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Abstract: Buenaventura on the Colombian Pacific coast has experienced a wide range of threats,
mainly due to the effects of coastal erosion and flooding. Globally, millions of people will expe-
rience increased vulnerability in the coming decades due to climate change. The change in the
coastline (1986-2020) over time was analyzed with remote sensors and the Digital Shoreline Analysis
System (DSAS) in conjunction with GIS. A total of 16 indicators were selected to quantitatively
evaluate exposure, sensitivity, and adaptive capacity to construct a composite vulnerability index
(COVI). The endpoint rate (EPR) of the change in the coastline was estimated. The results showed
that 35% of the study area was stable, 18% of the coastline experienced erosion processes, and 47%
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experienced accretion. The COVI analysis revealed that coastal watersheds show great spatial het-
erogeneity; 31.4% of the area had moderate vulnerability levels, 26.5% had low vulnerability levels,
and 41.9% had high vulnerability levels. This analysis revealed that the watersheds located in the
northern (Malaga Bay) and central (Anchicaya, Cajambre, and Rapposo basins) parts of the coastal
zone were more vulnerable than the other areas.

Keywords: coastal vulnerability index; coastal erosion; shoreline change; GIS; remote sensing;
coastal watersheds

1. Introduction

The coastal areas of Colombia cover less than 7% of the land surface of the country
and support a population of 6 million inhabitants [1]. In recent years, the Colombian
Pacific coast has experienced a wide range of catastrophic threats to its ecosystems, pop-
ulation, and infrastructure, mainly due to the effects of coastal erosion and flooding [2].
The destruction of ecosystems, climate change, population growth, and human activities,
such as deforestation and mining, will increase vulnerability even more in the coming
decades [3-6]. Globally, approximately 10 million people experience negative effects from
tropical storms, coastal erosion, floods, and storm surges each year, which is expected to in-
crease to 50 million by 2080 due to climate change and high sociodemographic pressure [7].
Coastal flooding and sea level are expected to increase significantly by the middle of the
century [8]. How vulnerability should be assessed to generate adaptation and resilience

strategies in the face of potentially disastrous events in the coastal zone is a global concern
of scientific communities. [8,9]. However, the intensity and severity of hazardous events
vary spatially, and they often become disasters when combined with the vulnerable socioe-
conomic environment of the human population [10]. Vulnerability is the degree to which a
system is susceptible to natural hazards and social changes; it is a concept with multiple
dimensions, encompassing the economic, political, physical, social, and environmental
dimensions [11]. Vulnerability to any event can be explained as a function of exposure, sen-
40/). sitivity, and the ability to adapt or cope [12]. The definition of vulnerability implemented
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by the Intergovernmental Panel on Climate Change (IPCC) is one of the most widespread
concepts in the world for conducting vulnerability assessments of multiple hazards [7].
To address this problem in Colombia, it has been proposed to include coastal erosion in
disaster risk management as a public policy approach [13,14].

In recent years, evaluation of coastal vulnerability with an emphasis on geomorpholog-
ical and physical factors has focused on the use of the coastal vulnerability index (CVI). This
index was designed to estimate areas of risk caused by environmental and socioeconomic
hazards and is widely used to implement decision-making within the framework of risk
reduction. The CVI approach was initially developed by Gornitz [15,16] to study the vul-
nerability of the east coast of the United States of America due to sea level rise. The index
allows to relate six physical variables in a quantifiable way and produces numerical data
that cannot be directly equated with particular physical effects, but it does highlight the
regions where the various effects of sea level rise may be greater [17]. Subsequently, the CVI
was used to assess vulnerability along the Atlantic coast by the United States Geological
Survey (USGS) in the study of Thieler and Hammar-Klose [18]. In the analysis of coastline
change, some studies focused on analyzing the geomorphological and physical factors of
the CVI but also included socioeconomic variables to develop resilience to the threats of
climate change [19-24]. The state of vulnerability can be determined based on a group
of conditions and processes resulting from physical, environmental, and socioeconomic
factors that increase the susceptibility of people living in coastal areas to natural hazards,
including their ability to adapt and respond to disasters [25,26].

Based on the CVI, other indices have been developed that focus more extensively
on the conceptual structure of the vulnerability index using a process of analytical hierar-
chy, and this index is called the composite vulnerability index (COVI). Recently, several
researchers have used this method to evaluate coastal vulnerability by incorporating differ-
ent factors that indicate different dimensions (physical, ecological, social, and economic),
including parameters such as biophysical exposure, sensitivity, and adaptive capacity
or resilience to evaluate multiple hazards. For example, Zhang et al. [27] evaluated the
coastal vulnerability to climate change of Bohai in China considering fifteen factors related
to ecological, physical, and socioeconomic conditions in a COVI. Ghosh and Mistri [28]
evaluated coastal vulnerability as a function of multiple factors with the composite vulner-
ability index in the lower delta of the Sundarban, India considering 22 indicators, mainly
physical, climatic, and socioeconomic variables. Sahana and Sajjad [29] evaluated floods
focusing on storm surge with a vulnerability index composed of remote sensing infor-
mation in the Sundarban Biosphere Reserve, India considering seventeen factors. Finally,
Furlan et al. [30] developed a multidimensional CVI to evaluate vulnerability to flood
scenarios along the Italian coast considering multiple indicators. Although there are studies
that evaluate the general vulnerability of the coasts of Buenaventura [13,21,22,31,32], these
have focused mainly on geomorphological and physical dimensions. Numerous studies
have been conducted around the world to examine different aspects of coastal vulnerability
with a geospatial approach using the CVI and COVI (Table 1).

The objective of this work is to analyze coastal erosion at the watershed level using
remote sensors in conjunction with GIS to build a COVI. Selection of indicators and the
weighting assigned to each indicator are important parts of the study. Incorporation of
physical, environmental, and socioeconomic variables to evaluate various indices using
a weighting method allows a comprehensive view of spatial vulnerability considering
that coastal watershed is the most appropriate scale to assess vulnerability to natural and
anthropogenic changes.
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Table 1. Studies conducted worldwide with a geospatial approach that uses coastal vulnerability

indices.
Index Tools * Year Country Author
GIS, RS, DSAS 2021 India Bera and Maiti, 2021 [19]
GIS, RS, DSAS 2021 India Pramanik et al., 2021 [23]
GIS, RS, DSAS 2021 Egypt Abdelaty, 2021 [33]
GIS, RS, DSAS 2021 Greece Boumboulis et al., 2021 [34]
. GIS, RS, DSAS 2020 Ttal Sekovskia et al., 2020 [35]
Coastal Vulnerability GIS 2019 Brasi Serafim et al., 2019 [24]
Index (CVI) GIS 2019 Spain Koroglua et al.,2019 [36]
GIS 2019 Malaysia Mohda et al.,2019 [37]
GIS, RS, DSAS 2019 Bangladesh Hoquea et al., 2019 [38]
GIS 2019 Colombia Coca and Ricaute, 2019 [21]
GIS, RS, DSAS 2019 Colombia Gallego and Selvaraj, 2019 [22]
GIS, RS, DSAS 2021 Tunisia Hzami et al., 2021 [39]
GIS 2021 China Zhang et al., 2021 [27]
Composite Vulnerability GIS 2021 India Ghosh and Mistri 2021 [28]
Index (COVI) GIS 2021 Italy Furlan et al., 2021 [30]
GIS 2020 India Rehman et al., 2020 [40]
GIS 2020 India Sahana and Sajjad,2019 [29]
GIS, RS, DSAS 2019 Bangladesh Mullick et al., 2019 [41]

* Geographic information system (GIS), remote sensing (RS), and Digital Shoreline Analysis System (DSAS).

2. Materials and Methods
2.1. Study Area

Buenaventura is located in the Valle del Cauca in the central zone of the Colombian
Pacific in one of the four Colombian departments on the coast of the Pacific Ocean. It
encompasses the extensive area of the municipality and special port district of Buenaven-
tura. It is bounded by the San Juan River to the north and by the Naya River to the south,
semienclosed by two bays: Bay of Buenaventura and Bay of Malaga. Geographically, the
coastal area has a total coastline of approximately 686 km and extends over the coordi-
nates 4°2.23’82" N and 77°26'18.87" W, at 3°13/33.21” N and 77°32/41.63" W, as shown
in Figure 1. The coastline is composed of barrier islands, intertidal zones, rocky cliffs, rocky
platforms, alluvial and intertidal plains, estuaries, sandy beaches, and salt marshes [42].
The beaches of Buenaventura are of natural origin according to the sedimentological de-
scription from the granulometric analysis made by the Institute of Marine and Coastal
Research of Colombia (INVEMAR) on beach samples for the sectors of Punta Soldado,
La Bocana, and Piangiiita in the department of Valle del Cauca. The average grain size
distribution in different sampling campaigns in the years 2012, 2014, and 2015, indicates
that, in this area of the municipality of Buenaventura, sediments showed a tendency mostly
to a fine grain size [1]. The Choc6 Biogeografico (biodiversity hotspot) includes the Pacific
coastline between Darién in Panama and northwestern Ecuador, passing through the entire
coastal strip of Colombia.

Within this hotspot, mangroves are one of the most important ecosystems in Valle del
Cauca, covering 140 km? [43]. The tides of the Colombian Pacific coast are regular semidi-
urnal, that is, with two high tides and two low tides per day with a period of approximately
12.25 h, and their tidal range can reach slightly more than 4 m [44]. Precipitation generally
shows monomodal behavior, with an annual average between 6821 mm and 7673 mm, and
there are approximately 228 days with rain. The average annual temperature for the Pacific
is 25.7 °C [45]. Structurally, Buenaventura is characterized by a flat morphology in the
south and cliff formations to the north. There are three levels of terraces present in the river
courses that seem to indicate recent tectonic activity of uplift and subsidence, formed by
Quaternary deposits [44]. Economically, the port area of Buenaventura consists of several
maritime terminals that provide port and logistics services in the most important port of
the Colombian Pacific through which a large part of Colombia’s foreign trade occurs. This
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port moves 47% of Colombian exports and imports, including those related to mining, oil,
and its derivatives [46]. Its population for 2020 was approximately 311,827 inhabitants,
demographically composed of African descendants and mixed-ancestry and indigenous
communities [47,48]. A percentage of the population lives in stilt houses located at or
close to the shoreline exposed to waves, increasing their degree of exposure to the tidal
regime [45]. Insufficient resources, multidimensional poverty, and remoteness are great
challenges for the community. Almost 33.3% of the population lives below the poverty
level [47]. Regarding studies of the coastal zone of Buenaventura related to vulnerability,
the study by Ricaurte et al., 2021 [11] stands out, where the dominance of each compo-
nent of the threat in the Colombian Pacific region was analyzed and it was established
that it is determined by fragility, mainly social, economic, and institutional. Coca and
Ricaurte 2019 [21] studied the town of La Barra since 2013, when a process of avulsion
towards the sea began; associated with this event, an accelerated coastal erosion process
could be measured, where the vulnerability of the population was evaluated. Gallego
and Selvaraj 2019 [22] applied the coastal vulnerability index (CVI) using eight variables,
three physical/hydrodynamic, three geological /geomorphological, and two socioeconomic
variables. The coastline was classified into five relative vulnerability ranges. Cifuentes et al.,
2017 [31] focused on studying the magnitude of shoreline change north of Buenaventura
District over a 30-year period. On average, they found a rate of change of —0.2 m per
year in the coastline, reflecting its erosional trend, with maximum EPR values of 26.9 m
of accretion and —21 m of coastal erosion. Uribe et al., 2020 [32] explored the degree of
vulnerability of ecosystem services in the northern area of Buenaventura to natural and
anthropogenic hazards. Sea level rise and coastal erosion are the most likely threats to
ecosystem services. One of the most significant dangers that threatens the study area is
coastal erosion. To evaluate vulnerability, the analyses were grouped using the division of
coastal watersheds (Figure 1).

2.2. Shoreline Change

The change in a coastline is an important parameter that can have a natural or an-
thropogenic origin and indicates the pattern of accretion/erosion in conjunction with
different processes, such as waves, tides, sea levels, and topographic shape [49]. The
coastline represents the boundary between the sea and the landmass. Evaluating coastal
erosion is essential for planning future management strategies, land use planning, and risk
management [50]. Historical photographs and high-resolution satellite data were used to
monitor coastline changes during a period of 34 years (from 1986 to 2020). Initially, ortho-
mosaics were created for 1986 based on data acquired from official datasets (aerial photos)
of the Agustin Codazzi Geographical Institute (IGAC). Two sets of airborne synthetic
aperture radar images (synthetic-aperture radar SAR) were used, the first for 2009 and
the second of 2015, being the most accurate public use datasets available for the terrain of
Buenaventura (Table 2). In addition, 19 high-resolution orthorectified images of the Plan-
etScope satellite from 2020 were acquired. The constellation of PlanetScope satellites
consists of groups of individual high-resolution satellites; each satellite has a 3U CubeSat
format (10 cm by 10 cm by 30 cm). The complete constellation of PlanetScope is approx-
imately 130 satellites and is capable of taking images of the entire Earth’s surface with
four spectral bands (blue, green, red, and near infrared (NIR)); it has a spatial resolution
of 3 m and a high temporal resolution (24 h) [51]. All sensors were used to extract the
multitemporal coastline (Table 2).
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Figure 1. Map of the municipality of Buenaventura and its coastal watersheds.

Table 2. Images and products of the remote sensors used for coastline data extraction.

Year Sensor Product * Spatial Resolution Source
1986 Aerial photography Orthomosaic 3m Geographic Institute of Colombia (IGAC)
2009 Synthetlc—ApeFture Radar Orthomosaic, DSM, DTM 3m Geographic Institute of Colombia (IGAC)
Image—Airborne
Synthetic-Aperture Radar . Regional Autonomous Corporation of
2015 Image—Airborne Orthomosaic, DSM, DTM 3m Valle del Cauca (CVC)
2020 Satellite PlanetScope Orthomosaic 3m This project

* Digital surface model (DSM) and digital terrain model (DTM).

To reduce uncertainty during the vectorization of the coastline from remote sensing
data at the time of image capture, the tidal fluctuation error was taken into account [52].
The tidal errors were considered low since the acquired images showed the tides oscillating
between 0.4 and 2.3 m based on the data from the port of Buenaventura tide gauge,
obtained from tide tables for the study area [53]. Taking into account the spatial resolution
of 3 m, the possible displacement of the coastline by the tide was within the spatial
uncertainty of the data. A visual interpretation of the coastline was performed using
Catalyst software (v 2022, PCI Geomatics, Ontario, Canada) and ArcGIS (v 10.8, ESRI,
Redlands, California, USA), in conjunction with Digital Shoreline Analysis System (DSAS)
software, which complements ArcGIS and was developed by the Coastal Change Hazards
project of the US Geological Survey. The DSAS allows the user to calculate rate of change
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statistics from multiple historical coastal positions; the rate of shoreline disposal/change
was estimated through the software by calculating the end point rate (EPR) statistical
parameter. The EPR is obtained by dividing the distance of coastline movement with the
elapsed time between the oldest and youngest coastline position [54]. From the digitized
coastlines for the four examined years (Figure 2), the date, uncertainty value, and type of
coastline were standardized as required by the DSAS format. To create a uniform baseline,
an interval of 25 m was used to create transects perpendicular to coastlines.

[BuenaventuralBay BuenaventuralBay]

BuenaventuralBayd BuenaventuralBayJ

TrE0W
. - e s Kilometers
Shoreline 0 0425 0385 1.7

Figure 2. Example of digitization of the coastline in Buenaventura Bay in different years: (a) aerial
photography mosaic from 1986, (b) airborne radar image from 2009, (c) airborne radar image from
2015, (d) PlanetScope 2020 satellite image.

2.3. Justification of the Indicators

A methodology was implemented to estimate vulnerability as a function of exposure,
sensitivity, and adaptive capacity in conjunction with an analysis of coastal erosion at the
basin level to understand how to mitigate and adapt to the risks from disasters in the coastal
zone of Buenaventura in the Colombian Pacific. According to IPCC [26], vulnerability
is explained in terms of exposure, sensitivity, and adaptive capacity. In this work, the
COVI refers to the extent to which coastal systems are susceptible to the impacts of coastal
erosion and global change. The COVI was developed based on the exposure index (EI),
the sensitivity index (SI), and the adaptive capacity index (ACI) modified from the Sahana
and Sajjad methodology [29], where resilience is replaced by adaptive capacity. The index
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allowed the relationship of physical variables in a quantifiable way with the decision-
making approach using spatial analysis, giving equal weight to the indicators. Exposure
and sensitivity together have a potential impact on coastal systems and are positively
correlated with vulnerability based on the propensity of populations and coastal properties
to be negatively affected by natural hazards [25]. In contrast, adaptive capacity helps to
generate resilience against the adverse consequences of hazards, and this is negatively
correlated with vulnerability [26,55].

Based on bibliographic research (Table 1), a total of 16 indicators were selected for
the quantitative evaluation of the vulnerability indices, the exposure index, the sensitivity
index, and the adaptability index. A detailed description of the selected indicators and their
functional relationships with vulnerability are shown in Table 3. After the establishment
of the index system, values were assigned and weighted using the appropriate formulas.
Each variable was rated from 1 (very low) to 5 (very high) in qualitative ranges. To
evaluate coastal vulnerability in the context of environmental hazards, the multicriteria
spatial analysis (MCSA) approach and the simple average method (SAM) were used; these
quantitative methods are widely used to evaluate vulnerability in the framework of coastal
risk reduction [27-30,40,41].

Table 3. Selected indicators to construct the composite vulnerability index.

Components Indicators Class Range
Exposure Barrier island, Flood plain, Intertidal flat without vegetation, Beach ~ 5—Very High
vegetated intertidal flat 4—High
Geomorphology Alluvial valley 3—Moderate
Island 2—Low

Water body, Coastal lagoon, Hillocks and hills, Continental shelf,

Marine terrace 1—Very Low

Slope 0-18° 5—Very High
(degrees) 18-25° 4—High

25-75° 3—Moderate
75-80° 2—Low

80-88° 1—Very Low

Shoreline change rate —96.30 to —3.0 5—Very High
(m/year) —2.99t0 0.5 4—High

—0.49t00.5 3—Moderate
0.51to0 3.0 2—Low

3.1t095.9 1—Very Low

Sea level rise rate >9 5—Very High
(mm/year) 6to9 4—High

39to6 3—Moderate
0to 3.9 2—Low

<0 1—Very Low

Mean tidal range 3.0 to 3.74 5—Very High
(m) 2.25t02.99 4—High

1.26 to 2.24 3—Moderate
0.38 to 0.75 2—Low

0.26 to0 0.38 1—Very Low

Significant wave height >6 5—Very High
(m) 4t06 4—High

2to4 3—Moderate
1to2 2—Low

<1.0 1—Very Low

Flood inundation risk ENSO floods 5—Very High
Hydrometeorological flooding 4—High
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Table 3. Cont.
Components Indicators Class Range
Roughness of terrain 0.131 (Very rough) 5—Very High
0.128 (Rough) 4—High
0.047 (Roughly open) 3—Moderate
0.020 (Open) 2—Low
0.001 (Smooth) 1—Very Low
Multidimensional poverty 70.1% to 98.5% 5—Very High
50.1% to 70% 4—High
Sensitivity 40.1% to 50% 3—Moderate
30.1% to 40% 2—Low
4.15% to 30% 1—Very Low
Settlements Urbanized area 5—Very high
Villages 4—High
Rural 3—Medium
No settlement 2—Low
Land Use and Land Cover Urban zones, Artificial surfaces 5—Very High
Cultivation areas, Banana, Coconut palm, Miscellaneous 4—High
Shrubland, Guandal forest, Mangrove Forest, Mixed Forest, Natural 3 Moderate
grassland, Island, Cultivated grassland, Secondary vegetation
Temporary flooded areas, Natural areas, Other marshy areas 2—Low
Shallows and intertidal flats, Littoral barriers, Artificial ponds, Ocean,
. 1—Very Low
Beaches, Rivers
Population .
(inhabitant/km2) 80 to 20,656 5—Very High
50 to 80 4—High
15 to 50 3—Moderate
5 tol5 2—Low
1tob 1—Very Low
Industrial fishing 5—Very High
Adaptive . o Artisanal f}shmg 4—High
capacit Economic activities Ecotourism 3—Moderate
pactty Landscape 2—Low
Recreation—beaches 1—Very Low
0 to 56 5—Very High
. . 57 t0179 4—High
Medfi;errvoffgé;ealth 180 to 327 3—Moderate
P 328 to 628 2—Low
629 to 1186 1—Very Low
2000 m 5—Very High
1000 m 4—High
Distance to roads 500 m 3—Moderate
250 m 2—Low
100 m 1—Very Low
<67% 5—Very High
67% to 73% 4—High
Literacy rate 73% to 81% 3—Moderate
81% to 86% 2—Low
>86% 1—Very Low

2.4. Exposure Index (EI)

An El includes the eight factors that trigger the risk of biophysical exposure, and these
factors were compiled from an extensive review of previous studies and expert opinions.
The shape of a coastline is fundamental in analyzing vulnerability due to the degree of
relative resistance that a coastal geoform can have against erosion [56]. To determine the
geomorphology in the coastal zone of Buenaventura, the geomorphological maps devel-
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oped by the Institute of Marine and Coastal Research of Colombia (INVEMAR) [45] and
the geomorphological maps of the Center for Oceanographic and Hydrographic Research
of Colombia (CIOH) [57] were used. The geomorphological units were reinterpreted and
adjusted to a finer scale (1:10,000) using a geomorphometric analysis [58] with the digital
terrain model (DTM) derived from the 2015 radar data. The degree of topographic variation
influences the processes through which hydrometeorological events can expose a coast
to floods and coastline retreat [26,59]. To determine the slope in the coastal zone, the
2015 radar DTM was used. The rate of coastline change indicated change characteristics
that were largely due to erosion and accretion, and the rate of change was calculated with
the DSAS software to determine EPR.

One of the aspects that can generate the greatest vulnerability in coastal areas is sea
level rise [59]. To analyze this aspect, raster data of monthly and annual sea level averages
from satellite observations for the global ocean from 1993 to 2020 were used, and they were
provided by the Copernicus Marine Environment Monitoring Service (CMEMS) [60]. This
dataset provides global estimates of sea level based on satellite altimetry measurements,
and these estimates are calculated with respect to an average reference period of twenty
years (1993-2012) using updated altimetry standards. The data are provided in NetCDF
format with a horizontal resolution of 0.25° x 0.25°. To define the mean tidal range (MTR),
the values obtained for the municipality of Buenaventura from the analysis of Gallego
and Selvaraj [20] were used. The MTR was obtained using the mean high tide differ-
ence (MHW), a record of at least 19 years, and the mean low tide (MLW) from the recorded
data of the Buenaventura tide gauge provided by the University of Hawaii Sea Level
Center (UHSLC) [22]. Significant wave height is a representation of wave energy that
is related to the movement and transport of coastal sediments [22]. For the study area,
the significant wave height data were provided by the CMEMS information system. This
information was compiled with data from the European Center for Medium-Range Weather
Forecasts (ECMWEF) [61] in the ERA5, an analysis of historical data. The analysis combines
monthly averages of model data with observations from around the world in a globally
complete and consistent dataset. Three points were selected from the global grid ERA5
at a relative depth of 15 m located between coordinates 3°49'44.25" N, 77°23'32.05" W,
and 3°49'58.67" N, 77°7'46.89” W. The data were recalculated in a regular latitude and
longitude grid with a horizontal resolution of 0.25° x 0.25° for 1959 to 2020. Significant
wave height dataset has been extracted for the Colombian Pacific area in NetCDF format.

The risk of flooding due to hydrometeorological processes was determined using
hazard maps at a scale of 1:100,000 from the Institute of Hydrology, Meteorology and
Environmental Studies IDEAM). These maps showed flooding from 1 m to 6 m as a result
of storm surge, heavy rains due to historical accumulation, and flooding due to the El
Nifio Southern Oscillation (ENSO). The percentage of area under the different flood risk
levels was calculated to evaluate the average flood risk. Terrain roughness can be defined
generally as a characteristic related to the irregularity or topography of the terrain [62]. This
represents the resistance of the land surface to water intrusion. The greater the roughness
and sinuosity of land surfaces, the lower the vulnerability is [63]. From the 2015 digital
elevation model, the roughness values were obtained.

The EI was determined by Equation (1) as:

Exposure index = (EX1 + EX2 + EX3 + EX4 + EX5 + EX6 + EX7 + EX8)/8 (1)

where the El is a function of the ranges of geomorphology (EX1), slope (EX2), shoreline
change rate (EX3), sea level rise rate (EX4), mean tidal range (EX5), significant wave
height (EX6), flood inundation risk (EX7), and terrain roughness (EX8).

2.5. Sensitivity Index (SI)

Sensitivity is expressed as the elements at risk where a potential danger could be
triggered. A very important aspect of sensitivity is population density since it plays a
very influential role in the vulnerability of the coastal zone. The population density was



ISPRS Int. ]. Geo-Inf. 2022, 11, 568

10 of 21

calculated from the last National Population and Housing Census, which was in 2018 [48].
The multidimensional poverty factor was obtained from official census data. In Colom-
bia, the index for measuring multidimensional poverty was designed by the National
Planning Department (DNP) based on an adaptation of the methodology of Alkire and
Foster (2011) [64]. For Colombia, the direct method evaluates the results of satisfaction (or
no deprivation) that an individual has with respect to certain demographic characteristics
that are considered vital, such as health, education, and employment [65]. In the study
area, the coastal settlements were located within 6 km of the coastline, and their coastal
vulnerability increases as the settlements are located closer to the coast. These data were ob-
tained from the National Administrative Department of Statistics (DANE) from the national
geostatistical framework (NGF). This layer contains the political-administrative divisions
of Colombia: departments and municipalities, population centers, and other geostatistical
areas where populations appear. Finally, this study used land cover and land use data at
municipal level that were developed by the Regional Autonomous Corporation of Valle
del Cauca (CVC) using the Corine Land Cover methodology adapted for Colombia [66].
Determining the land use and land cover in different human settlements is critical when
assessing coastal vulnerability due to the possible socioeconomic impacts and their impacts
on communities.
The SI was determined by Equation (2) as follows:

Sensitivity index = (SE1 + SE2 + SE3 + SE4) /4 @)

where the sensitivity index is the function of the ranges of multidimensional poverty (SE1),
settlements (SE2), land use and land cover (SE3), and population (SE4).

2.6. Adaptive Capacity Index (ACI)

Adaptive capacity is the potential ability of a system to resist the adverse impact of
hazards using available resources, skills, and technology [26]. Therefore, it is a crucial
factor in determining the impacts of climate change. The distance to road networks
was used to determine transportation services by generating a map of proximity to the
road network using a specific distance, and this area was divided into five buffer zones.
Generally, an increase in the distance to the roads increases exposure due to the difficulty
of accessing or exiting an area. The vulnerable population based on access to medical
services was quantified from the geostatistical data of the 2018 National Population and
Housing Census [48]. The availability of medical services in rural areas helps to strengthen
health services in case of hazardous events. The economic activity factor was calculated
as an aggregation of five factors that can be affected by coastal hazards, and they were
industrial fishing, artisanal fishing, ecotourism, landscapes, and recreation/beaches, which
are vulnerable to varying degrees.

These indicators have a negative correlation with vulnerability and help increase
the resistance of coastal communities to natural disasters. The ACI was determined by
Equation (3) as follows:

Adaptive capacity index = (AC1 + AC2 + AC3 + AC4)/4 3)

where the ACI is a function of the ranges of economic activities (AC1), medical ser-
vices (AC2), distances to roads (AC3), and literacy rates (AC4).

2.7. Composite Vulnerability Index (COVI)

The composite vulnerability index (COVI) was calculated as positively correlated
with the EI and SI but negatively correlated with the ACIL Using the three indices, the
vulnerability was determined by Equation (4) as follows:

COVI = (Exposure x Sensitivity) — Adaptive capacity 4)
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It was calculated by a simple average of normalized scores (Equation (4)). The value
lies between 0 and 1, denoting very low to very high coastal vulnerability. There are
several studies [27,28,40] that, in recent years, have validated Equation (4); in the case of
India, Sahana and Sajjad 2019 [29] used a variation that replaces the term adaptive capacity
with resilience.

3. Results
3.1. Rate of Coastline Displacement

Coastline movements with respect to erosion and accretion are a direct indicator of
risk. The EPR statistical parameter of the multitemporal coastlines (1986 to 2020) was
estimated after calculating 7818 transects with the DSAS tool; the coastline of Buenaventura
was 406 km long. Further, 35% of the transects on the analyzed coastline in the study area
were identified as stable. However, 18% of the coastline reflected erosion processes, and
47% reflected accretion processes (Figure 3a).

T7°300'W T7°50"W
| L L 1
3
\Q Bajo San Juan a
'La Coneepcion Bemg,aga Bay R % .
Naval Base =_| [ =
@ - § 5
J E ' 2
Ladrilleros /' i :
' Sianchaco Rahia Malaga :;n*m &
El Tigre Bahia Bucnaventura . ¥ :
s L} S Bocana de
2! ‘Ca sfapow
y
Bazan
s o Dagua J
: L
Buenaventura Bay Puinta Soldudo . ,ﬂ N ;
. - L&
Anchicaya £ H
= g z
=) ‘Pun.ta Sarita Barbara 5
in- e | €
. sl 0P r.
PACIFIC 1 i
OCEAN 3 ;o —T
l’ : 77z rguw
eBbcana de Rapozo el
- Ragoso
z
£ = Boca Insular | 2
GL'l\fof Tortugas N -2
Fyorquin = Bajo San Juan
ro
ol
EPunta Fray Juan
Cajambre
:Puma La Concepcion Costal erosion z] 3
EPR (miyear) 2 I.a Concepeion Beach Bahia Malaga 5
= —96 3 to —0.5 (Erosion)
-0.5 to 0.5 (No change)
Yurumangui 0.5 to 95.9 [Accretion) T o R
= rl & d
z , Watershed Z )
=} =]
oS- B Buenaventura City =
g?l gBocana E| Ajicito g
) N =
Naya
Q 4.5 9 18
H z
Kilometers %1 c 5
Punta de Aji 1:380,000 - N
ot T
T T TT2A0W
77°30'0"W 77°5'0"W

Figure 3. Results of the EPR parameter analysis showing the zones of erosion and coastal accretion.
Locations b and ¢ show places with areas of great change.

Grouping the results of the watershed analysis, the watersheds and the places with
the greatest erosion and accretion are identified in Table 4. The greatest change in coastline
(erosion—accretion) according to the EPR analysis was —96.23 m/year adjacent to the
Raposo watershed in the Bocana de Raposo zone (Figure 3b) and 95.83 m/year adjacent to
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the Malaga Bay watershed in Playa La Concepcion (Figure 3c). The general trend of the
coastline was accretion according to the average EPR (2.84 m/year).

Table 4. Watersheds and locations where erosion/accretion occurred along the coastline.

State Watershed km Location km
Anchicaya 19.96 Punta Soldado, Punta Santa Barbara 18.27
Cajambre 12.22 Punta Bonita 12.22

Erosi Yurumangui 9.52 Punta La Concepcion 8.31

osion .

Bajo San Juan 9.16 El Choncho 6.87

Naya 7.50 El Ajicito beach 47

Malaga Bay 7.27 The Bar 6.05
Naya 35.35 Ajicito and Aji beach 32.09

Malaga Bay 32.83 La Concepcion Beach 20.1
Accretion Bajo San Juan 27.27 Boca de Bajo San Juan 20.08
Cajambre 21.57 Punta Fray Juan 20.73
Raposo 15.65 Raposo mouth 15.29

3.2. Exposure to Coastal Erosion

Approximately 31.7% of the watersheds, concentrated in the central and southern
regions of the municipality of Buenaventura, had low to very low exposure scores, while the
remaining areas had medium exposure scores (23.2%). Of the total watersheds (10), at least
four watersheds were highly exposed to coastal erosion (44.9%) in the high to very high
ranges (Figure 4a). The EI values varied with geographic heterogeneity among the coastal
watersheds, with Malaga Bay registering the highest values. This is mainly attributed to the
relatively higher scores for slope, average wave height, coastal erosion, and risk of flooding
over the area of the watershed directly exposed to the sea (Figure 4a). The places in the
outermost part of the bay are defined as estuarine areas and directly affected by intertidal
processes, and they contain sandy beaches with sand of continental origin, transported by
coastal rivers, and a moderate drainage density. In contrast, Médlaga Bay has the lowest
biophysical exposure (Figure 4b); this scenario also occurs in Buenaventura Bay, the area
with the second lowest exposure value. The interior area of the bays is characterized by
large areas of mangroves, small beaches, and cliffs, and the lower scores for this area were
attributed mainly to the risk factors related to flooding, coastal erosion, and average wave
height (Figure 4c).

3.3. Sensitivity to Coastal Erosion

The analysis of the SI revealed that approximately 37% of the areas were classified
as having very low to low sensitivity scores, while the remaining areas were classified as
having medium scores (32%); additionally, some watersheds were highly to very sensitive
(29.4%), as shown in Figure 5a. Of all the coastal areas, the highest SI was calculated for the
city of Buenaventura and the Dagua River watershed (Figure 5b) due to these areas having
the highest scores for multidimensional poverty and population density and being the only
large, urbanized areas. In contrast, the lowest SI was calculated for the interior of Malaga
Bay, which was mainly due to the lower scores for population density and multidimensional
poverty and its lack of urbanized areas (Figure 5c). Most coastal watersheds with mangrove
forests and natural vegetation showed low sensitivity to coastal erosion.

3.4. Adaptive Capacity to Coastal Erosion

The adaptive capacity of the Buenaventura watersheds was low since more than 85%
of the total areas were characterized by low to very low resilience; places that generally
have little or no infrastructure development have no connection to land by roads, and these
areas depend on coastal resources and connections through maritime routes. The remaining
watersheds had medium adaptive capacity scores of 11.2% and high to very high adaptive
capacity scores of 3.1%. The ACI values showed great spatial heterogeneity between the
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coastal watersheds (Figure 6a), with the highest value occurring in Buenaventura Bay
(Figure 6b) and the lowest value occurring in Mélaga Bay (Figure 6¢). The factor that most
contributed to the high adaptation capacity of the Bay of Buenaventura was the existence
of better facilities and greater access to public services, transportation routes, trade and
tourism services, education, and medical services, while Malaga Bay’s adaptive capacity
was reduced mainly by its relatively lower scores for these factors; in addition, its low
literacy rate resulted in this area having little or no adaptive capacity.
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Figure 4. Exposure to coastal erosion in the study area.

3.5. Results of the Composite Vulnerability Index

The COVI analysis revealed that the coastal watersheds showed great spatial hetero-
geneity in their vulnerability levels (Figure 7). In the coastal zone of Buenaventura, 31.4%
of the area had moderate vulnerability values, 22% had low vulnerability values, and 4.5%
had very low vulnerability values. In contrast, 16.18% of the area had high vulnerability
values, followed by a 25.8% with very high vulnerability values, indicating that 41.9% of
the study area had the highest combined vulnerability values. The marine areas exposed
to the ocean in the Malaga Bay watershed (Figure 8a,b), such as the Anchicaya, Raposo,
and Cajambre watersheds (Figure 8a,c), are very vulnerable to coastal erosion as they are
located in the southern—central zone, where hydrodynamic forcing increases due to coastal
relief change.
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Figure 5. Sensitivity to coastal erosion in the study area.

The causes of the high vulnerability levels of these watersheds were their lack of
economic development and resilience, with greater rates of multidimensional poverty,
illiteracy rates, coastal erosion, higher average wave height, and risk of flooding over the
area of the basin directly exposed to the sea. Within these watersheds, there are places
with high vulnerability levels, such as La Boca de La Barra, Ladrilleros, Juanchaco, La Base
Naval, and the sectors between Punta Domingo and Punta Culo de Barco (Figure 8b). In
the Malaga Bay watershed, the interior of the bay had moderate vulnerability levels. This
watershed, although located in a remote, difficult-to-access area, has a high capacity for
recovery of its biophysical environment since a national protected area (Parque Nacional
Natural Uramba Malaga Bay) and a regional protected area (Parque Natural Regional
La Sierpe) have been developed for environmental tourism development and ecosystem
protection. This area also has a low population density and minimal effects from coastal
erosion, but it is highly vulnerable in terms of its ability to adapt due to the low literacy
rate of the population, its lack of public services, and minimal access to medical services.
Watersheds with low to very low vulnerability levels occur in the central (Buenaventura)
and southern (Naya) parts of the coastal zone.
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Figure 6. Adaptive capacity in the study area.

Buenaventura has a network of urban roads and the most important port in Colombia,
where most of the commercial activity is generated, whereas, around the port, infrastructure
and services have been developed. In addition, this area has greater access to services,
transportation, education, and medical services. This is associated with its relatively higher
adaptive capacity and its lower biophysical exposure, which was mainly attributed to
the lower vulnerability scores for flooding, coastal erosion, and average wave height.
On the other hand, the community in this area had a very high sensitivity level due
to its high multidimensional poverty level and highest population density of the entire
coastal area. The Naya watershed has a low vulnerability level mainly due to minimal
coastal erosion, whereas it has the highest accretion rate, low population density, and
low multidimensional poverty. The COVI helped to estimate the most vulnerable coastal
population as a function of coastal erosion. Currently, 82,008 people, representing 26.2% of
the total coastal population of Buenaventura, live in the Malaga Bay watershed (Figure 8b)
and the Anchicayd and Raposo basins, which are the most prone to erosion and have a
greater number of people in areas with very high vulnerability levels compared to those
in the other watersheds (Figure 8c). With the 2100 sea level rise, it is estimated that the
number of highly threatened people will increase with respect to the current scenario.
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4. Discussion

A coastal vulnerability assessment is important for spatial planning and disaster risk
reduction [7,59]. In this study, remote sensing technology and GIS were integrated to study
the change in the coastline in the long-term using active and passive sensors with reasonable
precision. In the analysis with the DSAS tool from 1989 to 2020, the coastline was shown to
experience the greatest change in erosion according to the EPRs, which were recorded as
—96.2 m/year and 95.8 m/year per erosion and accretion event, respectively. There was a
general trend in coastline accretion according to the average EPR of 2.8 m/year, with a total
accretion of 48%. However, the Cifuentes [31] study from 1986 to 2015 showed that, on
average, a change rate of —0.2 m/year occurred, reflecting an erosion trend with maximum
EPR values of 26.9 m/year of accretion and —21 m/year of coastal erosion. The marked
differences in the values of the previous study with those of this study may be explained
from the higher temporal coverage used in this work, mainly in the La Concepcion beach
area. This scenario also explains why the study of Cifuentes [31] used data with a low
spatial resolution (30 m). This study used the mean tidal range parameter from the work of
Gallego and Selvaraj 2019 [22]; the data were taken from this study and integrated as a layer
of analysis. We emphasize that, in our work, a higher spatial and temporal resolution was
used in all physical and socioeconomic variables. Regarding the limitations of the study,
oceanographic information was requested from the Colombian Center for Oceanographic
Data, from which it was not possible to obtain a dataset that covered the entire period of
analysis, so the global scale data from ERA5 were used.

This study used the COVI to estimate spatial vulnerability to coastal erosion through
an analysis of coastal watersheds. The vulnerability in the Buenaventura area has been
characterized by previous studies [13,20-22,31,32]. However, an evaluation of its vulnera-
bility to multiple risks and physical, environmental, and socioeconomic parameters, such
as the COVI, has received minimal attention in studies on the coastal zone of Buenaven-
tura. The delineation of the COVI as a function of three indices (EI, SI, and ACI) indicates
comprehensively the critical aspects of coastal vulnerability.

The general analysis of the indices showed that the Malaga Bay basin is highly exposed
according to the EI of the oceanic portion of the coastal zone, mainly due to the weight
of physical factors (slope, average wave height, coastal erosion, and risk of flooding).
Consistent with the results of Uribe et al. [32], the most frequent natural and anthropogenic
hazards occur in the external region of Malaga Bay, and hazards are mainly caused by
water-related erosion, bioerosion, and landslides. Uribe et al. [32] stated that the beaches of
Juanchaco and Ladrilleros in the Malaga Bay area are permanently exposed to strong waves
and high-energy processes. By contrast, in the internal part of the same watershed, the
lowest biophysical exposure occurs because it is protected by the bay, and this internal area
has the lowest SI. Ricaurte et al. [13] stated that the factor determining the erosion threat in
the Pacific region is vulnerability, mainly social, economic, and institutional vulnerability,
and we agree with this conclusion. In this study, the influence that socioeconomic factors
(lack of medical services, low literacy rates, and minimal economic activity) have on
vulnerability scores was verified, and this impact results in a low ACI, hindering the ability
to face coastal hazards. The watershed with the greatest sensitivity to erosion according
to the Sl is Buenaventura, mainly due to the high score for the multidimensional poverty
factor and its highest population density. However, this watershed also shows the highest
value of adaptive capacity (ACI) because it has the best facilities and greater access to all
types of services as it is the most urbanized area. The EI showed low biophysical exposure
within the area of the bay because its exposure to biophysical factors is reduced, a concept
consistent with that in Gallego and Selvaraj [22], who affirmed that the biophysical system
of Buenaventura Bay, due to its geomorphological characteristics, steep slopes, and high
vegetation cover, provides it a lower degree of relative vulnerability.

The results of the study revealed that the high exposure (EI) and especially the lack of
adaptive capacity (ACI) directly affected the high vulnerability of the study area, as shown
by the COVI. Coastal watersheds, such as Mdlaga Bay and Anchicaya, Cajambre, and
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Raposo basins, are the most vulnerable to coastal hazards physically and socioeconomically.
Socioeconomic factors are the main internal element that increases vulnerability. Further,
85% of the watersheds have low adaptive capacity, and households do not have access to
drinking water and medical resources. Most households in the coastal area of Buenaventura
live below the poverty level and have very limited access to economic resources, so they
cannot cope with any type of extreme event. This work analyzed the socioeconomic,
biophysical, and ecological aspects together to provide valuable information on the factors
that are critical to vulnerability at the spatial level. Those responsible for decision-making
will likely be able to act in the most vulnerable areas, using the results as an analytical basis
to develop adaptation strategies in the face of vulnerability and climate change.

5. Conclusions

The use of the COVI provided a broad view of the coastal area of Buenaventura at a
detailed scale; 41.9% of the coastal area has a high level of vulnerability to erosion, with
approximately 82,000 people at risk. This analysis revealed that the watersheds located
in the northern (Malaga Bay) and central (Anchicaya, Cajambre, and Raposo) parts of the
coastal zone were more vulnerable. If this situation continues, then, clearly, the population
will be extremely affected by the increase in potentially disastrous events, such as the rise
in sea level and ENSO events.

Therefore, the vulnerability of the region to coastal erosion will increase in the near
future, further affecting socioeconomic and ecological systems and making it necessary to
plan disaster management actions. Structural and nonstructural measures are needed to
improve the adaptive capacity of the inhabitants, improve the physical resilience of the
environment, and improve the socioeconomic activities of the community. The results of
this type of study can assist decision-makers in highlighting actions to prioritize coastal
areas in the development of management plans and land use planning to improve the
adaptability of coasts to climate change.

This vulnerability assessment can be refined by incorporating other factors into the in-
dices, such as a three-dimensional hydraulic flood model, a valuation of ecosystem services,
and broader sociodemographic aspects, for which more in situ data and complementary
physical monitoring data are needed. This work used data available from optical sensors
and radar; however, in the future, data from high-resolution active sensors, such as light
detection and ranging (LIDAR), could be used as they can generate more accurate results
in terms of modeling the terrain and coastline, providing a more accurate measurement of
spatial vulnerability.
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