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Abstract: The coastal zone of the Valparaiso Region has been historically threatened by its natural and
anthropogenic conditions, which demands efficient management for the adaptation and mitigation of the
impacts that occur on the coast, especially in the face of the growing effects of climate change. As a contribution
to decision makers in the development of strategic actions through adaptation plans, this study presents an
approach to coastal vulnerability in the southern part of the region, applying the Coastal Vulnerability Index
considering the variables geomorphology, coastal slope, changes in sea level, coastal erosion, tidal range, and
wave height. The result illustrates a sectorization of the coast according to the degree of vulnerability, where
the sectors formed by fine sandy beaches near river mouths and estuaries present greater risks to climatic
events than those rocky stretches with medium-low cliffs.
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1. Introduction

The coastal or littoral zone is the transition area between the terrestrial and marine environment,
is exposed to a series of events that alter its shape. These events are manifested in three situations,
where the first one is naturally exposed through coastal dynamics. The second is caused by human
factors that modify the coastal landscape through the construction of infrastructure for the
development of economic and tourist activities in the area. And the third and no less important,
Climate Change, which in recent years has gained considerable relevance, because of the sustained
increase in the average sea level, warmer ocean temperatures and extreme storms that are attributed
to it as part of this phenomenon [1].

The importance of the study of these events on the Chilean coast lies in the historical relevance
of this area as a human settlement and the economic contribution to the country [2], in addition, in
recent years there has been an increase in population not only in Chile, but worldwide around coastal
areas [3], which implies an exposure of human lives and material goods, so that an integrated
management that incorporates risk variables is required to establish the vulnerability of the area [4].

Vulnerability assessment is one of the main tools used and proposed by the first International
Panel on Climate Change in 1990 [5], which is related to the degree to which a given coastal area can
be affected by a specific event [6]. A semiquantitative estimation [7], expressed in a vulnerability
index [8], is used for its evaluation, which incorporates a certain number of variables according to the
context and needs of each locality where it is applied [9,10], which allows establishing coastal zones
with greater and lesser fragility.

In this context, faced with the important challenge of conserving vital ecosystems for the
sustainable development of society, an approach to vulnerability in the southern coastal zone of the
Valparaiso Region has been developed, using the main variables established by Vivien Gornitz in her
coastal vulnerability studies.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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2. Materials and Methods

2.1. Study Area

The Valparaiso Region has approximately 1.8 million inhabitants with a population density of
110.75 inhabitants per square kilometer [11], which are distributed in large urban areas, mainly
coastal, which also have a great tourist attraction that leads the region to receive between 100,000 and
200,000 visitors on its beaches during the summer months [12]. This great demand has generated a
growth in the territorial infrastructures of its 6 main coastal urban centers, causing an environmental
impact with losses in the natural heritage and in the quality of the coastal landscape [13].

The coastal zones of the region are located on the continental margin of South America, where
tectonic plate activity and changes in mean sea level have shaped the geomorphological composition
of the coast over time [13]. This area of the central coast is characterized by elevated open bays with
large cliffs that shelter small confined pocket beaches in the north, dune fields on coastal terraces that
are fed by sand from the beaches in the central zone [14] and extensive beaches with gentle slopes
and fine sands in the south [15]. The sediments present are formed by granitic complexes of Paleozoic
age [16], with sediments based on quartz and feldspar sands [17].

The climate of this area is characterized by a warm temperate type [15], with mixed semi-diurnal
tides [18], where the swell is influenced by the South Pacific anticyclone that produces winds in a
South-Southwest (S-SW) direction, with the exception of the winter months when the Pacific
anticyclone moves northward, which favors low pressure generating winter storms and swells [19].

The study area corresponds to the coastal zone located in the south of the Valparaiso Region,
made up of 20 main beach areas, of which the beaches of Quintay, Tunquén, Algarrobo, El Tabo,
Cartagena and Santo Domingo stand out (Figure 1). These six beaches in the southern zone are
characterized by being straight and pocket-like, with estuaries and creeks flowing into them,
surrounded by dunes and mountain ridges that shape the coastal relief, which is deteriorated and
vulnerable because of unsustainable urban development and the effects of climate change in the area.

-7994000 -7980000 -8400000 -7700000 -7000000 -8500000 _ -6800000  -5100000
1 e e e T

kA ' A

0 1700000 3400000

-1700000

-3400000

-5100000

Santo Dominzosd

-10200000  -8500000  -6800000

-7994000 -7980000 -7966000 -8400000 ~7700000 =7000000 -8500000  -6800000  -5100000

Figure 1. Map of the study area located on the southern coast of the Valparaiso Region, Chile.
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2.2. Methodology

According to the Intergovernmental Panel on Climate Change (IPCC), vulnerability is defined
as a predisposition to be negatively affected and comprises concepts that include sensitivity or
susceptibility to damage and lack of response and adaptation capacity [20]. In this line, the aim is to
determine the degree of vulnerability of the main beaches in the south of the Valparaiso Region, to
establish protection and adaptation strategies in accordance with the parameters analyzed.

2.2.1. Coastal Vulnerability Index (CVI)

The Coastal Vulnerability Index (CVI) [8,10,21,22] is one of the most widely used approaches to
assess vulnerability on the coast as it is considered a starting point for possible adaptations [23]. The
index is based on a quantitative and multi-criteria analysis, reflecting the degree of potential changes
or resilience of different coastal stretches because of the analysis of different parameters.

The mathematical calculation of the CVI is generated by combining a defined number of
variables or parameters by means of an equation (Equation (1)), which combines the relative risk
variables to create a single indicator. The first step involves creating a database with the variables to
be considered, where the literature review shows that the number of variables can range from five to
ten [24], but what is essential in the analysis of variables is that they are able to describe the coastal
evolution from the geological and hydrodynamic point of view [21]. In this case study, six variables
were considered, weighting geomorphology, coastal slope, mean sea level, shoreline displacement or
coastal erosion, tidal range, and wave height. Subsequently, these parameters are assigned weights
from 1 (very low vulnerability) to 5 (very high vulnerability) [22] (Table 1), taking care to assign
balanced ratings to obtain an adequate balance of the variables involved [25].

Table 1. Gornitz Coastal Vulnerability Index Variables (1991).

Variables Very low Low Moderate High Very high
1 2 3 4 5
Rocky Medium . Boulder  Barrier beaches, sandy
. . Low cliffs,
coastline, cliffs, ) . beaches, beaches, marshes,
Geomorphology ) . glacial drift,
Coastal cliffs, jagged . .. estuaryand deltas, mangroves,
. alluvial plains
Fjords coasts lagoons coral reefs.
coastal slope (%) >1,2 1,20 -0,90 0,90 - 0,60 0,60 -0,30 <03
<-1,10 -1,0-0,99 1,0-2,0 2,10-4,00 >4,10
mean sea level s
Within the range of
change coastal . .
. Eustatic Uplift 1
(mm/year) uprising Data Sinking of the coast
Shoreline 22,1 1,0-2,0 -1,0—+1,0 -1,1--2,0 <-2,0
displacement accretion stability Erosion
(m/year)
Tidal range, m <0,99 1,0-1,9 2,0—-4,0 4,1-6,0 >6,1
(mean) Micro tide Meso tide Macro tidal
Wave height, m 0-29 3,0-4,9 5059 6,0 - 6,9 >7,0
(max)

These weights are integrated by means of the mathematical equation that provides the value of
the index, which is presented below:

CV1=J(a*b*CZd*e*f) (1)

Where a represents geomorphological, b slope, c sea level change, d coastal erosion or shoreline
displacement, e tidal range and f wave height. The ranking with the weighting of each of the
parameters used is presented in Table 1.
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Finally, the CVI value calculated for each sector studied is divided into 4 classes (low, moderate,
high, and very high) using as limits the 25%, 50% and 75% percentiles with the objective of classifying
the values obtained in an orderly manner with sections from greater to lesser vulnerability and thus
facilitating their interpretation [26], represented by colors of the sections according to the relative
vulnerability obtained.

The choice of this index for the analysis was justified by the fact that it is an integrating index,
of a semi-quantitative nature [7], with an easy application based on existing data on the southern
coast of the Valparaiso Region, and widely accepted worldwide, proposed for its application by the
first International Panel on Climate Change in 1990.

2.2.2. Variables Used in the Calculation of the CVI

The information obtained has been digitized using the free and open-source software
Geographic Information System QGIS, where the variables considered for the calculation of the CVI
along the coast have been integrated, in a total subdivision of 48 stretches of beaches located from
Laguna Verde to Santo Domingo in the southern coastal zone of the Valparaiso Region.

Geomorphology (a): describes the relative erosionability of different coastal formations, where
an evident degree of erosionability conditions the vulnerability of the beach to a rise in mean sea
level, so that when this variable is higher, it is understood that there is a higher degree of vulnerability
with a quantitative assignment of 1 to 5. To approach a realistic description of the geomorphological
conditions, cartographic information contained in geological maps was used, together with
cartography obtained from satellite images and aerial photographs, as well as documentary
information found in the literature together with field photographs and documentary videos of the
area, establishing the assignment criteria as follows [8]:

High cliffs on coherent rocks

Medium cliffs on rocks of medium resistance

Low dliffs on sedimentary formations and marine terraces.

Extensive low elevation beaches with unconsolidated sediments and estuaries.

Sandy beaches with dune fields, beaches attached to barrier island formations, tombolos, coastal
arrows, deltas, coral reefs, mangroves, etc.

SUESIR S

Coastal slope (b): allows the evaluation of the relative risk of flooding as well as the speed of
coastal retreat and the extent of potential sea level rise [27]. The calculation was based on topographic
elevations, using a digital elevation and bathymetric model, where the steeper the slope, the lower
the degree of vulnerability.

Changes in sea level (c): this is a relative value obtained from tide gauges in mm/year, where it
is possible to measure the potential impact of a rise in sea level, since it is estimated that each
millimeter that the sea level rises means a loss of 10 centimeters of coastline [28], highlighting that
those beaches with a greater slope will have less erosion. This variable has the limitation that the rate
of sea level change measured in tide gauges is associated with the point location of this and requires
using a spatial interpolation criterion for each coastal stretch, however, as an approximation, local
data obtained from the Valparaiso tide gauge were used using the RCP8.5 scenario [29], where higher
relative rates imply a higher degree of vulnerability.

Shoreline displacement (coastal erosion) (d): this is defined as the modification or retreat of the
pre-existing shoreline [30] that results in a loss of sediment [31]. This is a rate that measures the
evolution of the coastline over the years, recording its modification from aerial or satellite images,
where it is interpreted that the higher the negative erosion rates, the more vulnerable the beach is.
For the analysis of this point, the coastal erosion values have been obtained from the report
Determinacion del riesgo de los impactos del cambio climatico en las costas de Chile, Volume 4:
Vulnerabilidad y riesgos en playas [32], prepared by the Chilean Ministry of the Environment, where
a thorough study is made of the evolution over time of its coastline.

Tidal range (e): this parameter measures the vertical difference between high tide and low tide
and is related to the risks of permanent or temporary flooding in the coastal zone, where an
assessment of the tidal range would allow estimating vulnerability, considering that a greater tidal
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range produces greater vulnerability. The beaches in the south of the Valparaiso Region are of the
meso-tidal type [33], with mixed behavior [34], i.e. there are two high tides and two low tides with
differences between the heights reached by the water in both cases (Figure 2). To quantify the tidal
range, the values recorded by the existing tide gauges in the area have been used, in addition to the
information provided by the Hydrographic and Oceanographic Service of the Chilean Navy (SHOA).
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Figure 2. Monthly tidal curve representative of Valparaiso elaborated by SHOA in its publication 3009
(vertical axis presents the height in cm.) [35].

Wave height (f): waves are the main phenomenon that describes the coastal zone, since
significant average wave heights along the coast allow estimation of relative vulnerability, which is
considered higher with greater wave heights [26]. For its calculation, an analysis was made of the
information available in the literature and in state agencies such as the SHOA, which has detailed
information from its wave buoys along the coast of the region. This process allowed assigning an
average value for each classified section with ratings from 1 to 5.

3. Results

3.1. Results of Variables Used

Geomorphology (a): Most of the southern coastal zone in the Valparaiso Region (81%) is made
up of medium or low cliffs that range from 30 to 10 meters high, with coasts or beaches made up of
sedimentary formations [34]. The only exception is found in Santo Domingo beach (Figure 3, red
zone), where there is an extensive 20 km long beach composed of fine sands with dune formations as
a result of the winds that occur in the sector [32]. The valuations made for the geomorphology of each
zone analyzed are detailed in Figure 3.
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Figure 3. Classification of the variable "Geomorphology" along the southern coast of the Valparaiso
Region.

Coastal slope (b): due to the geomorphological formation itself, with a predominance of cliffs,
79% of the areas analyzed have steep slopes greater than 1% (Figure 4), which is why the degree of
vulnerability is low (green zone) or very low (blue zone).
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Figure 4. Classification of the variable "Coastal slope" along the southern coast of the Valparaiso
Region.

Changes in sea level (c): the results of the models of variations in sea level due to Climate Change
[32], show a rise for the analyzed area of 1.0 m for the period 2026-2045 in the RCP8.5 scenario,
suggesting a moderate vulnerability (Figure 5).



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 March 2024 do0i:10.20944/preprints202403.0567.v1

Zones Sea level
1 3
2 3
3 3
4 3
5 3
6 3
7 3
8 3
9 3
10 3
1 3
12 3
13 3
14 3
15 3
16 3
17 3
18 3
19 3
20 3
21 3
22 3
23 3
24 3
25 3
26 3
27 3
28 3
29 3
30 8
3 3
32 3
33 3
34 3
35 3
36 3
37 3
38 3
39 3

40 3
4 3
42 3
43 3
44 3
45 3
46 3
47 3
48 3

Figure 5. Classification of the variable "Sea level" along the southern coast of the Valparaiso Region.

Displacement of the coastline (coastal erosion) (d): most of the beaches analyzed present the
category of moderate erosion according to the established ranges [8], however, according to the
report Determination of the Risk of Climate Change Impacts on the coasts of Chile prepared by the
Ministry of the Environment, the highest erosion rates are recorded in Algarrobo beach with -2.54
meters/year between 1980 and 2017, and in Santo Domingo beach with -1.73 meters/year between
1992 and 2018, these two areas being listed in the high and very high vulnerability category,
respectively (Figure 6).
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Zones Erosion
1 3
2 3
3 3
4 3
5 3
6 3
44 3
8 3
9 3
10 3
1" 3
12 3
13 3
14 3
15 3
16 3
17 3
18 3
19 3

20 2
21 3
22 3
23 3

2

25 3
26 3
27 3
28 3
29 3
30 3
31 3
32 3
33 3
34 3
35 3
36 3
37 3
38 3
39 3
40 3
M 3
42 3
43 B,
44 3
45

46

47

48 |

Figure 6. Classification of the variable " coastal erosion " along the southern coast of the Valparaiso
Region.

Tidal range (e): The zone presents a tidal range of mesotidal character, with mean ranges varying
between 1.0 and 1.9 meters, which classifies the zone as having a low level of tidal vulnerability
(Figure 7).
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Figure 7. Classification of the variable "Tidal Range" along the southern coast of the Valparaiso
Region.

Wave Height (f): Data obtained from Coastal Modeling Systems of the Chilean Wave Atlas [19],
in conjunction with the Climate Change Impact in Chile study [32], indicate that there is a maximum
wave height between 3.0 and 4.9 meters in height, thus falling into the low coastal vulnerability
category (Figure 8).
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Figure 8. Classification of the variable "Wave Height" along the southern coast of the Valparaiso
Region.

3.2. Result Coastal Vulnerability Index

With the results obtained for each of the six variables previously studied and integrated through
the application of the formula of Gornitz et al. 1991 (Equation (1), it is observed that the Coastal
Vulnerability Index (CVI) for each zone analyzed presents greater vulnerability in those zones with
dune formations, and those located at river mouths and estuaries. On the other hand, those with the
lowest vulnerability are in port areas and where there are medium-low cliffs.

The numerical data of the Coastal Vulnerability Index are represented in Table 2, which are
dimensionless, with values between 2.45 and 10.95. The mean value is 5.27, the median is 4.24 and
the standard deviation is 2.12. The 25th, 50th and 75th percentiles are 3.46, 4.24 and 6.00, respectively.

The numerical results were divided into low, moderate, high, and very high vulnerability
categories, where values below 3.46 are assigned to a low vulnerability category. Between 3.46 and
4.24 are considered moderate vulnerability. Between 4.24 and 6.00 is high vulnerability and values
greater than 6.00 are classified as very high vulnerability areas.

Table 2. Numerical quantification of the Coastal Vulnerability Index for the southern coast of the
Valparaiso Region.

Coastal Sea Wave Tidal Wave

Zone Geomorphology slope Level height range  height cvi Range
1 1 1 3 3 2 2 2,45 LOW
2 3 1 3 3 2 2 424  MODERATE

3 4 3 3 3 2 2 8,49 VERY HIGH
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4 3 1 3 3 2 2 4,24 MODERATE
5 2 1 3 3 2 2 3,46 LOW
6 3 1 3 3 2 2 4,24 MODERATE
7 2 1 3 3 2 2 3,46 LOW
8 3 1 3 3 2 2 4,24 MODERATE
9 2 1 3 3 2 2 3,46 LOW
10 3 1 3 3 2 2 4,24 MODERATE
11 2 1 3 3 2 2 3,46 LOW
12 3 1 3 3 2 2 4,24 MODERATE
13 2 1 3 3 2 2 3,46 LOW
14 4 2 3 3 2 2 6,93 VERY HIGH
15 3 1 3 3 2 2 4,24 MODERATE
16 2 1 3 3 2 2 3,46 LOW
17 3 1 3 3 2 2 4,24 MODERATE
18 2 1 3 3 2 2 3,46 LOW
19 4 4 3 3 2 2 9,80 VERY HIGH
20 2 1 3 3 2 2 3,46 LOW
21 3 1 3 3 2 2 4,24 MODERATE
22 2 1 3 3 2 2 3,46 LOW
23 3 1 3 3 2 2 4,24 MODERATE
24 4 3 3 5 2 2 10,95  VERY HIGH
25 3 1 3 3 2 2 4,24 MODERATE
26 3 2 3 3 2 2 6,00 HIGH
27 3 3 3 3 2 2 7,35 VERY HIGH
28 2 1 3 3 2 2 3,46 LOW
29 3 1 3 3 2 2 4,24 MODERATE
30 2 3 3 3 2 2 6,00 HIGH
31 4 4 3 3 2 2 9,80 VERY HIGH
32 2 2 3 3 2 2 4,90 HIGH
33 3 3 3 3 2 2 7,35 VERY HIGH
34 3 2 3 3 2 2 6,00 HIGH
35 4 2 3 3 2 2 6,93 VERY HIGH
36 3 2 3 3 2 2 6,00 HIGH
37 3 3 3 3 2 2 7,35 VERY HIGH
38 3 1 3 3 2 2 4,24 MODERATE
39 3 2 3 3 2 2 6,00 HIGH
40 3 1 3 3 2 2 4,24 MODERATE
41 4 4 3 3 2 2 9,80 VERY HIGH
42 3 2 3 3 2 2 6,00 HIGH
43 2 1 3 3 2 2 3,46 LOW
44 3 1 3 3 2 2 4,24 MODERATE
45 2 1 3 4 2 2 4,00 MODERATE
46 5 3 3 4 2 2 10,95  VERY HIGH
47 3 2 3 3 2 2 6,00 HIGH
48 2 1 3 3 2 2 3,46 LOW

The cartography shows the zoning according to the resulting CVI (Figure 9), assigning each of
the zones a color depending on the degree of vulnerability.
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Figure 9. Coastal Vulnerability Index applied to the southern coast of the Valparaiso Region.

4. Discussion

The Coastal Vulnerability Index (CVI) makes it possible to zone the coast according to the degree
of vulnerability to certain events [6]. The quantification of this index shows a special sensitivity to the
scale considered in each of the parameters integrated for its confection [36], since according to
authors, it is possible to appreciate relevant differences mainly in the analysis of sea level and tidal
range with spatial scales of 100 km, in addition to the coastal topography with values recorded at
spatial scales of approximately 10 km [37]. Of all these variables, geomorphology is as the least
vulnerable to scale considerations, since it is evaluated in qualitative terms, i.e., according to the type
of coast, so that the classification zones remain invariable regardless of the scale used.

Therefore, the analysis of each of the variables requires a study on a regional scale, as this reflects
the most realistic option by simplifying the modeling of parameters adapted to local conditions,
allowing the establishment of strategic plans for adaptation and protection on the coast.

Another relevant consideration is the numerical quantification made by the CVI assigning the
same degree of impact to each of its variables, however, there are some of these that generate a greater
contribution to vulnerability in the impacted areas [38], which is possible to correct by means of
weightings applicable to the parameters considered in the study by capturing the relevance of each
one of them [39,40]. An example of this is the coastal erosion variable, which represents a crucial
condition for considering a vulnerable area since, if an important part of the area is eroded, it is
necessary to reflect this in the numerical quantification to identify the area as vulnerable.

Once each of the parameters under study has been analyzed and scored, for the conversion of
the general scores of the index obtained by means of the Gornitz equation, the calculation of
percentiles is required for their corresponding classification by categories, which are subjective in
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nature as they are subject to the opinion of experts, which is not free of possible biases in their
interpretation [41].

Finally, despite the possible limitations observed in this discussion, the CVI represents a useful
tool to obtain an overview of vulnerable coastal areas in the face of physical and geological factors,
which constitutes it as a first approximation to understand and study strategies appropriate to local
coastal conditions.

5. Conclusions

The southern coastal zone of the Valparaiso Region presents disparate situations in terms of
vulnerability, where the lack of accurate analysis has led to the implementation of temporary
solutions that are not effective measures to address the problem. Therefore, in order to contribute to
the identification of vulnerable areas by considering the Coastal Vulnerability Index, together with
its graphic representation for each of the zones analyzed, it is possible to establish the following
categorization:

Forty percent of the coastal zones present high or very high vulnerability, in which there are
extensive rectilinear beaches with dune formations and fine sediments close to river mouths and
estuaries with considerable environmental value. There are a total of twelve beaches in this
vulnerable category in the area analyzed, distributed in the towns of Laguna Verde, Quintay,
Tunquen, Algarrobo, El Quisco, Punta de Tralca, Isla Negra, El Tabo, La Chépica, Las Cruces,
Cartagena, and Santo Domingo (Figure 9).

On the other hand, areas with moderate or very low vulnerability account for sixty percent of
the territory analyzed, characterized by rocky sediment beaches, with medium-low cliff formations
and areas close to the port of San Antonio.

Undoubtedly, the coastal vulnerability assessment is an initial approximation to the existing
reality of the coast that is essential for the management of coastal areas, since, through the preliminary
identification of vulnerable areas, it is possible to develop effective adaptation and mitigation
strategies to address the vulnerability present in the area. However, in order to guarantee the success
of its application, it is necessary to carry out detailed and specific studies for each region or specific
zone, in order to establish comparisons between the different existing methodologies for its analysis,
which will make it possible to obtain effective information for decision-making and management of
coastal zones that accurately reflects the different categories of vulnerability.
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