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Abstract: To face and properly mitigate coastal changes at a local level, it is necessary to recognize
and characterize the specific processes affecting a coastline. Some of these processes are local (e.g.,
sediment starvation), while others are regional (e.g., relative sea-level change) or global (e.g., eustatic
sea-level rise). Long tide gauge records help establish sea-level trends for a region that accounts
for global (eustatic, steric) and regional (isostatic) sea-level changes. Local sea-level changes are
also the product of vertical land motion (VLM), varying depending on tectonic, sedimentological,
and anthropogenic factors. We investigate the role of coastal land subsidence in the present-day
dynamics of an abandoned delta in the Colombian Caribbean. Satellite images and synthetic aperture
radar acquisitions are used to assess decadal-scale coastline changes and subsidence rates for the
period 2007-2021. We found that subsidence rates are highly variable alongshore. Local subsidence
rates of up to —1.0 cm/yr correspond with an area of erosion rates of up to —15 m/yr, but coastal
erosion also occurs in sectors where subsidence was not detected. The results highlight that local
coastline changes are influenced by multiple, interacting drivers, including sand supply, coastline
orientation and engineering structures, and that subsidence alone does not explain the high rates of
coastal erosion along the study area. By the end of the century, ongoing coastal erosion rates of up to
—25 m/yr, annual rates of subsidence of about —1 cm/yr, and current trends of global sea-level rise
are expected to increase flooding levels and jeopardize the existence of the deltaic barrier island.

Keywords: sea-level rise; INSAR; Magdalena River; coastal changes; subsidence; mangroves; sedi-
ment compaction

1. Introduction

The Intergovernmental Panel on Climate Change forecasts rates of sea-level rise (SLR)
between 8 and 16 mm/yr by the end of the century, resulting in a global sea-level rise
between 0.52 to 0.98 m for a high greenhouse gas emission scenario [1]. Adding to the
predicted increases of global mean sea level (GMSL), the upward or downward movement
of the land surface—also known as vertical land motion (VLM)—may exacerbate relative
sea-level (RSL) changes at local scales. Changes in RSL result from the combined effect of
the mean sea-level height (i.e., GMSL) and VLM [2], and it is measured relative to a local tide
gauge benchmark [3]. The most common triggers of VLM are glacial isostatic adjustments
(GIA), earthquakes and tectonics, aquifer compaction and sediment consolidation [34].
Where VLM takes place near the coast, it may modify the coastline by the emergence
or submergence of the terrain [2], resulting in, for example, shoreline progradation or
retreat, respectively. Within the various causes of VLM, this work focuses on subsidence,
defined as the downward movement of the land surface with respect to a datum or point
of reference [5], and how it relates to coastal morphodynamics. Subsidence is driven
by factors such as natural sediment compaction [6], fault displacements [5], or human
actions (e.g., groundwater extraction [7], withdrawal of petroleum and natural gas [8], soil
desiccation [9]).
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Deltas are common coastal landforms formed by the deposition and reworking of
sediments from river systems where they enter larger bodies of water, such as oceans or
lakes. Worldwide, most large deltas are subsiding at rates faster than the present global
sea-level rise [10]. In the case that abundant sediment supply exists, a trade-off can be
established between sediment delivery and subsidence in deltaic areas: the sediment
deposition that triggers subsidence also helps compensate for or exceeds the subsidence.
For instance, in some locations of the Mekong Delta in Vietnam, sediment accretion exceeds
compaction rates, resulting in a net elevation gain of the delta surface [6]. However,
when the delivery of fluvial sediment supply decreases, sediment compaction is no longer
balanced by sediment deposition [6]. In this case, as the sediment matrix compresses and
dehydrates, fluid pressure decreases and organic carbon-rich materials, if present, oxidize
to carbon dioxide, resulting in a total mass and volume loss within the soil column [9]
(Figure 1). Torngvist et al. [11] noted that, adding to the sizeable natural component of
subsidence due to isostatic flexure and the compaction of young sediments, subsidence
caused by artificial drainage of wetlands and groundwater withdrawal can be up to an
order of magnitude faster. For instance, using interferometric synthetic aperture radar
(InSAR), VLM of up to —8 mm/yr have been measured in the coastal plain of the Selle
River mouth (southern Italy) [12] and of up to —5 mm/yr in the Tiber Delta in Rome [13].
Additionally, Zhang et al. [14] reported average VLM rates of —5.1 mm/yr in the modern
Yellow River Delta from 1992 to 2000.

Reduction of soil water and
soil water pressure
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Figure 1. Properties of soil structure before (left) and after (right) compaction takes place. Emission

N~

of CO, occurs when dehydrated organic-rich soils are exposed to atmospheric oxygen (modified
from Yuill et al. [8]).

Whilst the role of subsidence as a natural driver of delta growth and abandonment
has been recognized and coined as the cyclic evolution of deltas [15], its influence in the
evolution of coastal landscapes and the seaward progradation (i.e., accretion) or landward
retreat (i.e., erosion) of coastlines has not been fully addressed. Despite subsidence being
recognized as one of the key controls on coastline changes [13,16,17], the majority of
research has focused on the added impact of current subsidence rates and rising sea levels
for future scenarios of inundation and erosion (e.g., [12,18]). However, local-scale studies
can help to better understand how VLM (subsidence or emergence) translates to coastline
changes and related geomorphic responses. Accordingly, this study aims to support
evidence-based policymaking by (i) testing the application of InNSAR interferometry to
estimate the rates and spatial distribution of VLM in a coastal setting, and (ii) linking VLM
to recent coastline evolution derived from satellite imagery along a deltaic barrier.

Study Site

The study area is located in the Colombian Caribbean, between the municipalities of
Ciénaga and Barranquilla (Figure 2). The area extends 70 km along the coastline eastward
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from the mouth of the Magdalena River. As the largest basin in Colombia, the Magdalena
River and its tributaries cover 257,438 km? [19] and its discharge averages 10,287 and
4068 m3 /s during high and low flows, respectively [20]. Eight major shifts in delta location
have been reported for the river since the Pliocene, the latest of which has occurred since
the mid-Holocene, by way of a westward migration of a former river mouth located by the
Ciénaga Grande de Santa Marta (hereafter CGSM) to its present location [21] (Figure 2).
Adding to the natural displacement of the delta, human-made structures associated with a
harbor built in the 1920s near the mouth of the river have confined its mouth to a single
channel, thus further reducing the present influence of the Magdalena River in the study
area [22]. Moreover, a highway built next to the coastline in the 1950s to connect the cities
of Barranquilla and Santa Marta formed a causeway for the otherwise free interchange of
water between ocean and lagoons, producing accelerated degradation and mortality of
mangrove forest due to hypersalinization [23].

490000 550000 610000
1

CARIBBEAN SEA

Colombia

126?000

eSO

\

Ciénaga Grande
de Santa Marta

Legend
Study Area

118?000

ALOS Ascending Frame
D Sentinel-1 Ascending Frame
D Sentinel-1 Descending Frame
------------ Santa Marta Bucaramanca Fault (SMBF)

116?000

—— Highway
g @ Epicenter of Earthquakes 2007-2021 <
§- 5 20 Kilomieters
s V¥ GNSS Stations : e SRV

o =

Figure 2. Cont.



Geosciences 2021, 11, 300

4 0f 20

512729.8 542729.8 572729.8

e 20th km ,“ -
AthSC()sa\ s Kangari

-Cwatro

't._B()cas '

1218689.5
1

Ciénaga Grande de
Santa Mf;rta (CGSM) ;

=
[ ] Study Areal

Figure 2. Study area and its surrounding wetlands and lagoons; (a) the epicenters of earthquakes and
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the coverage of ALOS and the Sentinel-1A /B ascending and descending radar data are included. The
study site extends from the River Magdalena mouth (west) to the town of Ciénaga (east); (b) detail
of the study area indicating the locations referred to in the manuscript. The wind rose displays the
distribution of wind speed and direction for the study site.

The conditions described above have favored a transition of the landscape from fluvial
to littoral-dominated process, portrayed by a palimpsest of fluvial and marine landforms
such as channels, lagoons, oxbow lakes, salt plains, beaches, and dunes shaped by the
predominant northeasterly trade winds [24] (Figure 2). Following Oertel [25], the landforms
required to make up a barrier island system are present in the study area (i.e., mainland,
backbarrier lagoon, barrier island, barrier platform, shoreface, inlets and inlet deltas). The
sediments associated with these landforms, originated in marine and fluvio-lacustrine
environments [26], range from poorly consolidated sands along the shorefront to laminated
muds within lagoons and in the backshore. These Holocene sediments are bounded on the
east side by the Santa Marta Bucaramanga Fault (SMBF), a regional-scale striking left-lateral
structure that extends 374 km from the Caribbean coast to the eastern range of Colombia
(Figure 2a) [27,28]. The fault marks a contrasting relief change between the Sierra Nevada
de Santa Marta range east of the structure, and the flat topography of the Magdalena Delta
floodplain to the west. According to the records of seismological activity in the area, there
is no evidence of significant earthquakes associated with the SMBF with magnitudes (mb)
larger than 4.9 since instrumental records are available (i.e., 1984). The few earthquakes
registered for the observational period have magnitudes (mb) of less than 4.6 [29] (location
of epicenters shown in Figure 2a).

Rapid coastline changes have been identified in the study area since the 1950s, affecting
natural and human resources; specifically, coastal erosion rates increase alongshore in the
same direction as the littoral drift (east-west) [24]. Chronic erosion is threatening the
highway that connects the cities of Barranquilla and Santa Marta and, consequently, a rock
rip-rap structure was built in 2014 to protect the highway from continuous erosive processes
in a point known as the 20th km (the 0 km is located at the outskirts of Barranquilla) [30]
(Figure 2). This hard structure has fixed the coastline in that area, but adjacent sectors keep
rapidly retreating landward. The causes of coastal retreat have not been fully identified.
A regional analysis of the sea-level trends for the Caribbean coast between 1950 and
2001 found a statistically significant sea-level rise trend of approximately 2 mm/yr [31].
Moreover, a sea-level rise of 5.3 mm/yr between 1950 and 2010 was measured at a tide
gauge station located in Cartagena, approximately 100 km southeast of the study site [32],
which indicates that, in addition to regional sea-level rise, there might be additional drivers
contributing to the observed coastal retreat. Based on data from a global navigation satellite
system (GNSS) station, subsidence velocities between —1.78 and —1.82 mm/yr have been
quantified for Cartagena [33]. The influence of the rate of RSL change on barrier behavior
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is not completely understood, but some of the known effects of RSL rise include reworking
of sand eroded from barrier fronts into transgressive dunes and shifts in sediment supply
due to the modification of slope and course of rivers [34].

2. Materials and Methods

A two-fold approach was followed: (i) coastline changes were assessed using the
USGS Digital Shoreline Analysis System (DSAS) tool [35] for 20102020, and (ii) VLM rates
were quantified using Synthetic Aperture Radar (SAR) interferometric analysis of images
acquired for the periods 2007-2011 and 2017-2021. The results of these approaches were
illustrated and contrasted to establish the relationship between coastline changes and VLM.

2.1. Coastline Changes

Satellite images taken by GeoEye-1 and SkySat-1 platforms with 5 and 3 m ground
pixel resolutions, respectively, were used to trace coastlines between 2010 and 2020. Using
this imagery, past coastlines were visually delineated along the limit between wet and dry
sediment. This well-established methodological approach [36-38] provides a proxy for the
mean high water line (MHWL). Once a set of coastlines were established, changes were
quantified using DSAS [35]. From the various statistics that DSAS produces, the average-of-
rates (AOR) method, obtained by averaging the values resulting from the distance between
each pair of available coastlines divided by the time between surveys, was selected to assess
the rates of coastline changes over time. The AOR values were processed for transects
spaced at 100 m intervals, perpendicular to a reference baseline traced parallel to the
coastline. Accordingly, for two consecutive years, the accuracy of the coastline position
depends on the image resolution (5 or 3 m), the georeferencing error (estimated to be 1 m),
and a physical component of the error related to the magnitude of the tidal changes and
slope of the beach (as intertidal range/tan (slope)) [17,39]. The latter was assessed by using
an average beach slope of 9.0° (pers. obs. June/2019), and a maximum intertidal range
of 0.4 m. Determining the quadratic sum of each of these components yielded an annual
maximum uncertainty for coastline change estimates of 5.0 m/yr.

2.2. Vertical Land Motion Rates

SAR images from the Advanced Land Observing Satellite (ALOS) L-Band and Sentinel-
1A /B C-Band satellites (search.asf.alaska.edu (accessed on 14 May 2021)) were gathered for
the periods July 2007 to February 2011 and February 2017 to February 2021, respectively (see
details in Table 1). The ALOS data were acquired along ascending orbit geometry, whereas
ascending and descending orbits acquisitions were used for Sentinel-1. Interferograms
for selected pairs of images were created and unwrapped using GAMMA, an InSAR
processing software [40]. The analysis began with co-registering Single Look Complex
(SLC) images to a reference image, which includes a standard matching algorithm using
a digital elevation model (DEM), precise orbital parameters, and amplitude images [41].
For the Sentinel-1A /B datasets, the step above was followed by an enhanced spectral
diversity (ESD) approach [42,43]. Using this dataset, a set of high-quality interferograms
was generated, where only those interferograms with short perpendicular and temporal
baselines were processed. A multi-looking operator of 20 and 4 pixels in range and azimuth
was applied to obtain a ground resolution cell of approximately 46.0 m x 56.4 m (Table 1).
The corresponding figures for ALOS are 6 and 3 pixels in range and azimuth, resulting in a
ground resolution of 38.5 m x 23.6 m (Table 1).
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Table 1. Parameters used to create interferograms during InSAR processing.

Condition ALOS Sentinel-1A/B
Acquisition dates 2007-2011 2017-2021
Path 143/144 77/142
Frame 200 32/555
Baseline distance (m) 1000 500
Temporal distance (days) 600 400
Azimuth looks 3 4
Range Looks 6 20
Images 13 50/53
Pairs selected 7 63
Incidence angle (°) 38.8 34.0
Heading angle (°) 348.8 347.9/192.0

To calculate and remove the effect of topographic phase and flat earth correction [44],
a 1-arcsecond (~30 m) Shuttle Radar Topography Mission DEM [45] and precise satellite
orbital information were used. To identify the elite (i.e., less noisy) pixels, only those
pixels with average coherence larger than 0.65 were considered in the analysis, a value that
has been used in coastal landscapes with conditions similar to the study area [12,46]. To
retrieve the absolute (unwrapped) phase values, a minimum cost flow (MCF) algorithm
adapted for sparsely distributed elite pixels was applied (see unwrapping in in Figure 3).
Although the precise orbits are used, a few interferograms were still affected by a ramp-like
signal, which was removed by fitting a second-order polynomial to their unwrapped
phase [47]. Several wavelet-based filters were further applied to correct for effects of
spatially uncorrelated topography error and topography correlated atmospheric delay [48]
(see atmospheric and orbit correction in Figure 3). Subsequently, a re-weighted least square
approach was iteratively applied to invert the corrected measurement of the unwrapped
phase at each elite pixel and solve the surface deformation time series. The effect of residual
atmospheric errors was further reduced by applying a high pass filter based on continuous
wavelet transform to the time series of surface deformation at each elite pixel. Finally,
an estimate of the long-term line-of-sight (LOS) deformation rate was obtained as the
best-fitting linear slope (hereafter velocity) to the time series of surface deformation at each
elite pixel. Together with the LOS velocities, an estimation of the residuals for each elite
pixel is provided by plotting the standard deviation of the LOS velocities.

For the Sentinel-1A /B dataset, by combining the ascending and descending LOS
velocities in Equation (1), the vertical velocities were retrieved in Cartesian coordinates
over those areas where scatterers of both tracks overlap or are in close proximity [49].

dz =~ (DlosAsc + DlosDesc)/2 cos6 @D

where DlosAsc and DlosDesc are the LOS velocities along the ascending and descending
orbits, 0 is the incidence angle, and dz is the projection of the displacement along the
vertical Cartesian axis.

Only the Sentinel-1A /B dataset, therefore, yielded true estimates of VLM. In the case
of ALOS data, a qualitative comparison was carried out between its LOS velocities and
those obtained after processing the Sentinel-1A /B dataset. It should be noted that in using
LOS velocities, the horizontal and vertical velocities are not separated for the observed
period. The qualitative comparison between the velocities was made after performing an
inverse distance weighted (IDW) interpolation model for transforming the discrete points
representing VLM and LOS velocities of individual scatterers into a continuous surface.
IDW has been used to interpolate INSAR scattered data points where a relationship or
influence over neighboring data is not proven [49]. After running the IDW using a 120-m
neighborhood search radius weighted with a cubic exponential power, a 100-m resolution,
continuous velocity surface was obtained. A Moran’s I test was used to support the choice
of distances above for the IDW interpolation. The steps and parameters to obtain the VLM
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are summarized in Table 1 and Figure 3. Lastly, aggregations of both the VLM and coastline
change transects at 1.5 and 5 km resolutions were performed to examine the effect of scale
on our observations. The results are presented in the Supplementary Materials.
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Figure 3. Flow diagram of interferometric processing of INSAR data (modified from Li et al. [50]).

Uncertainties in VLM rate estimates arise from the backscatter signal being affected
by soil structure and moisture [51,52], resulting in apparent ground deformation values
that may reach 0.5 radians [53]. Considering this value as the maximum uncertainty level,
an annual uncertainty of £0.2 cm/yr and £0.7 cm/yr is expected for Sentinel-1A /B and
ALOS, respectively. Adding to soil variability, the amount of radar wave penetration in
areas with vegetation coverage depends on the structure and density of the canopy and the
radar wavelengths; accordingly, wavelengths less than 10 cm (C-band, e.g., Sentinel-1A/B)
mostly sense the upper portions of vegetation whilst wavelengths longer than 20 cm (L-
band, e.g., ALOS) penetrate deeper into the canopy and can interact with the ground [54],
yielding higher coherence values than C-band data [55]. Consequently, ALOS has proven
to be more effective in reaching scatters below sparse vegetation [56,57].

Last, the deformation values obtained using SAR data were compared and validated
with the velocity values from two permanent GNNS stations located in Barranquilla
(11.0197°/ —74.8496°) and Santa Marta (11.2253° / —74.1870°). Despite these stations being
situated outside the study area, the satellite frames covered their locations, rendering them
helpful to establish whether the trends found using these two approaches were alike (see
Figure 2 for the location of GNSS stations).

3. Results
3.1. Coastline Changes

The average annual horizontal coastline change rates for 2010-2020 ranged from over
—25 to +15 m/yr (Figure 4). Erosion rates increased alongshore in the same direction as the
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littoral drift (east-west). The only exceptions to the predominant erosive regime occurred
on the westernmost segment of the study area where accretion rates larger than +10 m/yr
were identified. Localized accretion was also observed on the east side of the mouth of the
CGSM and next to two groins built west of the coastal town of Ciénaga in the early 2010s
(see white and green colors in Figure 4).

513641
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Cuatro 2 L
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Figure 4. Coastline changes (m/yr) as derived from DSAS for the period 2010-2020.

From the mouth of the CGSM to the 20th km, erosion ranged between —1 and
—10 m/yr (see pink and yellow transects in Figure 4). This erosion peaked along the
stretch between the 20th km and La Atascosa lagoon (orange and red transects in Figure 4)
and reached local average values up to —25 m/yr. Erosion rates progressively decreased
westward from this lagoon and changed to accretion west of the El Torno lagoon (see green
colors in Figure 4), where a levee, built at the mouth of the Magdalena River, hampers the
westerly movement of sediment. The most significant erosion rate values for 2010-2020
occurred seaward of La Atascosa lagoon. Upon inspection of the imagery, it was observed
that this largest average erosion rate was produced from the migration of an inlet after a
breach of the lagoon in 2016.

3.2. Vertical Land Motion (VLM) and Line of Sight (LOS) Velocities

For both ALOS and Sentinel-1A /B data, vegetation coverage and the high dynamics
of the coastline resulted in areas below the coherence threshold of 0.65 established in
this work. Thus, there is a lack of information westward of Cuatro Bocas lagoon, where
wetlands and vegetation are widespread (Figures 5 and 6). However, bare and sparsely
vegetated terrain along the barrier island, particularly in the eastern and central areas
where salt plains, stabilized dunes, and paleo-beaches are typical, provides a continuous
strip of sufficient return signal, achieving the coherence threshold.

VLM velocities, calculated by combining the LOS velocity vectors of Sentinel-1A
(i.e., ascending track) and Sentinel-1B (i.e., descending track) are shown in Figure 5. The
Supplementary Materials show the same results of Figure 5 after aggregating the data in
1.5 and 5 km sections. In the coastal town of Ciénaga and northeast from this location, it is
observed that VLM velocities are larger than —0.5 cm/yr, and decrease (i.e., become more
negative) around the CGSM. West of Ciénaga and seaward from the CGSM, the signal is
patchy. Subsidence rates are the largest westward from the location known as Kangaru
(see Figure 2b for location), reaching values of up to —1.0 cm/yr along the stretch of coast
between Kangaru and Cuatro Bocas lagoon, a sector characterized by erosion rates larger
than 5 m/yr (see yellow and orange transects in Figure 5). In contrast, velocities larger
than +0.5 cm/yr were observed west of the CGSM mouth (see dark blue in Figure 5).
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Figure 5. VLM rates for 2017-2021 as derived from Sentinel 1A /B data and coastline changes for
2010-2020 displayed with an arbitrary offset from the actual coastline for presentation purposes.
Positive velocities (white and cold colors) represent stable areas and displacements toward the
satellite, while negative velocities (warm colors) indicate displacement away from the satellite.
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Figure 6. LOS velocities for (a) Sentinel-1A ascending track for 2017-2021; (b) Sentinel-1B descending
track for 2017-2021, and (c) ALOS ascending track for 2007-2011. Positive velocities (white and cold
colors) represent stable areas and displacements toward the satellite, while negative velocities (warm
colors) indicate displacements away from the satellite. The location of the four time series described
below is shown in (a).

LOS velocities from Sentinel-1A and B show the same trend as the overall VLM
(Figure 5) along the deltaic barrier island, suggesting that the vertical component of land
displacement dominates over the horizontal component at this incident angle (Figure 6a,b).
LOS velocities related to scatterers in the coastal town of Ciénaga were around zero for
all three tracks illustrated in Figure 6, and became smaller (i.e., subsidence increased),
southward from the town, towards the eastern margin of the CGSM. Westward from
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the town Ciénaga, specifically in the stretch of coast between the mouth of the CGSM to
Kangart (see Figure 2b for locations), LOS velocities of Sentinel-1A showed a zone ranging
from 0 to +0.5 cm/yr (white colors in Figure 6a), whereas both ALOS and Sentinel-1B
indicated LOS velocities ranging between —0.5 and —1.5 cm/yr (see orange and brown
colors in Figure 6b,c). Westward of Kangaru (close to site 2 in Figure 6a), the LOS velocities
of ALOS, Sentinel-1A, and Sentinel-1B revealed negative values along the coastline and
around the wetlands.

The standard deviation (S.D.) of the LOS velocities, illustrated in Figure 7, indicates
that the smallest spread of the LOS velocities, given by the standard deviation values closer
to zero, is found for the Sentinel-1B data (Figure 7b). For all tracks, the smallest standard
deviation values occur in the town of Ciénaga (Figure 7), reflecting higher coherence values
in urban settings. In the undeveloped areas, the largest S.D. values occur on the CGSM
shores (see red colors in Figure 7), where the most negative LOS velocities within the study
site occur (Figures 6 and 7). In general, it is observed that extreme LOS velocities, either
positive or negative, coincide with high S.D. values (red colors in Figure 7).
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Figure 7. Standard deviation (S.D.) for each pixel of the estimated LOS velocities for (a) Sentinel-
1A ascending track for 2017-2021; (b) Sentinel-1B descending track for 2017-2021, and (c¢) ALOS
ascending track for 2007-2011. Red/green colors indicate high/low variability in the LOS velocities
over time.
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3.3. LOS Displacement Time Series

To inspect the trends of the land displacement over time, the LOS displacement time
series of four sites are depicted in Figures 811, whose locations are shown in Figure 6a.
Figure 8 shows the LOS displacements for site 1 and exemplifies the anthropogenic impact
on VLM (Figures 6a and 8). In this sector, to face coastal erosion on the western side of the
mouth of the CGSM, two groins were built in 2012. These coastal structures produced a
gain of sediment on the updrift side of the groins, reflected by a slope value of 0.9 cm/yr
for the best fitting line to the associated time series.

Future groin

location

2010-05-02 2 Kilometers 2019-09-22 0 05 1 2 Kilometers H
e s o H——————
o
—_ o] [e]
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Figure 8. Satellite images before (a) and after (b) the groins were installed. Location of time series is indicated by white
dot; (c) LOS displacement time series from Sentinel-1A for 20172021 (line represents the best fitting line with a slope of
0.9 cm/yr), and (d) photograph of the groins taken in 2014. Source of imagery: GeoEye images provided by Planet Labs Inc.
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Figures 9 and 10 illustrate the time series of an area that was densely vegetated with
mangroves until the 1980s (site 2 and 3, Figure 6a). This sector became the location of
frequent overwashes that left behind sandy deposits, buried vegetation, and vegetated
dunes scarped by erosive processes [24] (Figure 9c). Typical time series show gradual
downward displacement with slopes of approximately —0.5 cm/yr (Figures 9b and 10b).

The westernmost time-series transect was located seaward from El Torno lagoon
(site 4, Figure 6a). Although the shorefront in this area is erosive, no breachings have been
observed in this lagoon during the last decade, and limited overwash deposits appear on
satellite imagery. The area between the lagoon and the coastline consists of beach sands
and embryo dunes sparsely covered with pioneer vegetation. LOS velocities for this site
revealed a negative slope of —1.2 cm/yr for the linear fitting regression.
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Figure 9. (a) Aerial photograph taken in 1953 showing the former mangrove forest before the highway was built. Parabolic
dunes are seen in the backshore. Location of time series is indicated by white dot; (b) LOS displacement time series from
Sentinel-1A for 2017-2021 (line represents the best fitting line with a slope of —0.52 cm/yr), and (c) shows standing dead
trees on a former wetland.
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Figure 10. (a) Area affected by coastal erosion seaward of the highway as observed in 2013. Location of time series is
indicated by white dot; (b) LOS displacement time series from Sentinel-1A for 2017-2021 (line represents the best fitting line
with a slope of —0.71cm/yr), and (c) photograph of the dunes landward from the 20th km. Source of imagery: Digital Globe

provided GeoEye image.
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Figure 11. (a) El Torno lagoon showing stabilized washover in 2013. Location of time series is indicated by white dot;
(b) LOS displacement time series from Sentinel-1A for 2017-2021 (line represents the best fitting line with a slope of
—1.2 em/yr); (c) photograph of the beach seaward, and (d) next to the north shore of the lagoon. Source of imagery: Digital

Globe provided GeoEye image.
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3.4. Comparison of VLM and LOS Velocities and GNSS Data

The trends in vertical land movement measured at the GNSS stations located in Santa
Marta and Barranquilla were contrasted with VLM and LOS velocity values from InNSAR
pixels located nearby these stations. Every four years, daily readings for each station were
processed by the Deutsches Geoditisches Forschungsinstitut (DGFI) to provide long-term
displacements for a network of permanent stations in South America. Roughly matching
the time span for ALOS data, a solution for 2006-2011 compiled for the GNSS station in
Santa Marta (Figure 2), indicated a vertical displacement of —0.52 cm/yr for that period [58].
For the same area, LOS velocities of —0.12 cm/yr were found for ALOS data. For the GNSS
station in Barranquilla, vertical displacements of —0.14 cm/yr were reported for 2007-
2009 [58], whereas a value of —0.31 cm/yr was obtained for the ALOS LOS velocities
for 2007-2011. Sentinel data is not available for these years. For the period 2017-2021,
VLM estimates using Sentinel-1A /B data near the Santa Marta station are —1.31 cm/yr.
An updated processed solution for the GNSS stations to contrast the above values is not
available yet.

4. Discussion
4.1. Subsidence in Deltas

Dating of modern deltas reveals that many major deltas worldwide were formed
during the Holocene between 8,500 and 6,500 years before the present. The Fraser (Canada),
Mississippi (United States), and Nile (Egypt) River deltas, to cite a few, were all formed
within that period [59]. Accordingly, it has been suggested that following the initial rapid
SLR during deglaciation, Holocene deltaic sequences began to accumulate as the rate of
fluvial sediment input exceeded the declining rate of SLR in continental margins [59].
Compaction of the strata deposited during the Holocene has been described as a major
driver of natural land subsidence in these dynamic environments [11,60]. In the case of the
Magdalena River, we argue that downward trends in vertical land motion (VLM) reflect
ongoing subsidence associated with modern fluvio-lacustrine sediments [26,61] that overlie
relict sediments from a former delta that migrated westward after the mid-Holocene [21].
Low magnitude seismological activity associated with the SMBF indicates that VLM
estimates reported in this work (Figure 5), at least during the period of observation (2007-
2021), are not earthquake-driven, which suggests that one of the primary drivers of this
process is sediment compaction of organic and mud deposits.

VLM in the study site is closely related to the Holocene history of the Magdalena
delta and the supply of sediment from the drainage basin. Natural drainage displacements
and levee constructions since the 1920s [22] have progressively diminished the amount
of sediment delivered by the Magdalena River to the study area [22], disrupting the
balance between sedimentation and natural compaction of sediments. More recently, the
construction of the highway between Barranquilla and Santa Marta in the 1950s hampered
the interchange of water between lagoons and ocean [23], indirectly causing subsidence by
disturbing the mangrove forest.

Compared to previous assessments of RSL change for the region, which indicate
current rising sea levels of approximately 0.5 cm/yr [32], local subsidence values of up
to —1.5 cm/yr highlight the relevance of incorporating subsidence in the prediction of
SLR and coastline positions. Earlier work aiming to correlate coastline erosion to sea-
level rise, as measured from historical tide gauges, revealed that the average coastline
change is two orders of magnitude greater than the rate of the sea-level rise [62]. Thus, by
increasing the rate of local RSL, subsidence might increase future flooding risk associated
with storms [55,63], resulting in the possible drowning of the deltaic barrier island.

4.2. Linking VLM and Coastal Erosion

The coastline changes and VLM findings are contrasting. Whereas erosion processes
underlie most of the study area, the signal of VLM is highly variable along the study area.
In other words, not all areas with annual shoreline erosion rates larger than the uncertainty
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threshold (i.e., 5.0 m/yr) were associated with local subsidence. This indicates that
subsidence is a factor that can exacerbate the impact of ongoing erosive processes. We
explored the influence of scale by examining aggregations of the data at 1.5- and 5-km scales
(see Supplementary Materials). At all scales considered, the sector with high coastline
erosion rates of around —10 m/yr coincided spatially with subsidence rates of up to
—1.0 cm/yr (i.e., stretch between Kangarii and Cuatro Bocas in Figure 5). Regions that
exhibited coastal erosion within the range of uncertainty (+ 5m/yr, e.g., seaward from
the CGSM) showed a variable VLM signal at all scales. A similar interplay is described
for a stretch of coast comprised of marshes and mud in the Mekong Delta in Vietnam,
where secular coastal erosion values larger than —50 m/yr are paired with subsidence
rates exceeding —1.5 cm/yr [17]. Similarly, high coastal erosion trends in an abandoned
lobe of the Yellow River delta in China were associated with average subsidence rates
of —0.7 cm/yr and up to —2.1 cm/yr for the period 1992-2000 [13]. These observations
highlight the regional variability and complexity of drivers behind the coastal change that
demand weighing the different drivers of change even within one deltaic system.

In addition to the natural compaction caused by sediment overloading, the site-specific
subsidence rates observed along the stretch of coast between Kangara and Cuatro Bocas
might be triggered by the effect of localized dehydration and mortality of mangrove forest
(Figure 1), following the highway construction in the early 1950s [23]. In this sector, as
the mangrove decayed after the highway construction, soil salinity has hampered the
establishment of vegetation [23], giving place to barren or sparsely vegetated swales (see
Figure 9¢c). Yuill et al. [8] report that a large component of subsidence in organic-rich
soils (e.g., peats associated with mangroves) is due to the exposure of soils to atmospheric
oxygen, which reduces soil volumes by converting organic carbon into carbon dioxide
gas (Figure 1). In coastal Louisiana, at least 60% of subsidence takes place within the
uppermost 5-10 m, where woodpeat is widespread [11]. Subsidence in the former man-
grove forest within the study area (Figures 9 and 10) may therefore be higher with this
additional factor at play and is at its root caused by the anthropogenic alteration of the
wetland. Other factors causing site-specific variability in subsidence rates are related to the
uneven distribution of compressible sediments, hydraulic properties in aquifer systems,
and groundwater extractions from aquifer systems [56,57]. In the Mississippi delta, the
variability of the underlying Holocene lithology modulates compaction rates and their
spatial variability [11]. Such factors may explain the variability in VLM and LOS velocity
observations east of Kangaru (Figure 5). A lack of detailed knowledge of the Holocene
stratigraphic sequence at this site hinders establishing any current relationship between
subsidence rates and underlying substrates, but surficial geological cartography, developed
by the Colombian Geological Survey [26], indicates that subsidence takes place in alluvial
and fluvial-lacustrine sediments that make up a floodplain landform [24].

A rise in relative sea level as a product of either subsidence or an increase of GMSL
creates more space for sediments to accumulate (i.e., accommodation space) [64], which is
an underlying condition for transgression to occur. In other words, for any given interval of
time, accommodation space is created by a rise in sea level and/or subsidence. Thus, where
rates of accommodation space are larger than sediment deposition, there is a landward shift
in sedimentary environments, an expansion of the subtidal zone [65], and a landward dis-
placement of the barrier [34]. Although stratigraphic evidence of a transgressive succession
was not gathered in this work, previous mapping of chronic erosion in conjunction with
frequent overwashes between Kangaru and Cuatro Bocas [24] indicate that transgression
might occur along this stretch of coast. Transgression was identified by two processes
acting in tandem on the landscape: (i) storm overwash deposition resulting in temporal
accretion of sediments landward of the contemporaneous shoreline, followed by (ii) a
period of more gradual erosion interrupted by a new overwash cycle. Thus, we suggest
that subsidence velocities of up to —1 cm/yr in the observed stretch of coast are a factor
that underpins transgression of the coastline and the occurrence of overwashes, resulting
in a landscape composed of scarped dunes and eroding beaches overlain by washover fans
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and surrounded by overwash channels. The spatial variability of VLM and LOS velocities
east of Kangaru (see Figure 5) refrain us from extending the hypothesis of a transgressive
shift of the coastline to the stretch of coast seaward from the CGSM.

4.3. Utility and Limitations of InSAR for Interpretations of Coastal Landscape Change

Within the study area, the analyses of four specific sites show the potential of INSAR
as a tool to help explain local changes to the landscape. Although somewhat expected,
coastline accretion and the upward movement of the terrain on the updrift side of a pair of
groins built in 2012 (Figure 8 and site 1 in Figure 6a) stresses the reliability of the technique
and its effectiveness in detecting VLM. It also illustrates that VLM estimates may include
upward VLM related to crustal motion and the effect of sediment deposition and surface
accretion. In a similar manner, in addition to subsidence, the finding of LOS velocities
smaller than —1.0 cm/yr seaward of El Torno lagoon and near the coastline (Figure 11 and
site 4 in Figure 6a), might be influenced by the erosive regime of the coastline. Indeed,
Shirzaei et al. [55] indicate that, in dynamic landscapes, VLM estimates do include changes
in surface elevation due to erosion or deposition and must be separated from other types
of VLM. Thus, in addition to the locations mentioned above, areas next to sand beaches,
such as the coastal town of Ciénaga and the westernmost extreme of the study site, the
VLM velocities might be influenced by the removal or deposition of sand associated with
erosion or accretion.

In contrast to the aforementioned locations, the locations of the time series for sites
2 and 3 are over 1 km landward from the coastline (see Figures 6a, 9 and 10), in sectors
that were populated by abundant mangrove forest until the 1980s. Therefore, this area
is prone to gas emission related to the oxidation of organic-rich soils. VLM along these
locations ranges between —0.5 and —1 cm/yr (Figures 5, 9b and 10b). As the sites selected
for the time-series profiles are not in close vicinity to the coastline, their velocity values
are not influenced by the erosive regime of the coastline and can be considered to reflect
subsidence only. Deltaic areas with similar subsidence rates to the values reported above
have been described elsewhere [12-14].

Caveats of the INSAR methodology in this study also arise in vegetated areas when
the surface backscattering properties due to growing vegetation change through time [66].
This factor is especially the case for wavelengths of less than 10 cm (e.g., Sentinel-1 A/B
C-band) that interact with leaves and soft-stemmed vegetation. The constantly changing
vegetation conditions result in temporal decorrelation and a reduction of the coherence
level [66,67]. This issue was addressed by contrasting the outcomes of Sentinel-1A/B
with ALOS, a satellite with a longer wavelength (L-band), which penetrates deeper in the
canopy or ground surface [54]. When comparing LOS velocities for Sentinel-1A /B and
ALOS ascending orbit, we found that, even though the latter provided absolute larger
subsidence values, the trends for both platforms were aligned for most of the study area
(Figure 6).

Given the caveats mentioned above, the absolute values of VLM should be interpreted
with caution in the context of an application demanding high accuracy levels. However,
despite the lack of temporal overlap between the Sentinel-1A /B and ALOS datasets, the
outcomes of ALOS and Sentinel-1A /B were consistent in revealing areas prone to upward
and downward movements with respect to a reference point in Ciénaga.

5. Conclusions

This study combined satellite images and InSAR data to examine the interplay of
vertical land motion (VLM) (2007-2021) and coastline changes (2010-2020) along a deltaic
barrier in the Colombian Caribbean. The findings are as follows:

e Annual coastal erosion rates increase in the same direction as the littoral drift (i.e.,
East-West direction), reaching a peak of —25 m/yr next to a lagoon known as Cuatro
Bocas. In contrast, VLM patterns are highly variable along the study site, precluding
linking coastal erosion rates to negative VLM values in general.
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e VLM in the study area is linked to the Holocene History of the Magdalena River
delta and the supply of sediment from the drainage basin. Anthropogenic alterations
are known to have caused alteration in sediment supply, which is not sufficient to
counterbalance sediment compaction.

e  Although subsidence alone does not explain the high rates of coastal erosion along the
study area, it is a factor that enhances erosive processes and is linked to the occurrence
of overwashes and breaching of lagoons. The zones with the highest subsidence (up
to —1.5 cm/yr) are areas surrounding the Ciénaga Grande de Santa Marta composed
of marshes and mud. These local subsidence values are at least two times larger than
gauge-measured rates of SLR.

e Local subsidence rates of up to —1 cm/yr were found in an area where mangrove
forest was abundant before a highway was built in the 1950s. The likely primary
drivers of subsidence in this sector are sediment compaction of the Holocene alluvium
and gas emission followed by oxidation from organic-rich soils.

e  Using InSAR close to the coastline is complex due to the ever-changing condition of
the littoral, particularly in vegetated and highly dynamic coastlines. In those areas
of the study site next (within ~100 m) to the coastline, the velocities obtained by
combining Sentinel-1A /B interferograms might reflect the added effect of VLM of
land surface change due to sediment accretion/erosion.

There is a lack of research that jointly discusses coastal dynamics and VLM at a local
scale to date. Thus, this work provides a baseline to be used as a blueprint to track coastal
dynamics and future ground motions once longer records of radar data become available.
In addition to contributing to the explanation the chronic erosion of the study area, the
outcomes of this project are relevant for engineers of a proposed expansion to the current
highway.
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.3390/ geosciences11070300/s1; Figure S1: VLM rates for 20172021 as derived from Sentinel 1A /B
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