 2019) impacts of coastal structures on beach 
morphodynamics. However, understanding long-term and interannual 
shoreline variability is also important at pristine areas in the context of 
coastal population settlements growth and climate change. A prior 
study, using remote sensing information, analyzed the shoreline evolu-
tion over 20 years only in the vicinity of ports (see Franklin et al., 2021). 
Moreover, Ruiz-Beltran et al. (2019) conducted a study along 50-km of 
coast based on 10-years of SPOT-5 images. They reported an unexpected 
shoreline erosion/accretion pattern in pristine areas without providing a 
plausible explanation. Thus, the present work aims to fill the existing 
gap in understanding the role of both natural and anthropogenic per-
turbations in the interannual and long-term shoreline changes in this 
region (O(100) km). The present approach, based on remote sensing 
data and reanalysis information, is valuable at locations in the Global 

South, where coastal monitoring programs are scarce and are more 
prone to climate change impacts (Ngcamu, 2023). The multi-yearly 
shoreline analysis allows us to investigate the role of sand waves on 
regional shoreline variability. These morphological features can also be 
important in other regions with significant net alongshore transport. 

2. Study area 

The study site is located in a low-lying area on the Yucatan coast 
(Mexico). It comprises approximately 150-km of coast in the north-
western region of the Yucatan Peninsula, from Celestun to Telchac 
(Fig. 1), characterized by sandy beaches along a barrier island. The 
sediment is mainly medium to fine sands (Mendoza et al., 2013) of 
biogenic origin, where skeletal grains and mollusks dominate the sedi-
ment composition (Neal et al., 2021). The wave energy is relatively low 
(Hs< 1 m) due to the wide and shallow continental shelf (slope 1–1000) 
and the semi-enclosed nature of the Gulf of Mexico. Micro-tidal condi-
tions, with diurnal variations, result in a 0.7 m spring tidal range (Val-
le-Levinson et al., 2011). The net alongshore sediment transport is 
westward directed (Appendini et al., 2012) due to the persistent NE 
winds associated with sea breezes and trade winds (Figueroa-Espinoza 
et al., 2014). Anticyclonic cold fronts, known as Central American Cold 
Surges or locally known as Nortes, can reverse the alongshore sediment 
transport (Medellín and Torres-Freyermuth, 2019) and induce signifi-
cant cross-shore sediment transport (Roberts Briggs et al., 2020). They 
can also supply sand to the subaerial beach that becomes available for 
aeolian sediment transport, generating foredune growth. Macrophyte 
wracks are ubiquitous in the region, showing spatio-temporal variability 
along the northern Yucatan coast (Ocaña et al., 2023). Although further 
studies are needed, some works suggest that climate variability (e.g., El 
Niño) increases the occurrence of Nortes in this region (Reding, 1992; 
Medellín and Torres-Freyermuth, 2019; Odériz et al., 2020). On a longer 
time-scale, the most important climate change effects are related to sea 
level rise. In situ information and analysis of the mean sea level anomaly 
from altimetry data suggest an increase of 3 mm/year. 

Development along the coast of Yucatan was accelerated with the 
production of henequen fiber (known worldwide as Sisal) in the early 
19th century (Paré and Fraga, 1994), Sisal being the most important 
port. However, the proximity between the town of Progreso and the 
state’s capital (Mérida) led to the construction of a railroad and a port in 
Progreso to replace Sisal as the main port for exporting henequen in the 
late 19th century (Meyer-Arendt, 1993). Following the development of 
the port of Progreso during the 20th century, the use of beaches to the 
east and west of the port made it an important destination for local 
population recreation (Meyer-Arendt, 1987). The construction of eleven 
small shelter ports along the Yucatan coast in the late 20th century 
increased coastal development. This development has intensified in 
recent decades, which has led to an increase of 261% in the coverage 
area of human settlements (INEGI, 2001; INEGI, 2021). Moreover, the 
coast’s attraction to national and regional tourists has also increased, 
which has promoted urban development, mainly towards the northeast, 
primarily between Chuburna and Telchac (Fig. 1e-f). 

3. Methods 

We employed reanalysis data and remote sensing imagery to char-
acterize the study area and assess shoreline changes along the 150-km 
coast. The data sources and analyses are described below. 

3.1. In situ data 

In situ data were obtained to validate reanalysis and remote sensing 
information. Field observations were mainly collected near the port of 
Sisal (Fig. 1). Offshore wave conditions were measured with an Acoustic 
Doppler Current Profiler (ADCP) located 10-km offshore at 10-m water 
depth (21◦16’28.48" N, 90◦ 3’2.71"W) over the past 10-years. 
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Significant wave height, mean wave direction, and peak wave period 
were employed to characterize the wave climate (Fig. 2a). Mean water 
level has been measured inside the Sisal port with an ultrasonic tide 
gauge since 2013 (Fig. 1c). Beach profiles were measured every other 
week east (2015-present) and west (2019-present) of Sisal port (Fig. 1c) 
using Differential GPS with Real Time Kinematics. A permanent refer-
ence station was used, and surveys are taken along 40 cross-shore 
transects every 100 m, covering from the foredune to a water depth of 
approximately 1.5 m. The data is referenced to the geoid MEX97, which 
is a proxy of the mean sea level at this location (Medellín and 
Torres-Freyermuth, 2019). Moreover, beach surveys from a densely 

urbanized area (Fig. 1d) were undertaken in 2017–2018 to assess the 
performance of a detached breakwater (Torres-Freyermuth et al., 2019). 
This information was also employed in the present study to evaluate the 
capacity of assessing shoreline changes in the short-term using satellite 
imagery. Beach profiles were used to track the shoreline position by 
identifying the cross-shore location where the profile intersects the 
mean sea level (i.e., z = 0 m). The shoreline location from the first 
survey was subtracted from subsequent surveys to estimate the shoreline 
position change (e.g., Fig. 2c-d). Hence, negative and positive sign 
correspond to shoreline erosion and accretion with respect to the first 
survey, respectively. A thorough description of the methodology 

Fig. 1. Location map showing (a) the Yucatan Peninsula in the southeastern Gulf of Mexico, (b) the analyzed coastal section from Celestún to Telchac, and the 
measured beach profiles used for validation at (c) Sisal and (d) Punta San Miguel (the thick gray line represents the geotube breakwater). True Color Composites with 
Polygons of “Human Settlement” in red. (e) Three Landsat 7-ETM+ images acquired during April 2000 (courtesy of the U.S. Geological Survey). Polygons of “Human 
Settlement” in 2000 were defined by INEGI (INEGI, 2001). (f) Three Sentinel 2-MSI images acquired between March and May 2023 (Modified Copernicus Sentinel 
data 2023/Sentinel Hub). Polygons of “Human Settlements” in 2020 were defined by INEGI (INEGI, 2021). 
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employed to measure the beach profiles is described in Medellín and 
Torres-Freyermuth (2019). 

3.2. Reanalysis data 

To characterize the waves, we employed the ERA-5 reanalysis 
(https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5), 
where the significant wave height, peak wave period, and mean wave 
direction are validated with in situ ADCP data. In general, the reanalysis 
data overestimates the wave energy. However, the seasonal variability is 
well captured, and hence the monthly average of Hs and Tp, and the 
mode of the mean wave angles were calculated for each year. Subse-
quently, the mean value for all years and the standard deviation are 
estimated. 

3.3. Satellite data 

3.3.1. Sea level anomaly 
Satellite altimetry was employed to estimate the sea level change 

during the analyzed period. The monthly sea level anomaly from 
altimetry AVISO+ data from 1993 to 2022 was used (http://marine. 
copernicus.eu/). The data were produced as the Delayed Time Level-4 
monthly mean of the sea level anomaly from multi-satellite observa-
tions over the Global Ocean referenced to the [1993,2012] period with a 
0.25◦ x 0.25◦ resolution. 

3.3.2. Shoreline position 
The analysis of shoreline dynamics on a regional scale was addressed 

with satellite imagery. This technique has become popular in coastal 
engineering applications during the last decade (Turner et al., 2019; 
Ratnayake et al., 2019). The open-access software CoastSat (https://gi-
thub.com/kvos/CoastSat; Vos et al., 2019) was employed for the image 
acquisition and analysis (e.g., Gunasinghe et al., 2022). The software 

Fig. 2. Measured (a) wave height, (b) mean water level, and shoreline position change at transects (c) P20 and (d) P21.  
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includes an algorithm to extract the shoreline position using Machine 
Learning. This study employed images from the satellite missions 
Landsat 5 (1986–2011), Landsat 8 (2013–2021) and Sentinel-2 
(2016–2021). The temporal and spatial resolution varies from 16 to 5 
days and 30–10 m, respectively. The study area was divided into 26 
sections for downloading the data, with transects located every 10 m 
Therefore, time series of shoreline position change were extracted from 
cross-shore transects at 14,000 alongshore locations. Tidal correction, 
relaying on beach slope information, was not used in this work. A 
sensitivity analysis conducted in Sisal shows no significant difference 
when including the tidal correction, due to the low-energy and 
micro-tidal regime. 

3.4. Data analysis 

3.4.1. Sediment transport parameters 
Wind waves are the main driver of coastal currents and are respon-

sible for sediment transport near the shoreline. The widely employed 
CERC formula can be used to compute the alongshore sediment trans-
port. A reformulated expression in terms of deep-water wave parameters 
was utilized here (Ashton and Murray, 2006; Warrick et al., 2023), 

Qs = AtKd50K2H2.4
0 T0.2

0 cos 1.2(ϕ0 − θ)sin(ϕ0 − θ)

where ϕ0 is the deep-water wave crest angle, θ is the shoreline orien-
tation with respect to the north, At is a temporal conversion factor, Kd50 
= 1 is an empirical dimensionless scaling factor, and the transport co-
efficient K2 is given by, 

K2 =

( ̅̅̅̅̅gγ√

2π

)0.2

K1  

where the empirical constant K1= 0.4 m0.5/s. The Qs was computed for 
the 2015–2022 period considering different shoreline orientation an-
gles. Subsequently, the annual net alongshore sediment transport was 
computed for each year and the average and standard deviation of the Qs 

net estimates were computed for different shoreline orientations θ. 

3.4.2. Shoreline changes 
To investigate the spatial-temporal shoreline evolution, a Principal 

Component Analysis (PCA) was performed at a selected location (e.g., 
Aubrey, 1979). The temporal and spatial modes of shoreline variability 
were obtained as, 

x(y, t) =
∑N

n=1
cn(t)en(y) (1)  

where the spatial, en(y) and temporal, cn(t), eigenfunctions were eval-
uated at each along-shore location, y, and time, t, where the variance 
decreases with the mode number, n. This analysis has been employed in 
previous coastal studies to investigate shoreline changes (Medellín et al., 
2008; Hansen and Barnard, 2010; Harley et al., 2011). Furthermore, the 
shoreline rate of change (m/year) at each transect was estimated using 
the Digital Shoreline Analysis System (DSAS, Thieler et al., 2009). The 
DSAS has been successfully implemented in previous studies (e.g., 
Weserasingha and Ratnayake, 2022) and allows the shoreline retrea-
t/advance to be quantified. 

4. Results 

4.1. Oceanic drivers: waves and sediment transport 

4.1.1. Validation with in situ information 
Seasonal variability of wave conditions and mean sea level are shown 

in Fig. 3. Wave energy shows maximum values during winter months 
associated with the Nortes’ season, whereas the lowest energy levels 
occurred during the summer (Fig. 3a). The interannual variability is 
more important during the storm season, which might be related to 
climate variability (Medellín and Torres-Freyermuth, 2019). The peak 
wave period shows a similar variability. Long wave periods associated 
with swell waves occurred during the Nortes’ season 

Fig. 3. Multi-annual monthly mean of (a-c) wave parameters and (d) water levels (monthly mode for the case of wave direction), where the shaded area represents 
± one standard deviation of the monthly mean measurements (solid blue line). The dashed line in (a-c) represents the ERA5 and (d) AVISO+ estimates. 
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(October-February), whereas short wave periods due to sea breezes 
dominate the spring-summer. Sea breezes and trade winds induced 
waves from the NE (Fig. 1b); hence the average mode of measured wave 
direction is close to 30◦ from March to September. However, winter 
storms come from the N-NW; hence the mean of the wave direction 
mode changes to the NNE during the storm season (Fig. 3c). Wave 
reanalysis overpredict the measured significant wave height (see dashed 
line in Fig. 3a) and peak wave period (Fig. 3b), whereas the direction is 
quite consistent with NE wave observations, although it failed to 
describe the mean wave direction during January and February 
(Fig. 3c). 

The altimetry information was validated with the tide gauge data in 
Sisal (Fig. 3d). The altimetry data reproduced the seasonal changes in 
the mean sea level (e.g., Zavala-Hidalgo et al., 2003), with a maximum 
mean sea level during October-November and minimum in July-August. 

4.1.2. Alongshore transport 
Alongshore sediment transport is very persistent in the study area 

due to the high-incidence angle short period waves associated with local 
winds (i.e., sea breezes). The net alongshore transport was computed for 
the 2015–2021 period as a function of the shoreline orientation (Fig. 4). 
The interannual variability, estimated by the standard deviation of 
annual Qs, can be significant for shoreline orientations within the study 
area. The shoreline orientations vary from − 11o in Sisal and Progreso to 
− 72o in Celestún. The minimum (50,000 m3/year) and maximum 
(85,000 m3/year) Qs were estimated at Celestún and El Palmar, 
respectively. In Punta Piedra and El Palmar both NE and NNW waves can 
drive westward alongshore transport due to their shoreline orientation. 

4.2. Shoreline evolution 

4.2.1. Satellite-derived shoreline validation 
The shoreline position algorithm was validated with high-resolution 

in situ measurements acquired in Sisal since 2015. Fig. 5 shows the 
shoreline evolution at four transects located east of the port of Sisal 
(Fig. 1c). The satellite-derived shoreline position estimated seasonal 
changes (annual variability) and long-term trends (slope in the time 
series). At some locations (e.g., P20), the remote sensing information 
also predicted short-term oscillations, whereas there are larger differ-
ences at other locations. The latter can be ascribed to the beach slope, 
making the method more sensitive to tidal oscillations for transects 
located away from the structures which presents a milder slope. 

Remote sensing was also compared against shoreline changes 

measured in the presence of temporal anthropogenic perturbations. A 
low-crested impermeable detached breakwater, made of sand-filled 
geotextile, was deployed at Punta San Miguel (Figs. 1b and 1d) in 
Summer 2017. High-resolution field observations were undertaken for 
11 months using a differential GPS (Torres-Freyermuth et al., 2019). The 
structure induced significant changes in the shoreline position, pro-
moting a shoreline advance on the lee-side of the structure of up to 60-m. 
A tombolo was generated, and the structure was partially removed due 
to the adverse effects at downstream locations (Torres-Freyermuth et al., 
2019). The remote sensing information was compared with in situ 
measurements in Fig. 6, showing a satisfactory agreement. Moreover, 
the Sentinel-2 information allows us to analyze the shoreline evolution 
following the total removal of the structure when in situ measurements 
were no longer acquired (Fig. 6). It is noticed that the shoreline position 
on the lee-side of the structure moved further landward than the initial 
condition (i.e., 2016). These results confirm the remote sensing data 
capability to capture the shoreline response to external perturbations 
such as coastal structures. 

4.2.2. Shoreline evolution: long-term trends 
Satellite imagery from Landsat-5 and Sentinel-2 was employed to 

extract the shoreline position along the study area. Landsat (1985–2001) 
was employed to assess shoreline changes following the harbor’s con-
struction in the 1980s and Sentinel-2 to evaluate more recent changes 
influenced by coastal development and interannual changes. The anal-
ysis considers the transects between Celestún and Telchac (Fig. 1b). For 
the 1985–2001 period, the largest accretion occurred on the east side of 
Sisal, Yucalpeten, and Telchac harbors. On the other hand, the largest 
erosion occurred west of the ports of Chuburná and Sisal. The analysis 
shows that 44% of the transects presented erosion, whereas 31% pre-
sented accretion. This suggests that approximately 25% of the shoreline 
in the study area remained stable during this period. 

The results of the analysis with a higher spatial and temporal reso-
lution, using Sentinel-2 (2016–2022) at selected locations, are shown in  
Fig. 7. At a pristine area, located between the ports of Celestún and Sisal, 
a pattern of erosion-accretion is observed (Fig. 7a). A similar pattern in 
this area was obtained from the analysis of Landsat 5 images (not 
shown). Shoreline change estimates near the ports of Sisal present high 
shoreline accretion (erosion) rates to the east (west) of the ports 
(Fig. 7b). This is consistent with the impact of ports on beaches due to 
the net alongshore sediment transport from east to west in this region 
(Franklin et al., 2021). Significant erosion is also estimated downdrift of 
the Carbonera lagoon located between Sisal and Chuburná Harbor 
(Fig. 7c). Erosion extended for a few kilometers west of the Progreso Pier 
between the Yucalpeten and Chuburná Harbors (Fig. 7d). It is worth 
noticing that erosion was also present along the pristine coast of the 
natural reserve of El Palmar located between the ports of Celestún and 
Sisal. 

The shoreline analysis for 2016–2022 suggests an increase in the 
downstream influence of the ports of Celestún and Telchac, changing 
from stable or accretion to erosion rates. The largest erosion occurred 
west of the Carbonera lagoon due to the alongshore growth of the sand 
spit, likely retaining the sand feeding the downdrift beach. The shoreline 
analysis using Sentinel-2 shows that 51% of the transects presented 
erosion, whereas 28% presented accretion. This suggests an increase 
(decrease) in shoreline erosion (accretion) during the last decade. 

The results were compared against the shoreline trends inferred from 
numerical model results based on the potential littoral transport along 
the coast by Appendini et al. (2012). Satellite results were averaged 
along each polygon in the analysis of Appendini et al. (2012) to deter-
mine erosive, accretive, or stable conditions. Stable sections occurred 
when the percentage difference between erosive and accretive transects 
at each polygon was no larger than 10%. Fig. 8 compares the analysis by 
Appendini et al. (2012) and the satellite-derived results. Agreement 
between the two approaches is found at some locations. However, 
significantly more erosion was observed from the satellite-derived 

Fig. 4. Net alongshore sediment transport as a function of shoreline orienta-
tion. The circles represent selected sites along the study area. 
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information. The work from Appendini et al. (2012) obtains the shore-
line trends based on potential longshore transport gradients without 
considering the presence of structures. As such, the higher erosion trend 
found in this study compared to Appendini et al. (2012) is expected, 
particularly the largest differences found in the vicinity of the ports. 

4.2.3. Interannual shoreline variability 
A time stack of the shoreline position change along a 6-km stretch of 

coast in El Palmar suggests that the accretion/erosion pattern propa-
gates toward the west (Fig. 9). The velocity of this shoreline perturba-
tion propagation can be readily estimated with the slope of the accretion 
pattern in Fig. 9, which is approximately 300 m/year. A Principal 
Component Analysis (PCA) was also employed to estimate the charac-
teristic wavelength of the sand wave. On one hand, the first spatial mode 

e1(y) (Fig. 10a), which contains 76% of the variance, shows a wave-
length of approximately 2000 m (crests at 1000 m, 3000 m, and 
5000 m). The first temporal mode c1(t) shows a sustained growth with 
time. On the other hand, the second mode (variance of 13%) is associ-
ated with the initial accretion-erosion pattern, where the crests are 
located near x = 2000 m, x = 4000 m, and x = 6000 m (Fig. 10c). The 
temporal mode suggests a reduction in this pattern over time. It is worth 
mentioning that the PCA is limited to stationary processes. The analysis 
suggests that interannual variability of shoreline position on the O(10) 
m can dominate shoreline dynamics at certain locations of the study 
area. 

4.2.4. Seasonal shoreline variability 
The seasonal changes can be investigated with satellite-derived 

Fig. 5. Shoreline evolution at selected transects in Sisal, Yucatán (DGPS: open circles; Sentinel 2: solid line). See Fig. 1c for the location of the transects.  

Fig. 6. Shoreline position changes at different alongshore locations in the vicinity of a low-crested detached breakwater in San Miguel, Yucatán (DGPS: open circles; 
Sentinel 2: solid line). See Fig. 1d for the location of the transects. 
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shoreline information. The beach was analyzed at Sisal where the sea-
sonal changes have been characterized with in situ information by 
Medellín and Torres-Freyermuth (2019). PCA was conducted along a 
2-km stretch of coast covering the beach survey profiles (Fig. 1c). The 
first PCA spatial mode shows positive values, with the largest near the 
harbor, decreasing toward the pier (Fig. 11a). This is consistent with the 
sediment impoundment observed at this beach. The temporal evolution 
shows an increasing trend with some seasonal variability (Fig. 11b). The 
second spatial eigenfunctions of the second mode are consistent with the 
one obtained from in situ observations (Fig. 11a in Medellín and 

Torres-Freyermuth, 2019). Positive values are observed near the coastal 
structures with nodal points in between (Fig. 11c). This second mode 
was ascribed to beach rotation, which presents a cyclicity as depicted by 
the second temporal mode (Fig. 11d). Notice the abnormal seasonal 
variability in the shoreline occurring during the active 2020 hurricane 
season (Fig. 11d). 

5. Discussion 

The alternating erosion/accretion patterns at pristine locations along 

Fig. 7. Shoreline rate of change along the study area with focus on: (a) pristine area, (b) port of Sisal, (c) Carbonera lagoon and (d) Progreso-Chelem, Yucatan. Aerial 
pictures of La Carbonera and Sisal courtesy of aerozoom.mx. 

Fig. 8. Shoreline evolution as predicted by potential sediment transport gradients in Appendini et al. (2012) (outlines) and estimated from Sentinel-2 images 
(cross-shore transects). 
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the northern Yucatan coast (e.g., see Fig. 7a), were previously reported 
by Ruiz-Beltran et al. (2019). However, a plausible explanation for the 
physical mechanisms driving such changes was not provided. The PCA 
at pristine locations suggests the presence of sand waves, which have 

been observed at many locations worldwide. Different generation 
mechanisms have been described in the literature, including the erosion 
downdrift of a structure (Inman and Brush, 1973), welding of the inner 
bar to the shoreline (Stewart and Davidson-Arnott, 1988), input of large 

Fig. 9. Time stack of the shoreline change estimated from the Sentinel-2 images for the period of 2016–2021 at El Palmar.  

Fig. 10. First (a-b) and second (c-d) spatial and temporal modes of the shoreline position at El Palmar.  
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amount of sediment to the beach (Warrick et al., 2023), high-angle 
(Ashton et al., 2001; Falqués and Calvete, 2005) and low-angle wave 
instability (Idier et al., 2011). 

In this work, these morphological features present spatial scales 
(2–5 km) and migration rates (100–300 m/year) (see Section 4.2.3) that 
are consistent with previous observations (Guillen et al., 1999). Sand 
wave generation was clearly observed at Punta Piedra, a stretch of coast 
where the coastline changes orientation (Fig. 12). Coastline and 
bathymetric curvature induced local variability in the longshore sedi-
ment transport (e.g., Inman and Jenkins, 2018) that can promote sedi-
ment deposition. Fig. 12a shows the change in coastline orientation at 
Punta Piedra, from WNW-ESE to NE-SW, that causes a gradient in the 
alongshore sediment transport due to NE persistent wave conditions (see 
wave rose in Fig. 1). This change in orientation promotes the formation 
of a spit that is attached downdrift, creating a runnel that can be 
eventually infilled by wave overwash events (Stewart and 
Davidson-Arnott, 1988). The sand waves propagate downdrift, and their 
migration is clearly observed in the timestack of shoreline change (i.e., 
Fig. 9). 

Sand waves in the study area could also be induced by the downdrift 

erosion of coastal structures (Inman and Brush, 1973) and the subse-
quent removal of such structures. Fig. 13a shows the shoreline response 
due to the presence of two low-crested detached breakwaters, made of 
geotextile filled with sand, installed in 2017 at San Bruno. These 
structures induced significant downdrift erosion (Fig. 13a). The struc-
tures were removed months later and caused an accretion/erosion 
propagating wave travelling downdrift at 290 m/year (slope of the 
dashed line in Fig. 13b). 

6. Conclusions 

We investigate satellite-derived shoreline changes on a 150-km 
stretch of coast along the northern Yucatan coast. Satellite and rean-
alysis information were validated with in situ data. Long-term analysis 
suggests that 50% of the coast is retreating, whereas 30% is accreting, 
and 20% remains stable. Shoreline changes are associated with the 
persistent net alongshore sediment transport toward the west in com-
bination with natural and anthropogenic perturbations. The main 
anthropogenic perturbations are associated with coastal infrastructure 
(Progreso 6 km long Pier and sheltered harbors) and coastal structures 

Fig. 11. First (a-b) and second (c-d) spatial and temporal modes of the shoreline position at Sisal beach. The alongshore distance is given with respect to Sisal Harbor.  

Fig. 12. (a) Satellite images from Sentinel 2 (October 14, 2021) showing formation of a longshore sand wave at Punta Piedra (northwestern Yucatan coast) consistent 
with the nearshore bar attachment model by Stewart and Davidson-Arnott (1988). (b) A digital terrain model from this study area obtained in December 2022 
showing the sand spits and runnels. 
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(groins and detached breakwaters) inducing downdrift erosion from 
500 m to 10 km. Natural perturbations are mainly associated with 
changes in shoreline orientation that induce sediment transport gradi-
ents. Furthermore, a coastal lagoon also affected beaches located 
downdrift owing to the growth of sand spits, producing a similar impact 
at downdrift beaches than harbors. Natural and anthropogenic pertur-
bations can trigger propagating sand waves that can cause erosion/ac-
cretion cycles with a period of approximately five years. These sand 
waves generate up to 40 m shoreline cross-shore oscillations and present 
a 2000 m characteristic wave length. The sand waves travel due to 
advection diffusion mechanisms associated with the highly oblique 
wave direction in this region and propagate at a rate of 300 m/year. 
These features can be found in pristine and urbanized locations and play 
an important role in shoreline dynamics along the northern Yucatan 
coast. The propagation of sand waves might trigger the implementation 
of inadequate mitigation measures, such as breakwaters and groins, that 
do not consider the cyclic high erosion rates associated with their pas-
sage, exacerbating the erosion problem. Therefore, studying sand waves 
growth, migration, and destruction in this region is warranted. 
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vision. Eduardo López-Ramade: Software, Investigation, Visualization, 
Formal analysis, Writing - review & editing. Gabriela Medellín: 
Methodology, Data curation, Formal analysis, Investigation, Visualiza-
tion, Writing - review & editing. Jaime A. Arriaga: Software, Formal 
analysis, Investigation, Writing - review & editing. Gemma L. Franklin: 
Data curation, Formal analysis, Writing - review & editing. Paulo Sal-
les: Conceptualization, Methodology, Writing - review & editing, 
Funding acquisition. Abigail Uribe: Data curation, Formal analysis, 
Visualization, Writing - review & editing. Christian M. Appendini: 
Conceptualization, Methodology, Writing - review & editing. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

The computed shoreline trends from Landsat 5, Landsat 8, and 
Sentinel-2 can be visualize on a Google Earth using the kml file https:// 
www.dropbox.com/s/8pok6qgc0ow04n5/Cambio%20l%C3%ADnea% 
20costa.kmz?dl=0. 

Acknowledgements 

Field support was provided by Juan Alberto Gómez Liera, Camilo 
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Medellín, G., Medina, R., Falqués, A., González, M., 2008. Coastline sand waves on a low- 
energy beach at “El Puntal spit”, Spain. Mar. Geol. 250, 143–156. 

Mendoza, E.T., Trejo-Rangel, M.A., Salles, P., Appendini, C.M., Lopez-Gonzalez, J., 
Torres-Freyermuth, A., 2013. Storm characterization and coastal vulnerability in the 
Yucatan Peninsula. ISSN 0749-0208 J. Coast. Res. (Special Issue No. 65), 790–795. 
https://doi.org/10.2112/SI65-134.1. 

Meyer-Arendt, K.J., 1987. Recreational landscape evolution along the north Yucatan 
coast. Conf. Lat. Am. Geogr. 13, 45–50. 

Meyer-Arendt, K.J., 1993. Shoreline changes along the north Yucatan coast. In: Laska, S. 
and Puffer, A. (eds.), Coastlines of the Gulf of Mexico, Coastlines of the World Series, 
gen. ed. O. Magoon (ASCE, NY). Proceedings of the Eight Symposium on Coastal and 
Ocean Management (Coastal Zone ’93), New Orleans, pp. 103–117. 

Mortlock, T.R., Goodwin, I.D., 2016. Impacts of enhanced central pacific ENSO on wave 
climate and headland-bay beach morphology. Cont. Shelf Res. 120, 14–25. 

Neal, T.C., Appendini, C.M., Rankey, E.C., 2021. Hydrodynamic influences on 
sedimentology and geomorphology of nearshore parts of carbonate ramps: Holocene, 
NE Yucatán Shelf, Mexico. J. Sediment. Res. 91 (10), 1040–1066. 

Ngcamu, B.S., 2023. Climate change effects on vulnerable populations in the Global 
South: a systematic review. Nat. Hazards 118, 977–991. https://doi.org/10.1007/ 
s11069-023-06070-2. 

Nidhinarangkoon, P., Ritphring, S., Kino, K., Oki, T., 2023. Shoreline changes from 
erosion and sea level rise with coastal management in Phuket, Thailand. J. Mar. Sci. 
Eng. 11 (5). 

Ocaña, F.A., Olmos-García, R.E., de Jesús-Carrillo, R.M., Noreña-Barroso, E., Guerra- 
Castro, E., 2023. Spatiotemporal patterns of macrophyte subsides to sandy beaches 
of Yucatán, Mexico. Reg. Stud. Mar. Sci. 63, 10297. 
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