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ABSTRACT

The sea level has risen notably in recent decades compared to the most recent millennia. This poses serious threats to infrastructure, local jobs,
environment and human population over the next century, especially in coastal zones. In this paper, the most up-to-date understanding of the
climate system and climate change was used to investigate impacts of sea level rise on potential land loss along the Caribbean and Pacific coastlines
of Colombia. Sea level rise projections published in August 2021 by the Intergovernmental Panel on Climate Change in the Sixth Assessment Report
were used to identify the area at risk of land loss. Moreover, the potential socio-economic implications of these changes were discussed in regions
affected by the projected sea level rises. We examined five Shared Socioeconomic Pathways for the 21st century (SSP1-1.9, SSP1-2.6, SSP2-4.5.
SSP3-7.0, SSP5-8.5). Our results suggest a sea level rise of 1.04 m in the worst-case scenario (SSP5-8.5) which would threaten an area of 2840.64
km?. The land use in the affected zones was determined. The area at risk will impact 12 departments or 86 municipalities with different social,
environmental, economic, and cultural conditions along the coastline of Colombia, that need to be considered when devising and implementing
mitigation policies.

1. Introduction

Sea level rise (SLR) is one of the consequences of climate change and may pose serious environmental and socio-economic chal-
lenges, especially in coastal environments. SLR exacerbates the impacts of extreme sea level events as well as coastal hazards, and has
several detrimental effects on marine ecosystems and services (Moftakhari et al., 2017; Fagherazzi et al., 2020; Masson-Delmotte et al.,
2021; Martyr-Koller et al., 2021; van den Hurk et al., 2022). The United Nations states that about 40 % of the world’s population lives
in coastal regions, i.e. within 100 km of the coastline (Barbier, 2015; Montgomery, 2007). The land area that is less than 10 m above
sea level is just 2 % of the world’s total land area, yet it is home to 10 % of the world’s population and 13 % of the world’s urban
population (McGranahan et al., 2007). SLR, extreme sea level events, and land subsidence have the potential to significantly affect
landscapes, land use, infrastructure, morphology and ecosystem services, therefore coastal areas are among the most vulnerable re-
gions in the world (Nicholls & Cazenave, 2010; Davtalab et al., 2020). Estimations from the Intergovernmental Panel on Climate
Change (IPCC) suggest a future increase in Global Mean Sea Level (GMSL) rise. Such a trend can already be observed when, for
example, comparing the rate of change of 3.7 [3.2 to 4.2] mm/yr between 2006 and 2018 with the rate of 1.9 [0.8 and 2.9] mm/yr
between 1971 and 2006 (Masson-Delmotte et al., 2021). In order to effectively develop ways to adapt, regional and local drivers must
first be determined. Authorities and stakeholders require information regarding how sea level rise will impact specifically their local
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Fig. 1. (a) Map of Colombia showing tide gauge stations as well as the 100 km coastal zone for the Pacific and the Caribbean coasts (hatched zones).
(b) Elevation of Colombia. The legend indicates the elevation above the sea level.

area in order to implement future development plans.

This study aims to analyze impacts on the coastline of Colombia. Colombia extends from north to south between 12°N and 4°S and
from east to west between 67°W and 79°W (Fig. 1a) with a total area of nearly 1.14 million km? and it is home to nearly 51.3 million
people (The World Bank, 2022). It is composed of 32 departments (subnational divisions) plus the capital district of Bogota, and it
shares borders in the North with Panama, in the East with Venezuela and Brazil and in the South with Ecuador and Peru. The climate is
predominantly tropical along the coast and in the eastern plains, whereas the highlands are characterized by a cooler climate. The
overall coastline of Colombia is more than 3000 km in length, with over 1600 km on the Caribbean Sea and about 1400 km along the
Pacific Ocean (Fig. 1a).

Rising sea levels and an increase in the occurrence of extreme events are recognized as key climate concerns by policymakers and
the global public (Oppenheimer and Alley, 2016). Sea level rise threatens coastal areas through a combination of hazards and impacts,
including intensification of episodic, temporary flooding, as well as permanent inundation of land, inundation of groundwater, and
salinization of ground and surface waters (Magnan et al., 2022). Additionally, marine and terrestrial coastal ecosystems will undergo
significant changes by the end of this century, which include the loss of biodiversity and ecosystem functions (Albright et al., 2018;
Blankespoor et al., 2014; Borchert et al., 2018; Coldren et al., 2019; Perry et al., 2018).

Similar to other regions around the globe, SLR in Colombia is expected to cause flooding and coastal erosion (Restrepo-Angel et al.,
2021). This study analyses three different aspects of SLR consequences along the Colombian coasts. Firstly, by using different IPCC
scenarios, potential land loss due to SLR will be determined. Secondly, the current land use of these threatened areas will be assessed.
Finally, a socio-economic discussion will be presented to delineate the potential impact of SLR with the associated land loss on the local
population.

2. Methods
2.1. Elevation information from Colombia

Digital Elevation Model (DEM) data is needed to assess land elevation compared to SLR and thus determine potential land loss as a
result of the projected SLR. The data used in this study is a high accuracy Multi-Error-Removed Improved-Terrain DEM (MERIT DEM)
with a resolution of 3 arc seconds (~90 m at the equator), that was created by removing the key error components from existing DEMs
(NASA SRTM3 DEM, JAXA AW3D DEM, Viewfinder Panoramas DEM) (Yamazaki et al., 2017). Yamazaki et al. (2017) used a multi-step
method to improve the accuracy of the global DEM. Firstly, strip noise was removed, then the absolute bias and the tree height bias
were identified and removed and as a last step the speckle noise was removed by using adaptive smoothing filters. Each dataset
represents 5° (latitude) by 5° (longitude) tiles. For the analysis, we merged several tiles in a mosaic dataset using the same geographic
coordinate system (WGS 1984). Fig. 1b illustrates the results of DEM analysis.
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Fig. 2. Sea level rise values based on the monthly and annually averaged data measured by the tide gauge stations shown in Fig. 1a.

For the predicted future scenarios, the inundated area is calculated according to the elevation value from the DEM. For each
scenario, the area is determined by connected pixels that have a value less than or equal to the sea level rise.

2.2. Tide gauge information from Colombia

Two organizations, the Permanent Service for Mean Sea Level (PSMSL), which offers a global data bank for long-term sea level
change information including, the Global Sea Level Observing System (GLOSS), and the University of Hawaii Sea Level Center
(UHSLA), collect tide gauge data on the coasts of Colombia. The two tide gauge stations located on the Pacific coast are Buenaventura
and Tumaco and the four stations located on the Caribbean coast are San Andres, Cartagena, Santa Marta and Riohacha (Fig. 1a). Each
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Fig. 3. Buenaventura (a) and Cartagena (b) total sea level rise. Shaded zones show the 17th-83rd percentile ranges. Projections are relative to a
1995-2014 baseline.

tide gauge station is part of a network of stations belonging either to the PSMSL - GLOSS or to the UHSLC. The quality assessment of the
sea level data can be found in their metadata. There are two different types of datasets available for each station. One is fast delivery
data, which is released within 1-2 months of data collection and receives only basic quality control which focuses on large sea level
shifts and obvious outliers. The other data type is “science-ready” data which follows an in-depth quality control process that is time-
consuming and results in research quality data. However, this process may take up to 2 years until data release. In our analysis, data in
research quality was used from PSMSL — GLOSS for the tide gauge stations Buenaventura, Cartagena and Tumaco. Fast delivery data
from the UHSLC was used for the stations Buenaventura, Cartagena, Tumaco, San Andres and Santa Marta. The recorded data from
these stations are presented in Fig. 2.Note that the tide gauge recordings start at different years and there was a recording gap in
Cartagena — Station B.

2.3. Projected climate changes and sea level rises

The IPCC has developed sea level scenarios by establishing emissions-dependent probabilistic projections and discrete scenarios-
based methods (Pachauri et al., 2014). Each emissions scenario is represented by a Representative Concentration Pathway which
describes different climate futures, depending on the volume of greenhouse gases emitted in the coming years. Moreover, the climate
change research community has developed different scenarios incorporating future changes in climate and society to explore different
alternatives for mitigation and adaptation (O’Neill et al., 2017). These scenarios, known as Shared Socioeconomic Pathways (SSP),
include key aspects of society such as demographics, human development, economy and lifestyle, policies and institutions, technology
and environment and natural resources and are assessed to identify challenges that are due to mitigation and adaptation. In the most
recent report published by the IPCC (Masson-Delmotte et al., 2021), Integrated Assessment Models (IAM) are being used to create
different scenarios of energy use, air pollution, land use, and greenhouse gas emission. The implementation of mitigation policies or
lack of them could develop numerous emission scenarios for each SSP (Riahi et al., 2017). The IPCC’s Sixth Assessment Report
(Masson-Delmotte et al., 2021) relates an SSP with a radiative force level at the end of the 21st century depending on the mitigation
and adaptation and the emission future within the IAM modeling framework. For example, the SSP1-1.9 scenario represents the SSP1-
Sustainability together with a policies and emission framework that would reach a radiative forcing of 1.9 W/m? value by 2100. The
core SSP scenarios used in the IPCC report are SSP1-1.9, SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5 (Masson-Delmotte et al., 2021)
therefore, we decided on using these scenarios in this study.

The IPCC analyses and assesses the scientific-experimental information and produces unified projections on future sea levels across
the world under a variety of potential future scenarios. The NASA Sea Level Projection Tool (Fox-Kemper et al., 2021; Garner
etal.,2021) is created to visualize and download the sea level projection data from the IPCC 6th assessment report. Sea-level change for
each SSP scenario results in medium confidence (50th percentile) and two low confidence (17th and 83rd percentile range) scenarios
adding several other SLR drivers such as ice sheet and thermal expansion (among other parameters). We used the NASA Sea Level
Projection Tool to project SLR from 2020 to 2150 under different future climate scenarios for the tide gauge station Cartagena on the
Caribbean coast and the station Buenaventura on the Pacific coast. The projected values are presented in Fig. 3 (note that the cor-
responding tabulated values are reported in Table SM.1).
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Fig. 5. Land use of the area in potential risk of land loss due to the projected sea level rise on the (a) Caribbean and (b) Pacific coastlines.
3. Results

Over the last few years, a clear SLR is seen in the Caribbean Sea, whereas a slower SLR is observed in the Pacific Ocean.

3.1. Potential land loss due to SLR according to the IPCC scenarios

Based on the previously projected SSP scenarios, the potential land loss on the Pacific and Caribbean Sea coast due to SLR was
calculated. Only the area located within the 100 km coastal region (Fig. 1a) was used for the calculation with the data presented in
Fig. 4a. Even though the Caribbean coast of Colombia (with around 1600 km length) is only 1.15 times as long as the Pacific coastline
(less than 1400 km length), the area at risk is over 5.5 times larger on the Caribbean coast under SSP1-1.9. Under SSP1-2.6. SSP2-4.5,
SSP3-7.0 and SSP5-8.5 the area at risk is still 5.5, 4.2, 3.8 and 3.7 times larger on the Caribbean coast. The total area at risk within the
100 km zone (on both Pacific and Caribbean Sea coast) is around 2064 km? under SSP1-1.9,2136 km? under SSP1-2.6, 2424 km? under
SSP2-4.5, 2658 km? under SSP3-7.0 and 2841 km? under the SSP5-8.5 Scenario.

Our results indicate that the Caribbean Sea coastline will experience a higher SLR than the Pacific Ocean coastline. This could be the
result of natural factors such as tectonic activity and sediment compaction (Restrepo-Angel et al., 2021). As reported in supplementary
material, Table SM.1, the Caribbean Sea will undergo a sea level rise between 0.64 m (SSP1-1.9) and 1.04 m (SPP5-8.5) whereas the
Pacific Ocean will experience a lesser impact with a sea level rise between 0.35 m (SSP1-1.9) and 0.72 m (SSP5-8.5). An area of 1748
km? and 2232 km? along the Caribbean Sea coast is at risk of permanent loss under SSP1-1.9 and SSP5-8.5, respectively (Fig. 4a) while
these numbers are 316 km? and 609 km? for the Pacific coast (Fig. 4a). If the SLR would exceed the values of the future projections used
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Fig. 6. Gross Domestic Product by branch of economic activity for the year 2019 (a) and 2020 (b) (DANE, 2020b).

Table 1

Department GDP percentage by branch of economy activity (%) presented in Fig. 6 (DANE, 2020b).
Department Industry code

A B C D E F G H I J K L
Antioquia 12.97 12.25 19.07 19.50 16.10 1430 14.70 15.99 14.64 19.86 11.27 14.15
Cérdoba 2.83 1.83 1.78 2.05 1.94 1.41 1.77 0.85 0.66 1.76 3.06 1.23
Chocé 1.15 2.26 0.03 0.12 0.33 0.29 0.15 0.17 0.09 0.01 0.98 0.15
Sucre 1.10 0.12 0.52 0.54 1.56 0.79 0.66 0.45 0.51 0.27 1.76 0.94
Atlantico 0.64 0.25 6.15 9.66 4.16 5.40 4.00 4.21 3.72 4.67 4.55 4.44
Bolivar 2.44 2.17 4.76 3.39 5.76 291 2.37 1.83 2.59 3.39 4.14 2.09
Magdalena 3.26 0.08 0.48 0.70 1.53 1.53 1.16 0.78 0.92 0.69 2.48 1.14
La Guajira 0.69 3.61 0.06 1.58 1.11 0.71 0.35 0.36 0.49 0.04 1.47 0.66
Cauca 3.37 0.46 2.67 1.49 2.67 1.15 0.75 0.71 0.93 1.93 2.44 0.99
Valle del Cauca 9.31 0.31 14.29 9.78 6.62 10.01 8.79 8.29 13.26 12.95 8.38 8.74
Narino 3.59 0.33 0.35 0.62 2.38 1.74 0.86 0.99 1.35 0.74 2.77 1.55
San Andrés, Providencia y Santa Catalina 0.00 0.00 0.00 0.10 0.10 0.38 0.07 0.10 0.08 0.08 0.16 0.03
(Archipiélago)

in this paper, the calculated numbers reported here would be modified accordingly. Considering that the area within 1 km of the
coastline is most affected by changes in mean sea level, this area should be given special consideration by policy makers to adapt to sea
level rise and mitigate some impacts. Therefore, we have performed a similar analysis to calculate the area under the risk of permanent
land loss due to SLR within 1 km of the coastline of Pacific Ocean and Caribbean Sea with the results presented in Fig. 4b (see sup-
plementary materials, Table SM. 2 and Table SM. 3, for the values used to plot Fig. 4).

Fig. 5a and 5b show the land use of the area that is in potential risk of land loss due to the projected sea level rises (the numerical
values used to plot Fig. 5 are presented in the supplementary materials, Table SM. 4). On both coasts, the Caribbean and the Pacific, the
land type classified as “water bodies” will be affected most by the SLR under any scenario. The second most affected land type is the
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Table 2
Population (2018) in the municipalities that are at potential risk of land loss due to SLR (DANE, 2020a) and GDP per capita by each department
that lies within area that is at risks (DANE, 2020b).

Department Inhabitants Municipalities GDP per capita (USD)
Antioquia 371,321 8 5,898
Atlantico 2,001,531 13 4,343
Bolivar 1,081,757 8 4,163
Cauca 60,809 3 3,218
Chocd 210,323 13 2,186
Cérdoba 358,124 10 2,614
La Guajira 654,452 7 2,205
Magdalena 822,223 11 2,538
Narifio 355,250 8 2,561
Sucre 109,589 4 2,341
Valle Del Cauca 258,445 1 5,816

land that is dedicated for soil conservation. As is also visible in Fig. 4, the land along the Caribbean coastline is expected to experience
greater impacts.

3.2. Socio-economic considerations and impacts

Colombia is an emerging economy and an economic power in the South American continent. According to the International
Monetary Fund (IMF), Colombia’s nominal GDP is the fifth highest in Latin America after Brazil, Mexico, Chile, and Argentina, and
ranks 45th in the world. The largest industry sectors in the country are public administration, defense, education and health, wholesale
and retail trade and manufacturing industries (Fig. 6: Gross Domestic Product by branch of economic activity for the year 2019 (a) and
2020 (b) (DANE, 2020b). — the numerical values used to plot Fig. 6 are presented in the supplementary material, Table SM. 5).

Our results show that under SSP5-8.5 climate scenario, 12 departments and a total of 86 municipalities are directly affected by the
projected SLR via its effects on potential land loss. Table 1 shows those departments and their percentage of the total economic activity
of that branch. The departments Antioquia and Valle del Cauca have a great impact on the national GDP, covering a substantial ratio in
most of the economic activities.

The population that is affected by the potential land loss due to SLR could vary depending on the country’s development and future
adaptation policies. Nevertheless, it is possible to estimate the population that currently lives in the potentially endangered area
(Table 2). In addition to the affected population, it is crucial to evaluate the economic conditions in which the inhabitants live. The first
factor to be evaluated is the GDP per capita. DANE reports the GDP per capita by department, which shows an estimate of the pur-
chasing power per population (Table 2).

4. Discussion

Along the coastline of the Caribbean Sea are many important cities such as Cartagena, Barranquilla, Santa Marta, San Andres and
Riohacha, which according to Banco de la Republica de Colombia are the cities that attract a large number of tourists and generate
significant employment. Resources that are extracted in this coastal zone, among others, are coal, natural gas, and salts. The region’s
main crops are cotton, rice, coffee, cacao, cassava, African oil palm, bananas and other fruits. Cattle ranching also plays an important
role, especially for dairy products, meat and also the leather industry. The economy of the Pacific region is based on industrial deep-sea
fishing and mariculture; in addition, the extraction of forests for the national and international market plays a major role, as well as
industrial gold and platinum mining. Livestock is also kept and the agriculture is mainly African oil palm, banana and plantain crops.

In order to determine the impact of sea level rise on the environment and the inhabitants, it is crucial to know the land use of the
area that is at risk of inundation. The major land use types on both coasts, that are at risk, are water bodies and soil conservation
(Fig. 5). One of the consequences of the SLR is wetland salinization. This salinization modifies the essential physicochemical nature of
the soil-water environment, raising ionic concentrations and modifying chemical balances and mineral solubility (Herbert et al.,
2015). Wetland ecosystem services are among the most valuable on the planet (Mitsch et al., 2015). The services include water sta-
bilization, flood and drought mitigation, cleaning of polluted water, shoreline protection and recharging of groundwater aquifers.
Wetlands also provide a unique habitat for a large variety of flora and fauna and they act as a carbon sink and can stabilize the climate.
Therefore, the environmental loss due to sea level rise will have a significant impact on the natural processes of the region. Another
consequence of sea level rise is soil salinization, which adversely influences vegetation, food security and environmental health
(Shokri-Kuehni et al., 2020; Hassani et al., 2021). In particular, places where groundwater with high levels of salt concentration are
being used for irrigation. This poses a threat to the agriculture and food production Funakawa & Kosaki, 2007). Due to the fact that
land that is used for agriculture will be affected by the sea level rise under each of the SSP scenarios, and considering that agriculture,
livestock, hunting, forestry and fishing represent almost 10 % of the national GDP, sea level rise poses a serious threat to food security
and socio-economic activities. The different climate zones, as well as terrains, provide Colombia with a large variety of fauna and flora
species making Colombia one of the world’s top 5 producers of coffee, avocado, and palm oil, and one of the world’s top 10 producers
of sugar cane, banana, pineapple and cocoa (Food and Agriculture Organization, 2021). Furthermore, residential zones will also be
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(Territorios Colectivos de Comunidades Negras) (DANE, 2020c) and (b) Social information Multidimensional Poverty Index 2020 (DANE, 2020d).

affected by the SLR under each of the SSP scenarios, requiring reallocation of families to a secure location in terms of inundation risk. In
addition to the financial cost, the social consequences of such a task would be extremely complex.

The population of Colombia contains many different ethnic groups (Fig. 7a) (DANE, 2020a). Given the ethnic territories and the
social-cultural value represented, the reallocation of the population in these territories could be more complex and expensive (see
Fig. 7b). For example, the departments of Choco and Guajira, which may be affected by sea level rise, have a population of almost 40 %
living in indigenous reservations or CCN territory, leading to a special policy in terms of mitigation and adaptation, and reallocation in
case this is necessary.

In addition, these departments, and some others, have poverty indicators with values that make the implementation of policies
more challenging. The informal labor rate in the departments of Choco and La Guajira are the highest in the country, 92 % and 93 %
respectively, and the other affected departments have rates higher than 50 %. This makes tax collection more difficult or non-existing.
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Unemployment rates in these departments are also among the highest in the country, which makes it more complicated to adapt to new
mitigation and adaptation policies. Moreover, inadequate excreta disposal and no access to treated water sources are also issues that
may be worsened by sea level rise.

5. Summary and conclusions

In this study we investigated the economic and social impacts of sea level rise in the coastal zones of Colombia, considering the
different SSP scenarios projected by the IPCC report released in 2021. Potential land loss due to the projected sea level rises under
different SSP scenarios were delineated. A reconstruction of the sea level rise back to 1870 shows a substantial acceleration in the last
century, possibly as a result of global warming which melts land ice and causes ocean expansion (Church & White, 2006). However, the
degree of impact on coastal areas depends on the regional and local features such as profile slope, topography, sediment type, wave
conditions, tide conditions, meteorological conditions etc. (Orejarena-Rondon et al., 2019). Even though there are severe conse-
quences of sea level rise, in theory, the implementation and success of adaptation policies are fairly uncertain, which leads to a demand
for more assessment and consideration (Nicholls & Cazenave, 2010), especially on a regional scale. Therefore, it is essential to conduct
local studies that consider all variables to determine the impact of sea level rise on coastal areas, to administer the best mitigation and
adaptation measures. The DEM used to analyze the land elevation in our investigation has a resolution of 90 m x 90 m, which leads to
uncertainty in the potential land loss assessment. Naturally, the study evaluates the land which would be below sea level with sea level
rise and the behavior in an area of 8,100 m? could vary significantly. However, our analysis provides a general scope of the area at
potential risk of inundation due to the projected sea level rise. Another limitation is that the information used to determine the sea level
rise was obtained by the projections performed by the IPCC in the Sixth Assessment Report, released in 2021, which only forecasted the
sea level rise for two meteorological stations in Colombia. Fortunately, the two stations are on both Pacific and Caribbean coastlines.
The sea level rise projections were extrapolated spatially and temporally to the whole coastline which leads to a substantial assumption
when assessing the potential land loss. Certainly, the sea level rise depends on various local and regional meteorological, climatic,
geophysical and other factors and therefore, extreme waves, sea level extremes and surges need to be considered when measuring the
impact of the sea level rise.

The results showed a clear trend that the Pacific coast will experience a milder increase in sea level than the Caribbean coast. The
increased rates in rising sea levels along the Caribbean coast are likely attributable to natural causes such as tectonic activity or
sediment compaction resulting in land subsidence (Restrepo-Angel et al., 2021).

It should be highlighted that the potential risk assessed in this study does not consider any mitigation measures adopted to protect
against the impact of the sea level rise. Each SSP scenario represents a specific pathway the society could take, but special measures,
such as dykes to prevent inundation, are not considered in this analysis. Hence, the results should be understood as a signal of the
consequences of sea level rise if no actions are undertaken. It should also be mentioned that the uncertainties included in the future SLR
projections influence the calculated areas that are under risk of being lost.

To the best of our knowledge, the reported results in this paper offer one of the first detailed analyses of the consequences of the
projected sea level rises (released by the IPCC in the Sixth Assessment Report in 2021) with the associated socio-economic impacts on
the coastline of Colombia under different climate scenarios. This can be a useful tool and a starting point toward a precise calculation of
the environmental, ecological and socio-economic consequences in the region.
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