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Abstract

Over the past 50 years, coastal erosion has become an increasingly critical issue worldwide,
and Colombia’s Caribbean coast is no exception. In urban areas, this challenge is further
complicated by hard protection structures, which, while often implemented as immediate
solutions, can disrupt sediment transport and trigger unintended long-term consequences.
This study examines shoreline changes in Riohacha, the capital of La Guajira Department,
over a 35-year period (1987-2022), focusing on the impacts of coastal protection structures—
specifically, the construction of seven groins and a seawall between 2006 and 2009—on
coastal dynamics. Using twelve images (photographs and satellite) and the Digital Shore-
line Analysis System (DSAS), the evolution of both beaches and cliffs has been analyzed.
The results reveal a dramatic shift in shoreline behavior: erosion rates of approximately
0.5 m/year prior to the interventions transitioned to accretion rates of up to 11 m/year
within the groin field, where rapid infill occurred. However, this sediment retention has
exacerbated erosion in downstream cliff areas, with retreat rates reaching 1.8 = 0.2 m/year.
To anticipate future coastal evolution, predictive models were applied through 2045, provid-
ing insights into potential risks for infrastructure and urban development. These findings
highlight the need for a strategic, long-term approach to coastal management that considers
both the benefits and unintended consequences of engineering interventions.

Keywords: coastal erosion; land management; urban areas; prediction models

1. Introduction

The shoreline serves as the boundary between land and sea, subject to alterations from
both natural processes and anthropogenic factors. Natural processes can be associated
with the usual coastal dynamics (e.g., waves, tides, sediment transport), more extreme
phenomena (such as storms or floods), and factors related to the terrestrial part (such
as vegetation, geology, cliff profile, etc.). In addition, these natural processes are being
modified in many cases by the effects of climate change (i.e., sea level change or extreme
events), especially in the last 40/50 years [1]. These factors have altered natural coastal
dynamics, leading to localized erosion and deposition processes that have transformed the
original state of certain areas [2]. Anthropogenic factors can also determine or condition
coastal evolution with the construction of coastal engineering infrastructures, sand extrac-
tion, land use, etc. All these phenomena, together or separately, can modify the erosion of
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cliffs and beaches [3,4]. The problems associated with erosional phenomena range from
increased exposure of the population to natural hazards such as tsunamis or floods, to
the degradation of ecosystems, or economic losses due to the destruction of houses, the
decline in tourism, or the loss of land itself [5,6]. In contrast, accretion zones are generally
less vulnerable to natural hazards by moving the coastline further offshore; in addition,
tourism and economic activity tend to increase [7].

Latin America’s coastal zones face growing climate challenges, including erosion,
rising vulnerability, and ecosystem degradation. With over 600 million inhabitants, many
countries—such as Brazil, Colombia, and Venezuela—have more than 30% of their popula-
tion in Low-Elevation Coastal Zones (LECZs), areas below 10 m above sea level [8]. These
regions are particularly vulnerable to flooding, sea level rise, tsunamis (and the resulting
inundation), and other extreme weather events [1,9,10]. Additionally, Latin America is
projected to experience the second-largest population growth globally, with an 80% increase
in LECZ residents over the next century [11]. Colombia’s coastal regions, particularly the
Caribbean coast, are renowned for their diverse marine ecosystems and pristine beaches,
which support a thriving tourism industry and play a key role in the national economy [12].
However, these areas are undergoing profound transformations due to coastal erosion,
sedimentation, and human interventions such as dam construction, inadequate coastal
infrastructure, and mangrove deforestation. Increased tourism has further intensified
these pressures. Currently, approximately 50% of the Colombian Caribbean coastline is
affected by erosion, leading to the displacement of some coastal communities [13]. Studies
report varying erosion rates from the 1950s to the early 2010s across different regions: from
0.62m/yr to 3.3 m/yr in the Department of Cérdoba, up to 5.3 m/yr in Magdalena, and
around 3 m/yr in La Guajira [14-16].

The study of shoreline evolution is essential for assessing coastal risks and informing
sustainable management strategies [17]. To accurately measure shoreline changes, various
remote sensing techniques and analytical tools are employed, including aerial photographs,
satellite imagery, historical maps, and airborne LiDAR surveys. These, combined with Geo-
graphic Information Systems (GIS), enable the reconstruction of coastline evolution across
different temporal scales [18]. Such datasets provide critical insights into both long-term
(>60 years) and medium-term (10-60 years) shoreline movements and transformations [19].
Recent studies demonstrate the effectiveness of these methodologies. In a broader historical
approach, Castedo et al. [20] analyzed Holderness Coast (U.K.) cliffs through map data
(1852-1929), aerial photos (1952-1996), and LiDAR-GPS data (2011), reporting an average
recession rate of 1.25 m/yr. Similarly, Ponte Lira et al. [21] examined the evolution of
12 shore platform beaches along the Cascais coast, Portugal, using Digital RGB orthophoto
maps. Leisner et al. [22] integrated satellite imagery with UAV-based photogrammetry to
assess beach-cliff erosion at Pacheco Beach, Brazil. Yadav et al. [23] used Landsat-8 imagery
and automatic shoreline extraction to analyze anthropogenic impacts on the Maravanthe
Coast, India, revealing an 8% decrease in erosion zones and a 7% increase in accretion zones.

Beyond natural processes, human interventions—such as coastal protection
structures—play a key role in shoreline evolution. Hard engineering solutions like sea-
walls, groins, and breakwaters are often implemented to mitigate erosion, but they can
significantly alter sediment dynamics. While these structures may stabilize targeted areas,
they often induce downdrift erosion, disrupt natural sediment transport, and modify depo-
sition patterns, leading to unintended consequences for adjacent coastal systems [24]. As a
result, historical data and predictive modeling are essential for forecasting future shoreline
changes and adapting coastal management strategies accordingly [25]. Numerous models
of varying complexity have been developed to estimate and predict coastal erosion, helping
to project shoreline positions and assess risks. Among these, key approaches include
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the Bruun rule [26], the Kalman filter method [27,28], historical data extrapolation [20],
the Coastal Evolution Model (CEM) [29], XBeach [30], and the Generalized Model for
Simulating Shoreline Change (GENESIS) [31]. These models can be applied individually
or in combination, depending on the specific coastal environment, data availability, and
study scale. Integrating multiple models and validating them with field data enhances the
accuracy and reliability of coastal change predictions.

This study investigates coastal development in the urban area of Riohacha, the capital
of La Guajira Department on the Colombian Caribbean coast. Although research on
shoreline dynamics and erosion modeling has advanced considerably in recent years, few
studies have applied a combination of predictive modeling approaches in the Caribbean
context, particularly in medium-sized urban areas with significant geomorphological
heterogeneity and infrastructure pressures. This lack of integrated modeling applications
limits the ability to assess future coastal risks with higher confidence. The present study
addresses this gap by applying and comparing three modeling techniques—HTA, EHD,
and KFB—along a representative coastal segment of the Colombian Caribbean. It aims to
analyze the potential correlation between the construction of seven groins and the resulting
coastal changes, specifically the growth of the coastline where the structures are located
and the erosion observed in the southern cliff zone. The primary hypothesis is that the
groins have contributed to the stabilization and accretion of the coastline near the structures,
while inducing erosion further south, leading to a cause-and-effect relationship between
human intervention and coastal response. For this purpose, the images available before
(1987-2006) and after (2009-2022) the anthropic interventions have been rectified, profiled,
and analyzed. The work includes the statistical analysis of the evolution of coastlines; the
calculation of modified surfaces; and the application of predictive models (up to 2045)
that should serve as a basis for future land management, providing a point of support for
decision making in any coastal region.

2. Study Area and Geographical Data

The Colombian Caribbean coastline spans from the eastern border with Venezuela to
the western border with Panama, primarily oriented in a NE-SW direction, with occasional
segments aligning W-E (Figure 1). La Guajira peninsula is a complex region, where
different Quaternary interactions (i.e., climate conditions, human intervention, tectonics)
have defined the current geomorphology [32]. The entire area is a set of Jurassic to Tertiary
tectonically uplifted blocks of granitic, metamorphic, and sedimentary rocks adjacent to
sedimentary basins filled with Tertiary sediments [33]. Therefore, the landscape units
include mountainous areas and extensive deltaic plains. The coastal morphology of the
Peninsula, shaped mainly by marine conditions and coastal processes typical of tropical
climates, is characterized by numerous bars and medium sandy beaches along elongated
coastal plains, bays, and cliffs [33,34].

In the Colombian Caribbean, tidal patterns are mixed semidiurnal and micromareal,
with average amplitudes around 0.3 m and peak values up to 0.65 m [35,36]. The dom-
inant swell, influenced by climatological factors, comes from the NE-SW direction from
November to July, with wave heights reaching 4.5 to 5 m [37,38]. In the remaining months,
swell direction becomes more variable, shifting to a SW-NE orientation, with wave heights
under 1.5 m. During specific meteorological conditions, southerly winds generate short-
duration, high-frequency waves, which can lead to significant erosion. Sea level rise in the
Colombian Caribbean (based on data from the Cartagena station south of Riohacha) has
shown a slight oscillation from 1950 to 2015, with rates ranging from 5.5 mm/year [16,38]
to 5.9 mm/year [39]. Projections for sea level rise by 2050 (starting from 2020) estimate an
increase of 24-26 cm under moderate (Representative Concentration Pathway—4.5) or no
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reduction scenarios (RCP 8.5) [40]. Historically, sediment influx in the region came from
the Sint and Rancheria rivers, but damming of these rivers in the 1990s and mid-2000s
altered sediment transport [41], shifting the main source to wind-driven processes from the
upper Guajira region, with occasional reversals during heavy precipitation [42].

Caribean Sea r Caribean Sea
La Guajifa
Riohacha Study area

iohacha

Colombia
N Venezuela

Figure 1. Location of the study area and division into three work zones. Satellite image taken from
Google Earth Pro, corresponding to the year 2024.

The city of Riohacha, located in the central part of La Guajira Department, has 46 km
of coastline, approximately 7% of the Department [37]. The city, home to over 250,000 res-
idents, relies primarily on tourism as its main economic activity. Previous studies have
documented a long-standing pattern of beach erosion in the northern sector of the city,
particularly near the mouth of the Rancheria River [37,43]. To mitigate these effects, six
groins were built at the end of 2007 along the 1.5 km waterfront of Riohacha city (Figure 2A).
These groins measure 150 m in length, 13 m in width, and stand 6 m high, spaced at an
average interval of 250 m [15]. Additionally, a seawall was constructed (Figure 2B).

The Riohacha area is underlain by the Mongui Formation [44], composed of Paleo-
gene and Neogene sandy claystones and semi-consolidated conglomerates with igneous
pebbles [45]. This formation outcrops near the Rancherfa River mouth but is covered south-
ward by Quaternary sediments, mainly alluvial deposits from perennial rivers and streams.
In the central and southern part of the city (Figure 2B,C), small beach deposits overlap
these alluvial sediments, consisting of semi-consolidated sandy clays and plastic clays rich
in ferromagnesian minerals and oxides from the Sierra Nevada de Santa Marta [46,47].

Finally, the study focuses on a 5 km stretch of coastline between the mouth of the
Rancheria River (north) and the indigenous reservation Las Delicias (south) (Figure 1). The
area is divided into three sections (Figure 2):

e  Zone 1 (1450 m) extends from the river mouth to groin 6, encompassing the groin field
and featuring well-developed beaches.

e  Zone 2 (1900 m) stretches from groin 6 to the Nuevo Faro neighborhood. This section
includes a small cliff (~6.5 m high) with narrow beaches at its base.
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e  Zone 3 (1600 m) runs from a coastal rocky outcrop to Las Delicias. Here, the cliffs are

slightly higher (~9.1 m) with no beach at the base, except in the southern area.

ZONE 1

ZONE 2

Seawall

0 0.25 0.5
[

Figure 2. Aerial image year 2018. Source: Google Earth Pro. (A) Zone 1 of the study area with
the 6 groins numbered from north to south. (B) Zone 2 with the seawall. (C) Zone 3 of the local
(indigenous) communities.

3. Methodology

The methodological workflow followed in this research includes the following: (1) im-
age acquisition; (2) georeferencing (using ArcGIS Pro); (3) shoreline profiling (using ArcGIS
Pro); (4) data extraction with the use of Digital Shoreline Analysis System (DSAS) [48] and
change in the surface area; and (5) future trends in shoreline change.

To conduct this research, twelve images were obtained from two sources: (i) aerial
photographs from 1987 and 1997 provided by the Instituto Geografico Agustin Codazzi
(IGAC) [49] and (ii) ten satellite images from Google Earth [50]. Table 1 details the images
and their acquisition dates. For consistency in the analysis, all images were georeferenced
using common control points, with the November 2022 image serving as the reference. The
1987 photographs were individually rectified, while the 1997 images were processed into
an orthomosaic using Agisoft Metashape [51] and IGAC-provided projection center coor-
dinates. The reference system used for georeferencing was “MAGNA-SIRGAS/Riohacha
urban grid EPSG:6267.”
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Table 1. Main information from the images used in this research.

Image Source Date
IGAC1987 Instituto Geogréfico Agustin Codazzi 14 September 1987
IGAC1997 Instituto Geogréfico Agustin Codazzi 12 January 1997
GE2003-02 Google Earth February 2003
GE2006-03 Google Earth March 2006
GE2009-10 Google Earth October 2009
GE2011-01 Google Earth January 2011
GE2013-02 Google Earth February 2013
GE2014-11 Google Earth November 2014
GE2018-03 Google Earth March 2018
GE2019-10 Google Earth October 2019
GE2020-10 Google Earth October 2020
GE2022-11 Google Earth November 2022

After uploading the 12 orthophoto mosaics covering all study years into the GIS, the
next step involved manually digitizing the shorelines and cliff tops [20]. Manual delineation
was chosen over automated remote sensing methods [52], as the relatively small study area
ensures greater accuracy through manual tracing. Although manual digitization improves
precision in heterogeneous environments and allows for expert interpretation of complex
features, it is not free from limitations. This approach may introduce a degree of subjectivity,
and reproducibility can be affected by inter-operator variability. To maintain consistency
in the identification of geomorphological features, all delineation tasks were carried out
by a single operator. In this study, although no repeated digitization or formal cross-
validation was conducted, the operator applied expert visual criteria, and each delineation
was carefully reviewed within the GIS environment to ensure topological coherence and
alignment with identifiable geomorphological features. Shoreline mapping was based
on the most recent wet tide mark visible in the orthophotos, marking the boundary with
the backshore [3,53], a method well-suited for sedimentary coasts exposed to open-sea
dynamics. Similarly, the cliff top was delineated by identifying the visually distinguishable
crest of the slope [54].

The DSAS v5.1 was used to statistically analyze the historical evolution of both the
shoreline and the cliff [48]. The DSAS workflow consists of three key steps: defining a
baseline, generating transects (profiles), and calculating change rates [55]. The shorelines
and cliffs for each zone were stored in a shapefile within a personal geodatabase, with
each feature attributed to a date in MM/DD/YYYY format. The oldest available shoreline
(IGAC1987 in Table 1) was selected as the baseline. Transects were generated perpendicular
to the coastline at regular intervals, allowing DSAS to detect intersections with shorelines
from different years. These intersections provided a series of position-date points, forming
the basis for analyzing coastal evolution. Using DSAS, the primary metric obtained is the
Net Shoreline Movement (NSM), which represents the maximum displacement along each
transect between the earliest and most recent shoreline or cliff position, measured in meters.
Additionally, DSAS applies to a linear regression model fitted by least squares to analyze
shoreline or cliff evolution over time, providing key parameters for predictive modeling.
The Linear Regression Rate (LRR) quantifies the historical rate of change in meters per year,
where negative values indicate erosion and positive values signify accretion. The Standard
Error of Slope (LCI) measures the uncertainty of the LRR calculation at a 95% confidence
interval, serving as an indicator of variability. Lastly, the Coefficient of Determination (LR2)
assesses the goodness of fit of the regression model, with values close to 1 indicating a
strong correlation between time and shoreline/cliff position, while lower values suggest
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greater variability. These metrics are crucial for evaluating past trends and informing future
predictive models.

The number of transects varies across the study area (Figure 3), with 6 in Zone 1, 14
in Zone 2, and 12 in Zone 3. In Zone 1, transects are positioned between the groins and
numbered sequentially from north to south (1 to 6). The selection of 6 transects in Zone
1 corresponds to the six cells created by the groins; given the limited spatial extent and
homogeneous behavior within each compartment, only one transect was placed in each cell.
In Zone 2, 10 transects, spaced approximately 200 m apart, analyze cliff evolution, while
4 additional profiles assess the impact of the seawall on beach morphodynamics, with two
located north and two south of the structure. In Zone 3, 12 transects examine changes in the
cliff profile. Due to data availability, the analysis of Zones 2 and 3 begins in 2003, limiting
their study period to 2003-2022. In contrast, the higher number of transects in Zones 2 and
3 reflects greater geomorphological complexity and spatial variability, especially related to
cliff morphology.

ZONE 1

ZONE 2

Figure 3. Transects for each zone of the study area: (A) Zone 1; (B) Zone 2; (C) Zone 3. Red transects
represent shoreline measurements, while blue transects correspond to cliff monitoring. Source:
Google Earth Pro, year 2018.

In addition, the change in the surface area of the beach or cliff can be calculated for
each period between available images, using the oldest image as the reference. This analysis
is performed using the GIS program ArcGIS Pro [56] by creating polygons between the
different coastlines and their corresponding lateral boundaries. This method allows for
the calculation of erosion or accretion surfaces over time in each zone of the study area.
In Zone 1, each beach section between consecutive groins is analyzed independently. In
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Zone 3, the change in cliff surface is calculated starting from 2003. The resulting data are
expressed in square meters.

Estimating the future position of the coastline is a challenging aspect of coastal studies,
yet it plays a crucial role in urban planning and the socioeconomic development of coastal
areas [57,58]. The interplay of multiple factors at varying spatial and temporal scales leads
to significant uncertainties in long-term predictions [59]. Nevertheless, several approaches
can be employed to forecast coastline position, considering the inherent variability of these
environments. In this research, three models have been utilized to make these predictions:
historical trend analysis, extrapolation from historical data, and the Kalman filter model.

The historical trend analysis—HTA [54,60] sets the proportion between the estimated
future change rate of the coast (R2) and the sea level change (SLC2) as the one observed
between historical data (LRR/SLC1):

Ry = SLC(LRR/SLCy) (1)

where all variables are measured in meters per year. In this model, uncertainty is introduced
through the variation of estimates in the future rate of sea level change.

The model based on the extrapolation from historical data—EHD [22,61,62] consists of
estimating the future position of the coastline (Csct—the subscript denotes the prediction
year) by multiplying the estimated mean coastline change (basically LRR) by the number
of years considered for the prediction (T):

Cscr = (LRR£ELCI) x T )

In this case, uncertainty is accounted for by adding or subtracting the LCI from the
LRR calculation. The result of the calculation is given in meters.

While these models offer valuable insights, their applicability in highly dynamic and
data-limited environments such as Riohacha is subject to some limitations. The HTA and
EHD methods rely heavily on the quality, temporal resolution, and consistency of past
shoreline data, which can be affected by observational gaps and spatial inaccuracies [54].

The Kalman filter-based model (KFB) [63] is used to estimate future coastline posi-
tions by combining observed data with model-derived predictions, while incorporating
an uncertainty band. This method was developed by Long and Plant (2012) [64] and
incorporated into DSAS software since version v5 [48]. The model is initialized from the
baseline (usually the oldest datum) using the LRR generated by DSAS and estimates the
position for each time step until another datum is found. Once a new datum is available,
the model integrates it to minimize the error between observed and predicted positions,
refining the forecast, including the rate of change and uncertainty. This process is repeated
until the desired prediction date is reached, which can be up to 10 or 20 years beyond
the most recent data. The uncertainty is initially derived from the LCI and the LR2 of
the linear regression. The Kalman filter model, although robust in handling noisy data,
assumes linearity and stationary processes, which may not fully capture abrupt shifts
caused by extreme events or anthropogenic interventions. In the DSAS model, the free
parameters of the method are fixed to maintain the calculation close to linear regression.
Recent applications of predictions based on the Kalman filter model include studies in
Turkey [59], India [7], Bangladesh [27], and Brazil [28].

4. Results and Discussion

The results and their discussion are presented separately for each zone of the study
area (see Figure 2).
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4.1. Zone 1: Effect of the Groins

Table 2 shows the results of the analysis of shorelines with the DSAS program in
Zone 1. This analysis has been divided into two time periods: 1987-2006 (before the
construction of the groins) and 2009-2022 (after). For the 1987-2006 period, only three
images are available, with the 1987 image serving as the baseline. Therefore, the regression
data should be interpreted with caution. Nonetheless, it is evident that the coastal dynamics
were predominantly erosive, with an average shoreline change of 5.3 &= 1.2 m between 1987
and 2006. For the 20092022 period, the availability of more images allows for more reliable
fitting results, better capturing the variability in shoreline dynamics. During this period,
the construction of the groins led to a high mean accretion rate of 11.3 £ 2.8 m/yr across
the six analyzed transects. The sediment retention effect caused by the construction of the
groins on littoral dynamics is clear (see shoreline evolution in Figure 4). From 2009 to 2013,
significant beach growth was observed upstream of groins 1, 2, and 3 (Figure 5). Between
2014 and 2018, this growth was even more pronounced across all transects, leading to the
almost complete silting up of groins 1 and 2. A similar trend is observed between 2018
(see Figure 2) and 2020, with notable beach advance between groins 3 and 6. Since 2020,
the growth has slowed in nearly all groins, except for groins 5 and 6, which are the last
to become silted (Figure 5). The further west, the later the gaps between groins are filled,
all within a time interval of about 5 years. It is likely that, soon, sand will bypass these
groins and advance again towards the areas located southwest, as has been observed in
other coastal locations [65].

Table 2. Displacement rates of the coastline for the different transects created in Zone 1.

Period Transect NSM LRR LCT LR2
(m) (m/yr) (m/yr)

T1 21 —03 44 0.43

T2 _33 —04 33 0.72

T3 —49 —05 0.7 0.99

1987-2006 T4 —43 —05 27 0.85
T5 —72 —0.8 38 0.89

T6 —40 —05 57 0.58

T1 81.1 6.5 37 0.80

T2 118.6 93 3.9 0.88

T3 146.6 13.2 36 0.95

2009-2022 T4 138.0 13.1 25 0.97
T5 134.9 13.6 49 0.91

T6 1295 12.3 44 0.91

A one-way analysis of variance (ANOVA) was conducted to evaluate whether there
were statistically significant differences in NSM between the two time intervals (see Table 3).
The mean NSM for the 1987-2006 period was substantially lower (p-value < 0.001) compared
to the 2009-2022 period. These findings suggest a statistically significant shift in shoreline
dynamics over time, indicating a notable change in coastal behavior.
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Figure 4. Shorelines and transects from 2009 to 2022 in Zone 1.
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Figure 5. New beach surface in Zone 1 since 2009. Quantities on the right represent the cumulative
area, in m?, gained in this period by each beach between groins.

Table 3. ANOVA for the NSM.

Sum of Degrees of Mean Sum of
Source F p-Value
Squares Freedom Squares
Period 49,987.5 1 49,987.5 182.68  9.47 x 1078
Error 2736.4 10 273.6
Total 52,723.9 11

It is not appropriate to apply prediction models based on the historical shoreline
evolution of recent years in this case. This is because the coastal dynamics are likely to
change once the shoreline reaches the end of the groins, altering the physical conditions. If
the models were to follow the trend of the last decade, they would predict an unrealistic
extension of beach accretion hundreds of meters beyond the groins. Additionally, it is not
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meaningful to use the models to predict when the space between the groins will be filled.
The rates (LRR) calculated in the previous years are quite high compared to the remaining
distances in each groin. For example, recent field measurements (February 2024) show that
groin 1 is already filled. Similar situations occur with the other groins, where the distance
between the shoreline and the end of the groins was as follows: 2024: 5 m for groin 2; 7.8 m
for groin 3; 5.8 m for groin 4; 6.9 m for groin 5; and 6.4 m for groin 6.

4.2. Zone 2: Urban CIiff Area with Seawall

Since the construction of coastal structures, sediment accumulation in this area has
been remarkable (see NSM in Table 4). In all profiles, the coefficients of determination
indicate that the linear model used is reliable. However, once again, applying prediction
models in this area is not appropriate, as the sediment retention zone of these structures is
nearly filled (Figure 6A). The southern part of the seawall has experienced particularly sig-
nificant growth, with an average gain of approximately 89 m over just 13 years (2009-2022),
most of which has occurred since 2018 (yellow line in Figure 6A).

Table 4. Displacement rates of the coastline for the different transects created during the period
2009-2022 for the beach area in Zone 2.

NSM LRR LCI

Transect (m) (m/yr) (m/yr) LR2
17 67.7 6.2 29 0.90

T8 65.1 59 2.7 0.90

T9 87.6 8.6 2.3 0.98
T10 90.9 10.0 4.7 0.94

Table 5 summarizes the DSAS data for cliff Zone 2 (Figure 6), where most transects
(T12-T20, except T16 and T17) show significant erosion, particularly T18. Indeed, in recent
years, there have been several instances of houses collapsing or facing imminent collapse
north of the seawall. The reliability of the linear fit is high for these transects, but low LR2
values in T11, T16, and T17 indicate poor model fit. T11, located downstream of groin No.
6, is influenced by its construction [66], while T16 and T17 have a developing beach and
vegetation growth, complicating cliff crest identification. Due to these factors, prediction
models were not applied to these transects.

Table 5. Displacement rates of the coastline extracted from the DSAS for the cliff in Zone 2 and results
of the prediction models. * Means low LR2 values and therefore the fit is not reliable.

DSAS Years 2003-2022 HTA EHD KFB

Transect  NSM LRR LCI LR2 Lower Upper Lower Upper Lower  Upper
(m) (m/yr) (m/yr) Bound Bound Bound Bound Bound Bound

T11 -15 —0.1 0.2 0.26 * N/A N/A N/A N/A N/A N/A
T12 —11.6 -0.9 0.4 0.86 —28.4 —30.8 —11.5 —27.6 —7.6 —37.0
T13 —8.7 —0.5 0.2 0.85 —16.0 —17.4 —6.2 -15.9 2.6 —24.3
T14 —15.6 -0.7 0.6 0.61 —24.1 —26.1 -35 —-29.7 2.2 —-314
T15 —13.0 -0.7 0.4 0.70 —21.8 —23.6 —5.1 —24.8 2.6 —28.4

T16 21.8 0.9 1.0 0.44 * N/A N/A N/A N/A N/A N/A

T17 —42 0.2 0.6 0.10* N/A N/A N/A N/A N/A N/A
T18 -171 -1.8 1.3 0.67 —59.6 —64.5 -12.2 —69.7 —29.7 —74.9
T19 —15.5 -1.1 0.4 0.87 —36.5 -39.5 —-15.4 —34.7 —-12.7 —43.6
T20 —18.8 -1.2 0.4 0.92 —40.5 —43.9 —19.6 —36.1 —-124 —42.1
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Figure 6. (A) Historical shorelines and transects, Zone 2 beach. (B) Historical shorelines and transects,
Zone 2 cliff.

The HTA and EHD models simulate shoreline changes from the last available coastline
(2022) to 2045, while the KFB model in DSAS estimates 20 years from 2024, rounding up
to provide predictions for 2045. All three models project significant shoreline recession,
particularly south of the seawall in T18, T19, and T20 (Figure 7), with lower erosion
estimates in the northern part. In the KFB model, accretion estimates for the lower bound
at T13, T14, and T15 stem from data uncertainty rather than a physical process. The HTA
model shows the smallest prediction variability, while the KFB model has the largest range.
In most transects, the three models overlap or closely align (Figure 7), making this common
range the most reliable forecast for territorial planning.

4.3. Zone 3: Cliff Area

Table 6 shows a mean NSM of —37 m in Zone 3, with an average LRR of —2.3 m/yr,
indicating significant cliff-top recession. The LRR variability is moderate (mean LCI:
0.66 m/yr), and the confidence in these estimates (LR2) averages 0.9 across all transects.
Transects T22 and T23 exhibit lower erosion due to the cliff’s orientation against predom-
inant waves and currents from the west (Figure 8A). Unlike Zone 2, the cliffs in Zone 3
increase in height westward, making them more geotechnically unstable and likely con-
tributing to higher recession rates. However, recent data (Figure 8A) suggest a slowdown
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in retreat. The absence of a protective beach intensifies erosion [67], likely due to sediment
retention by groins in Zone 1. The lack of pre-2003 images for Zone 3 complicates assessing
the groins” impact on their natural dynamics.

EHD model
HTA model
KFB model

Figure 7. Zone 2—<liff, future projections up to 2045. Transects T11, T16, and T17 have not been
calculated.

Table 6. Displacement rates of the coastline extracted from DSAS in Zone 3 and results of the
prediction models.

DSAS Years 2003-2022 HTA EHD KFB

Transect  NSM LRR LCI LR2 Lower Upper Lower Upper Lower Upper
(m) (m/yr) (m/yr) Bound Bound Bound Bound Bound Bound

T21 —45.8 -29 0.6 0.94 -97.7  —-1059  -529 —81.4 —51.3 —86.0
122 —27.9 -15 0.4 0.91 —49.2 —-53.3 —25.1 —42.6 —16.1 —46.2
123 —18.9 —-0.8 0.6 0.51 —264 —28.6 -3.7 —-32.7 3.9 -31.0
T24 —49.4 —-3.1 0.7 0.94 -103.0 —111.7 —-55.7 —86.0 —54.4 —89.8
T25 —45.9 -29 0.6 0.94 —96.0 —104.0 —-52.7 —79.4 —50.1 —84.1
T26 —415 —2.6 0.4 0.97 —87.7 —95.0 —51.8 —68.8 —44.0 —739
T27 —38.4 23 0.5 0.94 —76.3 —82.7 —41.6 —63.3 —36.6 —68.5
128 —38.5 —-25 0.4 0.96 —84.3 —914 —48.8 —67.2 —43.0 —734
129 —37.7 —-23 0.3 0.98 —78.0 —84.4 —47.6 —59.6 —38.3 —66.1
T30 —27.8 —-1.7 0.4 0.93 —58.2 —63.1 —31.3 —48.8 —23.7 —53.8
T31 —37.3 —-23 0.3 0.97 —-76.3 —82.7 —45.1 —-59.8 —36.2 —65.1

T32 —34.3 -21 0.3 0.96 —68.6 —74.3 —39.6 —54.7 —32.3 —614
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28| EHD model

KFB model

Figure 8. (A) Historical cliff-top evolution in Zone 3, cliff area south of Riohacha. (B) Future
predictions based on HTA, EHD, and KFB models.

Between 2014 and 2018, urban development advanced into this area despite evident
cliff recession (Figure 9). By 2021, urbanization peaked, but in 2022, some buildings
near the cliff were removed (red box in Figure 9). This city expansion highlights the
absence of a coastal geomorphodynamics study like this one. The three prediction models
estimate a significant recession by 2045 (Figure 8B, Table 5). At T23, the lower bound of the
KFB model suggests cliff accretion, which is unrealistic without human intervention and
should be disregarded. The HTA model predicts the highest recession rates but with lower
variability, while the EHD and KFB models provide similar estimates, though the latter
shows greater dispersion. The EHD model’s prediction band falls within the KFB model’s
range, reinforcing their consistency (Figure 8B). Agreement between models enhances
confidence in predictions, narrowing probable outcomes and improving risk assessments
for land management [68]. By 2045, cliff retreat is projected to impact buildings at T21,
T24, T25, and T26, highlighting the need for the Municipality of Riohacha to integrate
these findings into land-use planning, particularly considering the overlapping EHD-KFB
model area.
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Figure 9. Evolution of the urbanized area of Riohacha in Zone 3.

Table 7 presents the rate of change in eroded material in Zone 3, showing fluctuations
over different periods based on available imagery. Annual surface loss varies significantly,
with extreme erosion events primarily linked to severe marine conditions caused by hurri-
canes and cold fronts, often associated with El Nifio Southern Oscillation (ENSO) [1,15].
Between 2003 and 2022, Colombia’s Caribbean region experienced variable storm activity,
with particularly active periods in 2005-2010, 2013, and 20162019, aligning with the most
intense erosion phases. These peaks in hurricane activity were often driven by La Nifia or
ENSO-neutral conditions. In addition to storm activity, the erosion in Zone 3 may also be
influenced by sediment retention caused by the groins built between 2006 and 2009. This
period coincides with a phase of intense erosion in Zone 3, suggesting a possible connection.
From 2009 to 2018, sediment retention was substantial (see Figure 5), aligning with the
highest cliff recession rates in this area. However, since 20192020, with most groins nearly
filled, erosion appears to have slowed (last column in Table 7). This trend suggests that once
sediment retention reaches capacity, some equilibrium may be reestablished, potentially
reducing erosion rates. As has been shown in other work [53], while groins promote sand
accumulation, they can also induce significant alterations in adjacent areas, particularly
downstream of their location. The possible link between groin-induced sediment trapping
and increased erosion in Zone 3 requires further investigation to better understand the
long-term coastal dynamics and improve future shoreline management strategies. It should
also be noted that the intensification of extreme climate events under climate change could
potentially enhance the influence of ENSO on coastal erosion processes in this region. ENSO
phases are known to modulate storm frequency, wave energy, and precipitation patterns in
the Caribbean, leading to variations in sediment transport and shoreline stability [1]. For
instance, El Nifio conditions often reduce tropical cyclone activity but can intensify dry
seasons, potentially lowering sediment supply from riverine inputs, while La Nifia tends
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to promote more frequent and intense storms that can accelerate coastal erosion. In the
context of Riohacha, such shifts could exacerbate localized erosion hotspots, particularly
near infrastructure-like groins, by altering nearshore currents and sediment dynamics.
However, quantifying these impacts remains challenging due to the lack of high-resolution
temporal and spatial data linking ENSO indices with coastal morphological changes in the
study area. Future studies should integrate regional climate data, hydrodynamic modeling,
and long-term shoreline monitoring to better understand and predict the compounded
effects of ENSO variability and climate change on shoreline evolution.

Table 7. Variation of the area eroded in Zone 3.

Period Years Area C?ange Rate of A12rea Change
(m?) (m~/yr)
2003-2006 3 —7058 —2353
2006-2009 3 —13,115 —4372
2009-2011 2 —5635 —2817
2011-2013 2 —1733 —867
2013-2014 1 —5239 —5239
2014-2018 4 —13,446 —3361
2018-2019 1 —7758 —7785
2019-2020 1 —1356 —1356
2020-2022 2 —2715 —1358

5. Conclusions

This study analyzes the coastal evolution of the urban area of Riohacha, capital of the
Department of La Guajira, Colombia, between 1987 and 2022. To assess the vulnerability of
this shoreline over the next 20 years, historical coastline changes—both in beach and cliff
zones—were analyzed using aerial and satellite imagery alongside GIS tools.

The construction of a series of groins near the mouth of the Rancheria River has
profoundly altered coastal dynamics, promoting sediment accumulation within the groin
field while intensifying erosion in downstream cliff areas. The findings indicate a shift
from an erosional to an accretional regime in the groin-affected zone, where the spaces
between the 150 m long structures became completely silted in just a decade. However,
this sediment retention has likely disrupted the natural sediment supply to adjacent areas,
accelerating cliff erosion downstream and increasing the risk to nearby buildings.

To estimate the extent of future coastal changes, three predictive models (incorporating
uncertainty assessments) were applied: Historical Trend Analysis (HTA), Extrapolation
from Historical Data (EHD), and a Kalman filter-based (KFB) model. The overlap between
the uncertainty bands of different models identifies the most probable locations of the
future cliff crest by 2045. In the most severe scenario, if current conditions do not change,
coastal retreat could reach 86 m, which would greatly affect the local community.

The methodology and findings presented in this study are crucial for optimizing short-
and medium-term coastal management strategies, particularly in areas with significant
anthropogenic interventions. These results provide essential insights for assessing potential
social, environmental, and economic losses, guiding land-use planning, and informing the
design of mitigation measures to address ongoing and future erosion hazards.
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