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ABSTRACT. A Coastal Sensitivity Index (CSI) map is a critical input for deriving coastal management plans. 

Development of these maps has typically been challenging since many of the datasets required are non-existent 

or unavailable. This study focused on determining CSIs for Cocos and Columbus Bays on the island of Trinidad. 

Historically, both bays have experienced severe erosion, which have led to the construction of high-priced 

coastal protection structures. Ten (10) erosion-inducing physical variables for each bay were categorized into 

two groups; one containing five (5) structural variables and the other consisting of five (5) process variables. 

Using a multi-criteria analysis approach, these variables were incorporated into a geographic information 

system (GIS) for the determination of the CSIs. All variables were ranked using published ranking criteria 

based on a scale of 1 - 5 (5 being the most sensitive). Two additional variables, storm surge and coastal 

protection structures, not traditionally used in sensitivity studies, were also included. Variables were 

manipulated using the geo-processing and spatial analyst tools in ArcGIS 10.4.1 to calculate the indices and 

generate the final CSI maps. CSI values were validated against field and desktop studies. Final CSI maps 

revealed that sensitivities for both study sites were predominantly high and very high. Erosion, sea level rise and 

increasing storm intensity and frequency are ever escalating threats to the coast. The initial results of this study 

and these growing threats further justify the need to include CSIs in coastal management plans. Hard 

engineering coastal protective structures usually require significant financial investment and the establishment 

of coastal setback distances can be a preferred shoreline management tool. 
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1. INTRODUCTION 

 

Beaches are a critical natural and economic 

resource for many small island developing states 

(SIDS). These sections of the coastline, which 

often serve as recreational areas for humans, 

exhibit some of the most dynamic changes in 

nature over timescales of hours to years. Built 

infrastructure, such as hotels, guest houses, craft 

shops, tourism booths, among others, in coastal 

areas are important to islands, which rely on 

tourism as a significant economic determinant 

(Cambers, 1998). Developers usually locate 

infrastructure close to the waterfront with no regard 

for coastal vulnerability. Often, this vulnerability 

results from the impacts of climate change and sea 

level rise (Abuodha and Woodroffe, 2010). Hard 

engineering structures help to counteract the 

impacts of erosion by intercepting sediment cross-

shore transport. These structures are however not 

aesthetically appealing, but, through proper coastal 

planning and management alternative measures can 

be implemented to maintain the natural ambiance 

of the environment. The establishment of effective 

coastal setback distances that accommodate the 

constant short, medium and long-term changes 

which occur during erosion and accretion along the 

coastline can be an effective solution (Cambers, 

1988). A coastal setback may be defined as a 

prescribed distance to a coastal feature, such as the 

line of permanent vegetation, within which all or 

certain types of development are prohibited 

(Cambers, 1988). Sanò et al. (2011) defines a 

coastal setback as “…a buffer space where 

permanent constructions are not allowed, defined 

by a specific distance from the shoreline’s highest 

water mark". Whereas Cambers (1998) established 

the reference as the permanent vegetation line, Sanò 

et al. (2011) used the high-water mark. In Trinidad 

and Tobago coastal boundaries are commonly 

measured using the high-water mark hence in this 

study the definition by Sanò et al. (2011) was used 

as the reference boundary. The impact of sea-level 

rise on physical and ecological coastal processes is 

widespread even though eustatic sea level is 

presently rising by a few millimetres per year 

(Intergovernmental Panel on Climate Change 

[IPCC], 2014). These impacts include exacerbation 
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of coastal erosion and flooding from climate 

change and increased frequency and intensity of 

storms and storm surges, particularly on low-lying 

expansive bays and estuaries (Ballinger and 

Dodds, 2017). A number of abiotic marine and 

terrestrial factors affect the resilience of the 

coastline. These may include the beach slope, 

beach sediment, grain size, geology and 

geomorphology. Stopping coastal erosion and 

shoreline retreat is difficult; however, the reduction 

of erosion rates and restoration of endangered areas 

can be accomplished by coastal engineers and 

planners (Charlier et al., 1989). Multiple 

techniques such as seawalls, groynes, beach 

nourishment among others, have been trialled with 

varying degrees of success and occasionally with 

undesired, if not unexpected consequences (Klein 

et al., 2001). Establishing and implementing 

building line setbacks is potentially a more 

effective soft engineering approach. Multi-criteria 

geographical information systems (MC-GIS) 

analysis was used in this study to determine CSIs 

for Cocos and Columbus Bays, Trinidad. Both bays 

are classified as micro-tidal, low-lying and mainly 

affected by water levels, hence their vulnerability 

to sea level rise, coastal erosion and increases in 

storm frequency and intensity. Previous studies 

also indicate that both bays have undergone 

significant erosion in the last 30 years (Oostdam, 

1982; Kenny, 2002; Singh and Fouladi, 2003; 

Leung Chee et al., 2014; Chin Sang, 2015), and 

this is likely to worsen in the near future.  

CSIs have traditionally been used for the 

development and implementation of appropriate 

coastal management strategies (Gornitz, 1991; 

Gornitz et al,, 1992; Thieler and Hammer-Klose 

1999, 2010; Pendleton et al., 2005; Abuodha and 

Woodroffe, 2006, 2010; Prasetya, 2007; Addo, 

2013, Faour et al., 2013; Murali et al., 2013; 

Pramanik et al., 2015). The CSI is one of the most 

commonly used methods for establishing a coasts 

susceptibility to erosion and inundation. It is an 

approach that adopts a qualitative technique for 

assessing the vulnerability of a coastline due to the 

impacts of climate change (Bagdanavičiūtė et al., 

2015). This approach is widely accepted 

(Bagdanavičiūtė et al., 2015), as it is a powerful 

method used to inform coastal managers of the risk 

along a country’s coastline which can also be used 

to develop effective management strategies (Addo, 

2013). In many instances, additional erosion-

inducing factors such as shoreline exposure, barrier 

types and beach types, have substituted for 

unavailable native data sets (Abuodha and 

Woodroffe, 2006, 2010; Addo, 2013; Theiler and 

Hammer-Klose, 1999, 2010) and sources therein. 

This approach however, has seldom been used on 

non-tidal or micro-tidal bays.  
 

 

2. MATERIALS AND METHODS 

2.1. Study area 

Cocos Bay (Figure 1), also locally referred to as 

Manzanilla Bay, is a barrier beach system 

bounded by two prominent, rugged headlands 

(Darsan, 2013a). Over the past decade this bay 

has experienced significant coastal erosion 

(Darsan et al., 2012) which has caused concern 

for persons living and working in the area 

(Mahabir and Nurse, 2007). Most of this 

erosion was recorded within the southern part of 

the bay. Columbus Bay (Figure 1), has 

experienced high erosion rates dating back to the 

early 1900’s (Leung Chee et al., 2014; Alexis, 

2014; Kenny, 2002; Oostdam, 1982). It is 

approximately 4 km long and is located along the 

northern face of the south-western peninsula of 

Trinidad. Beach profile and littoral data were 

collected at both of these bays for the IMA’s 

Coastal Conservation Programme which has been 

in effect for more than two decades. Long term 

averages derived from this historical data were 

used in the multi-criteria analysis for this study. 

Both bays are relatively long and multiple IMA 

monitoring stations provided relevant information 

on coastal dynamics along the bay. There were 

five monitoring stations at Cocos Bay and eight 

at Columbus Bay (Darsan, 2013b). Even though, 

there are similarities between their geological and 

geomorphological settings both bays are exposed 

to varying beach dynamics and wave energies. 

Cocos Bay is a relatively straight, north-south 

oriented, sandy bay with low dunes exposed to 

plunging and multiple spilling breakers from the 

Atlantic Ocean while Columbus Bay is a sandy 

northeast to southwest oriented bay, located 

within the south-western region of the coastline 

of Trinidad. Columbus Bay is sheltered by the 

Gulf of Paria and has a dense coconut estate and 

low vegetation in the backshore with intermittent 

outcrops of mangrove. There are also differences 

in exposure to varying wave dynamics due to 

their locations. Each bay is exposed to varying 

wave approach and breaker types and they are 

both impacted differently by storm surges. Other 

erosion factors such as wind speed and direction 

also vary at each bay. Within recent times, both 

bays were highlighted in the local newspaper and 

were earmarked for coastal protection and other 

coastal development (Fraser, 2014; Alexis, 2016; 

Ramdass, 2017). 
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Figure 1. Map showing the locations of Cocos Bay and Columbus Bay 

 

2.2. Delineating the study sites 

Prior to deriving the weightings and rankings for 

the numerous variables, the specific study sites 

were each delineated from a 2014 coastline 

shapefile of Trinidad obtained from the IMA. 

Cocos bay which lies between Manzanilla Point 

and Point Radix was first clipped out. The 

coordinates of the IMA benchmark stations were 

then plotted onto this clipped section and a 50 m 

buffer applied (Figure 2). Since there was a lack of 

monitoring data for some of the regions in between 

the IMA monitoring stations, the measured point 

data at each of the stations, were used to represent 

the various coastal sections. The bay was then 

divided into six coastal regions based on 

vulnerability between the IMA benchmark stations. 

Columbus Bay between Los Gallos Point and just 

south of Corral point, was then clipped from the 

Trinidad coastline to define the second study area. 

This clipped region was buffered and divided into 

fifteen sections (Figure 3). Both study site regions 

were then saved in raster format and used as base 

layers to apply the rankings for the nine variables 

used in deriving the CSI. 

3. Ranking criteria 

Each parameter utilized was ranked in order of their 

contribution to the vulnerability of the coastline. 

Ranks were derived based on information gathered 

from previous studies. With regard to the coastal 

protection measures variable, ranking was based on 

expert opinion. Advice from local coastal 

engineering experts suggested that it was difficult to 

rank coastal protection structures in terms of their 

performance, however, a ranking scheme could still 

be used based simply on whether these structures 

were present or not. If present, they could be ranked 

based on whether they were hard or soft engineering 

structures. In the end, the ranking criteria adopted 

for this research were adopted from Abuodha and 

Woodroffe (2006, 2010). The variables for the CSI 

were considered and selected based on previous 
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Figure 2. Base map of Cocos Bay showing buffered 

overlay regions 
 

works by Abuodha and Woodroffe (2006, 2010), 

Addo (2013), Faour et al. (2013), Gornitz (1991), 

Gornitz et al. (1992), Thieler and Hammer-

Klose (1999, 2010), Pendleton et al. (2005), 

Prasetya (2007), Mahendra et al. (2011), Murali 

et al. (2013), Bagdanavičiūtė et al. (2015) and 

Sankari et al. (2015). Two variables not 

referenced by previous authors but considered 

crucial to the analysis were storm surge (SS) and 

the presence of shoreline protection measures (CP). 

Both were present at each study site and as such 

were included in this study. Variables were 

separated into two groups 1) structural variables and 

2) process variables. The five (5) structural 

variables were; geology, geomorphology, 

coastal/beach slope, shoreline change and presence 

of coastal protection. The five (5) process variables 

were; mean significant wave height, sea level rise, 

mean tidal level, storm surge and dune elevation. 

Tables 1 and 2 show the ranking criteria used for 

each of the variables described below. 

3.1. Geology 

Geology/lithology represents the varying rock type 

which is located on or below the shoreline that is 

exposed to wave action (Abuodha and Woodroffe, 

2010). Addo (2013) classified the geology of the 

Accra coastline in Ghana into five rankings from 1 

to 5 where 1 was least vulnerable and 5 was most 

vulnerable, however, only three of these were used 

to characterize the geological conditions. These 

included sandstones and metamorphic outcrops, 

which were assigned a rank of 2, unconsolidated 

sediments, clay and gravel beaches were assigned a 

rank of 4 and lagoonal/fluvial sediments were 

assigned a rank of 5. Abuodha and Woodroffe 

(2010) also developed five rankings but only four 

were actually used in their study. Older resistant 

rocks were given a rank of 2, shale units which 

undergo erosion instability was given a rank of 3, 

sandstone, siltstone, shale and coal with minor 

conglomerate and tuffaceous beds were given a rank 

of 4, while quaternary unconsolidated sediments 

such as sand was given a rank of 5. For this study, 

the ranking adopted by Abuodha and Woodroffe 

(2010) was used for both Cocos and Columbus 

Bays. At Cocos Bay, with the exception of the 

headlands at Manzanilla and Radix Points, the 

entire bay consisted of recent alluvium (classified 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3. Base map of Columbus Bay 

showing buffered overlay regions 
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Table 1 Ranking criteria for structural variables used in the study 

 
 

Table 2. Ranking criteria for process variables used in the study 

 

 
the Los Gallos headland, the entire bay consisted of 

recent alluvium and hence all stations along this 

bay were assigned a ranking of 5. 
 

3.2. Geomorphology 

Murali et al. (2013) defines geomorphology as the 

study of surface landforms, processes and the 

evolution of the earth which resulted in its present 

landscape. This occurs due to many factors including; 

tectonic influences, structural features, the lithology of 

the rocks which forms the coastline and the 

erosive/accretionary cycles of the beach. The 

geomorphological characteristics of a coastline play a 

vital role in determining how the coastline responds to 

sea level rise and erosion (Thieler and Hammar-

Klose, 1999). Geomorphology is differentiated from 

geology in that whereas the former is a function of the 

actual landforms in the foreshore and backshore of the 

beach, the latter is a measure of the relative resistance 

to the underlying bedrock (Abuodha and Woodroffe, 

2010). With the exception of the headlands at 

Manzanilla and Radix Points, the entire bay consisted 

of recent alluvium, which is classified as quaternary 

sediments and hence assigned a rank of 5. Columbus 

Bay is a sandy, low gradient with a low topography 

erodible, unconsolidated sediment backshore. The 

north-eastern end of the bay however, is sheltered by 

incoming waves from the northeast in the Gulf of Paria 

which refracts inward into the bay around the Los 

Gallos headland. The headland creates a shadow-zone 

in its lee, which allows accretion to occur. This region 

of the bay up to IMA’s benchmark (BM) 3 was 

assigned a rank of 4 due to the protection offered by 

the Los Gallos headland. The remainder of the bay 

was assigned a rank of 5 due to its high vulnerability 

and notable erosion. 
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3.3. Beach slope 

One of the most important factors to be considered 

in coastal vulnerability is the coastal/beach slope. 

Some impacts of sea level rise such as increased 

erosion, flooding and coastal inundation are 

reduced by coastlines with increasing steep slopes 

(Abuodha and Woodroffe, 2010; Thieler and 

Hammer-Klose, 1999). Steep coasts are therefore 

less susceptible to the impacts of sea level rise, 

wave attack, storm surges and erosion compared to 

low gradient slopes. At both study sites, a low 

gradient shore face is backed by a low dune that 

generally has a low to flat gradient inland. Over a 

14-month period from 2005–2006 during the winter 

and summer months, nine profiles conducted by 

Darsan (2013a) showed the mean beach slope at 

Cocos Bay to be 4.13°. This value considered 

readings taken along the entire coastal section, 

which had a range of 3.30°–5.60°. The northern 

section of the bay had a mean slope of 5.29°, 

central region 3.50° and the extreme southern 

region 3.44°. All profiles were therefore assigned a 

rank of 5 (very high). At Columbus Bay, selected 

monthly profile data supplied by the IMA for the 

period 2014–2016 for benchmarks 1–9, showed the 

mean beach slope to be 4.5°. All profiles at this bay 

were assigned a rank of 5 (very high). 

3.4. Coastal protection 

This research adopted a ranking system based on 

whether there were hard or soft engineering 

structures present, or, the absence of any type of 

structures. Hard engineering structures were given 

a rank of 1 (low), soft engineering structures a rank 

of 3 (moderate) and for all instances where neither 

was present, a rank of 5 (high). Hard engineering 

coastal protection structures currently exist at 

Cocos and Columbus Bays. At Cocos Bay seawalls 

are located at the northern end while riprap 

revetments are located at the lower central-south 

region. As stated previously, erosion was occurring 

at the flanks of each of these protective structures. 

Despite this, the sections of the coastlines at Cocos 

Bay where hard engineering structures (such as 

seawalls) were present, were given a rank of 1, 

while all other sections where structures were 

absent were given a rank of 5. At Columbus Bay, 

three groynes constructed in 2008 were initially 

very effective but were not properly maintained. 

Only one of these groynes was present in the 

northeast section of the bay during field visits. 

Erosion was observed down drift of this structure in 

a southerly direction while northward, where the 

two former groynes were located, a significant 

amount of accretion occurred. Between this single 

remaining groyne and the region where accretion 

was observed, a rank of very low (1) was assigned. 

For all other regions, where coastal protection 

structures were absent, a rank of very high (5) was 

assigned. 
 

3.5. Shoreline change 

Considerable amounts of sand can be displaced on 

beaches during periods of low wave energy 

conditions leading to accretion. Conversely, beaches 

can be significantly eroded during periods of higher 

wave energy conditions (Abuodha and Woodroffe, 

2010). Cambers (1998) noted that Caribbean 

beaches experienced a winter-summer cycle during 

which flat swell waves produce a berm during the 

summer months while high, steep, storm waves 

produce a convex shaped eroded beach face during 

the winter months (Darsan, 2013b). Progradation 

occurs during the summer months and recession 

during the winter months. The summer period in 

Trinidad extends from May to September while the 

winter period extends from October to April 

(Darsan, 2014).  

Erosion studies conducted by Singh (1997) 

indicated that between 1990 and 1996, the southern 

region of the bay experienced cyclic periods of 

accretion and erosion between seasons and years. At 

south Cocos Bay however, between 1990 till 

present the beach experienced an erosion rate of 1.7 

m/yr. A similar study done by Mahabir and Nurse 

(2007) showed that north of the Nariva River in the 

vicinity of IMA BM 2, there was accretion of 

0.17 m/yr during the period 1990–1999. For the 

entire bay however, the average erosion rate was 

0.55 m/yr. From 2004–2008, the central to northern 

regions of the bay were given a rank of 3 to indicate 

a predominantly dynamic equilibrium state while 

the southern region was given a rank of 4 to reflect 

its rate of shoreline change. 

At Columbus Bay, the erosion rates supplied by 

the IMA suggest that while the bay is eroding 

between Los Gallos and Corral Points, the rate of 

erosion is seasonal and it is classified as being in 

dynamic equilibrium. A summary of the erosion 

during varying periods compiled by Oostdam 

(1982) and the IMA is presented in Table 3. As can 

be seen, the time periods for which the erosion rates 

were calculated by Oostdam (1982) are not 

uniform, however, the average erosion rate at 

Columbus Bay from 1906 to 2013 is 2.72 m/yr. 

Hence a rank of moderate (3) was assigned to all 

benchmarks in this region. At IMA BM 9 (Figure 

3), located south of Corral Point, however, the bay 

is eroding in excess of 1.0 m/yr and hence is ranked 

as high (4). 
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Table 3 Summary of erosion rates for Columbus Bay 1906 – 2010 

 
 

 

3.6. Significant wave height 

A 14-month monitoring study of Cocos Bay 

between winter 2005 and summer 2006 by Darsan 

(2013b), determined the wave height to be 0.7 m 

on average. The northern region had an average of 

0.6 m, the central region 0.65 m and the southern 

region 0.80 m. Data from the IMA for the period 

2014–2016 for all stations, indicated that the range 

of the significant wave height for Cocos Bay was 

0.61 m and therefore remained in the low 

vulnerability class 2. Similarly, for all stations at 

Columbus Bay for the same period, data illustrated 

that the significant wave height was 0.3 m and 

therefore remained in the very low vulnerability 

class 1. Using the buffered coastal sections for 

Cocos and Columbus Bays, a field was added to the 

attribute tables of the polygon layer in the GIS, and 

the rank associated with wave height value 

inputted. The layer was then rasterized and 

included in the GIS analysis. 

3.7. Tidal range 

Higher tidal ranges are associated with stronger 

currents, increased sediment transport and capacity 

to cause erosion, hence macro-tidal coastlines, 

classified as tidal ranges greater than 4 m, are more 

vulnerable than meso- or micro-tidal coastlines 

(Gornitz, 1991). This logic was also adopted by 

Abuodha and Woodroffe (2006). Thieler and 

Hammer-Klose (1999) and Pendleton et al. 

(2004) however, adopted the view that higher tidal 

ranges suggested lower vulnerability, based on the 

premise that storms and storm surges rarely 

exceeded the highest tidal levels at a macro-tidal 

coastline. At Cocos Bay, the tidal pattern is 

influenced by both the Caribbean Sea and the 

Atlantic Ocean and experiences a 12.5-hour, semi-

diurnal tide regime with a maximum spring tide 

range of 1.2 m (Darsan, 2012a). Kenny (2008) 

noted that there was a slight variation between the 

north and south tidal ranges, such that it could vary 

from 50–60 cm between high and low tides. Leung 

Chee et al. (2014) suggested that the changes in 

tidal ranges for Columbus Bay was minimal. Table 

4 depicts the various tidal heights for both Cocos 

and Columbus Bays. 

 
Table 4 Tidal heights for Cocos and Columbus Bays 
 

Tide 
Cocos 

Bay 

Columbus 

Bay 

Mean high water spring (MHWS) +1.20 +0.96 

Mean high water neap (MHWN) +1.00 +0.80 

Mean low water neap (MLWN) +0.70 +0.72 

Mean low water spring (MLWS) +0.49 +0.72 

 

For this study, the views of Gornitz (1991) and 

Abuodha and Woodroffe (2006) were used in 

determining the rank. Although the tidal ranges 

were ranked in Table 2 based on five categories, 

only two ranking criteria were used, Cocos Bay 

having a tidal range between 1.0 and 1.9 m, while 

Columbus Bay had a range less than 0.99 m as seen 

in the mean high water spring data presented in 

Table 4. All Cocos Bay stations at the IMA were 

therefore assigned a rank of 2 while stations at 

Columbus Bay were assigned a rank of 1. The 

attribute table of the buffered coastline polygon was 

updated to include a column for tidal range and all 

stations were assigned a rank of 2.  

3.8. Sea level rise 

One of the most important consequences of climate 

change is sea level rise (Murali et al., 2013). When 

tidal datum is derived over a 19-year period and the 

arithmetic mean of hourly water elevations is 

calculated, the value obtained is called the mean sea 

level. The Brunn Rule, which was established in 

1962 suggests that depending on the slope of the 

beach, a coastal retreat of 50 to 100 times the 

expected rise in sea level is required to maintain the 

equilibrium of the beach. The retreat is given by the 

equation: 
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S

h
R SLR 

 
where: R is the expected retreat, h is the rise in 

sea level, and S is the slope of the beach. 

This equation suggests that coastlines with low 

gradients will be extremely vulnerable to even 

small changes in sea level rise. Information 

gathered from published literature and supported by 

IMA data supplied, illustrated that the beach slope 

at both Cocos and Columbus Bays are low, hence 

both of these coastlines are extremely vulnerable to 

erosion. A statement published by the Government 

of the Republic of Trinidad and Tobago 

[GORTT] (2011), indicated that Caribbean 

countries are projected to experience sea level rise 

between 1.8 mm and 5.9 mm per year till 2100 and 

that this change will not be uniform throughout the 

Caribbean region. Chin Sang (2015) proposed 

estimates of sea level rise for Trinidad to be 

1.8 mm/yr. Only one ranking is applicable to both 

bays in this study, i.e. a rank of 3 or moderate. The 

attribute tables of the two buffered polygon layers 

for Cocos and Columbus Bays were amended to 

include a field for sea level rise and a rank of 3 was 

inputted for all Cocos and Columbus Bays stations. 

Polygon layers were then converted to raster format 

using ArcGIS and included in the analysis. 

3.9. Storm surge 

Faour et al. (2013) suggested that while sea level 

rise is considered a serious risk, the changes in 

extreme sea levels are possibly of greater 

importance, since the risks to coastal regions are 

significantly higher. The Caribbean has a history of 

natural disasters, particularly due to hurricanes and 

tropical storms which are identified as being the 

most significant natural hazard risks (IADB, 2014). 

The IADB (2014) used numerical modelling 

methods based on historical storm data for the 

island of Trinidad, to determine that the average 

storm surge value was 3.0 m, this was classified as 

moderate (3). In ArcGIS, the buffer attribute table 

was updated to include the CVI rank for storm 

surge for both Cocos and Columbus Bays. Buffer 

polygons created for the various sections were then 

converted to raster format in preparation for the 

GIS analysis. 

3.10. Dune elevation 

Another measure of coastal vulnerability is dune 

elevation. Abuodha and Woodroffe (2006) 

suggested that the greatest height of the backshore 

dune could be applied in this context. Dunes of 

higher elevations are less likely to be inundated than 

those of lower elevations and are essentially the first 

line of defence to the action of waves. The height of 

the backshore dunes occurs at less than 3.0 m above 

mean sea level (MSL) along the entire 20 km stretch 

at Cocos Bay and less than 3.0 m along the 4 km 

stretch at Columbus Bay. Erosion studies from 1991 

to 2001 in these low-lying areas indicate that rates 

of 1–2 m/yr on average at these coastlines may be 

as a result of increased sea level or chronic erosion 

caused by local patterns of currents and waves. Due 

to these reasons both Cocos and Columbus Bays, 

which are classified as sandy beaches backed by 

low dunes (Darsan et al., 2012), were assigned a 

rank of 5. The attribute tables of the base maps with 

the buffers were edited to include a field for the 

rank of the dune elevation variable.  

 

4. INTEGRATION OF PARAMETERS AND RANKINGS 
 

A GIS multi-criteria analysis based on these 

variables was then conducted in ArcGIS 10.4.1 to 

determine the final CSIs. Once the rankings were 

determined and assigned, each variable map was 

converted into raster format and reclassified. The 

final reclassified raster maps with the assigned 

ranks were then used to generate the coastal 

vulnerability maps for Cocos and Columbus Bays. 

A formula, adapted from studies done by Gornitz 

(1991), Gornitz et al. (1992), Thieler and 

Hammer-Klose (1999, 2010), Abuodha and 

Woodroffe (2006, 2010), Pendleton et al. (2005), 

Prasetya (2007), Mahendra et al. (2011), Addo 

(2013), Faour et al. (2013), Murali et al. (2013), 

Bagdanavičiūtė et al. (2015) and Sankari et al. 

(2015) was incorporated into ArcGIS to derive a 

composite layer for generating the CSI. The 

composite CSI of the buffer sections for each 

variable was determined by finding the square root 

of the product of the ranked variables divided by the 

number of variables. This is represented by the 

following mathematical formula: 
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Table 5. Coastal sensitivity rankings for Cocos and Columbus Bays 

 
 

After calculating the CSIs for each buffered 

section, ten (10) value ranges were obtained, five 

(5) for each bay (Table 5). Using the ArcGIS 

platform, the difference between the highest and 

lowest values was calculated and this was then 

divided into five equal sensitivity classes of very 

low, low, moderate, high and very high. This 

processing was also executed in ArcGIS and the 

classes produced were representative of the CSIs 

for the specific regions of each bay. The CSI maps 

for both bays showed that there were areas at both 

sites with varying degrees of vulnerability to 

coastal erosion (very low, low, moderate, high and 

very high). 

 

5. DATA VALIDATION  

 

Field visits were conducted at both bays in order to 

validate the CSI maps. Metadata and quantitative 

measurements were collected to determine if the 

resultant sensitivities were accurate. At Columbus 

Bay, the entire bay was inspected from the 

northeast end to south of Corral Point using a total 

of 18 inspection points. At Cocos Bay however, 

only 10 inspection points located at or near to the 

existing IMA benchmarks were used. The sites 

visited to validate the CSI maps for both Cocos and 

Columbus Bays are shown in Figures 4 and 5. 

Data collected at each site included: site 

coordinates in UTM WGS 1984 format, 

coordinates of the extents of coastal protection 

structures, wave height and direction, cliff heights, 

beach slope, wind speed and direction, observed 

erosion, backshore features and sediment 

characteristics. Wave heights were measured using 

a ruled, extendable survey staff by walking into the 

water and recording the wave heights behind the 

breaker zone. The wave height was taken to be the 

difference between the still water level and the 

height of the passing wave. A total of 10 wave 

heights was recorded and the average calculated. 

Wave direction was recorded using a Brunton Geo 

Compass to the nearest degree. Cliff height was 

measured using a standard construction extendable 

measuring tape. Beach slope was recorded at the 

approximate mid-point between the high and low

 
Figure 4. Map of Cocos Bay showing field validation 

sites and the locations of IMA Benchmarks 

 

water using the Brunton Geo compass measured to 

the nearest degree. Wind speed and direction were 

recorded using a Brunton ADC Anemometer and 

Brunton Geo Compass respectively. A simplified 

flow chart illustrating the key methodological steps 

from data collection to final CSI map validation is 

depicted in Figure 6. 

 

6. RESULTS 
 

The final CSI map of Cocos Bay (Figure 7) 

illustrates that only four (4) out of five (5) possible 

categories of ranks on the bay were obtained i.e. 

very low, moderate, high and very high. The 

majority of the bay had a high-ranking sensitivity 

from the northern end to the upper southern region. 

A small section in the northern region was ranked 

very low. This region coincided with a 252 m 

seawall located at the Manzanilla Bay Facilities. 

Sections ranked moderate were located in the
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Figure 5. Map of Columbus Bay showing field validation sites and the locations of IMA Benchmarks 

 

 
Figure 6. Methodological flow chart of steps for 

deriving Coastal Sensitivity Index 

southern region of the bay. These sections were 

representative of the locations of the riprap 

revetments which existed along this region of the 

bay. The gap which existed between these two 

structures was ranked as very high, possibly due to 

the erosion which occurs at the flanks of the hard 

engineering structures due to longshore current 

scour. The southern end of the bay is ranked as very 

high due to the extensive erosion occurring at this 

location. 

The final CSI map for Columbus Bay (Figure 

8), illustrates that only four out of five possible 

categories of ranks were obtained, very low, 

moderate, high and very high. The northern region 

of the bay was ranked as moderate possibly due to 

the geomorphological sheltering impact at this 

region. High rank classifications were attained for 

the area between the northern region and the 

groyne, potentially due to the low coastal slope, the 

geological unconsolidated sediments which make 

up the backshore as well as its location outside of 

the sheltering effects of the Los Gallos Headland. 

The very Low ranked region along the bay is 

located approximately 283 m northwards of the 

existing groyne where the beach stabilization effects 

of the groyne were clearly observed. Southwards of 

the groyne, the majority of the bay was identified as 

high-ranking sensitivity up to Corral Point but there
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Figure 7. Final Coastal Sensitivity Map for Cocos Bay 

 

are discontinuous sections within the central region 

where it was dissected by regions of moderate 

ranking. All moderate ranking regions were located 

where mangrove outcrops exist along the shoreline. 

Beyond Corral Point, the bay was ranked as very 

high due to the extreme erosion occurring at this 

region. Erosion impacts at this region of the bay 

have been well documented and highlighted by 

Oostdam (1982), Kenny (2002), Alexis (2014) and 

Leung Chee et al. (2014). 

The lengths of each of the ranked areas in 

both bays were measured and the percentages of 

the total lengths of each bay were calculated and 

presented in Table 5. The length of Cocos Bay 

considered in the study was 22.9 km while for 

Columbus Bay it was approximately 4.4 km. The 

calculations recorded in Table 6 reveal that if 

the high and very high Sensitivity Indices alone 

were considered at Cocos Bay, these will account 

for 85% of the bay (= 19.4 km) with 70% being 

attributed to high sensitivity (= 16.0 km) and 15% 

to very high sensitivity (= 3.5 km). At Columbus 

Bay, 67% of the bay or 3.0 km is attributed to 

high and very high sensitivities, with 53% being 

high (= 2.4 km) and 14% being very high (= 0.6 

km). The very high classification occurs in the 

region south of Corral Point. This region was also 

observed to be severely affected by erosion with 

damaged roadway, fallen coconut trees, exposed 

water lines, and coastal regression. The field 

validation trips revealed that the southward 

boundary of this region was a transition zone 

where erosion ceased and accretion began at 

Punta del Arenal.  
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Figure 8. Final Coastal Sensitivity Map for Columbus Bay 

 

 

Table 6 Lengths and percentages of Cocos and Columbus Bays relating to the Coastal 

Sensitivity Index rankings 

 
 

At Cocos Bay, there was the presence of 

built environment consisting of private 

residential properties, state beach and fishing 

facilities, a state-owned road approximately 

20 km in length, an extensive coconut 

plantation and other agricultural lands which 

are privately owned (Mahabir and Nurse, 

2007). At Columbus Bay however, built area 

only occurred at the northern region of the bay 

where the beach facility existed, at the 

backshore region near the existing groyne where 

a single-family dwelling unit existed, and at the 

southern end of the bay where a coconut 

processing industry existed further backshore.  
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7. DISCUSSION AND CONCLUSION 

 

CSI studies should precede and/or be included in 

any Integrated Coastal Zone Management (ICZM) 

plan. It would be useful to include socio-economic 

datasets such as population, in the analysis, 

however, Mclaughlin and Cooper (2010) notes 

that this data can change considerably with time, 

suggesting that the output of the study will be 

specific to a time-constrained period. The approach 

presented in this study can also be applied to other 

beaches and bays in Trinidad and Tobago as well 

as in the wider Caribbean region. Standard 

methodologies used by various researchers were 

used to determine the vulnerability and sensitivity 

indexes using the unit weight for all variables. 

Although the data is more accurately represented 

when weighted (Cendrero and Fischer, 1997), the 

weighting process is difficult due to the diverse 

number of value judgments which exist behind 

combined weights. Nevertheless, it is believed that 

for a more complex coastline where there is 

significant deviation from the set of variables used 

in this study, a weighting factor will strongly 

influence the CSI results. From the results it was 

evident that coastal erosion at Cocos and Columbus 

Bays is occurring at rates which threaten coastal 

infrastructure including roads, buildings, 

commercial properties and land. One approach for 

dealing with this threat is to allow nature to take its 

course, since remediation using hard engineering 

solutions such as seawalls, groynes, breakwaters, 

revetments and beach nourishment is currently very 

costly (Singh and Fouladi, 2003). It may be 

prudent therefore, to establish and enforce coastal 

setback distances for any proposed development in 

these particular bays. Mycoo (2006) and Udika 

(2009) note that a maximum setback distance of 

30 m from the high-water mark was implemented 

in Barbados’s ICZM plan. This has been used 

successfully to manage coastal erosion, 

environmental issues and development in the

island’s coastal region since the 1980’s (Scruggs 

and Bassett, 2013; Mycoo, 2006). Although this 

distance is still considered to be low by some, given 

the potential for inundation of coastal regions due to 

hurricanes and tropical storms, it can be a useful 

precedent for other Caribbean SIDS. Supporting 

legislation and regulations should be integrated 

within the relevant institutional framework, 

however, to guide coastal planning and 

development (Udika, 2009). The CSIs determined 

for Cocos and Columbus Bays in this study support 

the need for a coastal management plan in these 

areas and by extension, the entire coastline of 

Trinidad and Tobago. The recognition and need for 

coastal setback distances is currently identified in 

the ICZM Draft Policy Framework for Trinidad and 

Tobago (Integrated Coastal Zone Management 

Steering Committee, 2014). Further studies using 

additional data will be required to enhance the 

analysis and to assess the vulnerabilities of the 

entire coastline. In this manner accurate setback 

distances can be derived and implemented to 

support sustainable coastal development. 
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