African Journal of Marine Science 2020, 42(1): 43-51
Printed in South Africa — All rights reserved

Copyright © NISC (Pty) Ltd
AFRICAN JOURNAL OF
MARINE SCIENCE
ISSN 1814-232X EISSN 1814-2338
https://doi.org/10.2989/1814232X.2020.1727953

Response of the barrier island coastal region of southwestern Nigeria to

climate and non-climate forcing

IB Danladi'™{/=), M Giil'( =) and E Ates?

" Department of Geological Engineering, Mugla Sitki Kogman University, Mugla, Turkey

2 Vocational School of Ayas, Ankara University, Ankara, Turkey

* Corresponding author, e-mail: iliyadbauchi@yahoo.com

Despite threats emanating from the influence of climate and non-climate forcing on the barrier island coastal region
of southwestern Nigeria, the extent of the coastal erosion is poorly understood. We report evidence of coastal
erosion and sediment accumulation in the region over a 34-year period (1973-2017), using Landsat imagery at
intervals of approximately six years. Landsat image corrections and various water-extraction algorithms were used
to systematically delineate coastal erosion and accumulation in the area. The region was subdivided into western
and eastern subregions separated by Lagos Harbour. In the west, erosion took place during the periods 1973-1979,
1979-1984, 1990-1999 and 2005-2011, whereas in the east, erosion occurred during 1973-1979, 1990-1999 and
1999-2005. Coastal sediment accumulation occurred in the east during 1979-1984, 1984-1990, 2005-2011 and
2011-2017, whereas gains in the west occurred during 1984-1990, 1999-2005 and 2011-2017. The study revealed
substantial net erosion of 1 228.1 ha in the region as a whole, over the full period. Sediment accumulation
accompanying the coastal erosion appears to be linked to longshore drift. Erosion between 1973 and 2011 was
probably attributable to climate change (storms and tidal conditions), longshore drift, the inflow and outflow of
water at Lagos Harbour, coastal morphology and, possibly, human impacts. However, the coastal changes between
2011 and 2017 were more obviously associated with human activities, such as development of the Eko Atlantic
construction project. Coastal surveillance, together with the use of environmentally sensitive protective measures,
could possibly help to reduce coastal erosion in the region. Careful coastal management practices, including
artificial nourishing and the installation of resilient structures (e.g. seawalls), should be undertaken to protect
human settlements that are already at risk from sea-level rise.

Keywords: coastal erosion, Eko Atlantic project, Gulf of Guinea, human impacts, Landsat imagery, longshore drift, sediment accumulation,
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Online supplementary material: Annotated satellite images showing changes in the barrier island coastal region of southwestern Nigeria
are provided in Supplementary Figure S1, available at https://doi.org/10.2989/1814232X.2020.1727953.

Introduction

Coastal regions globally are known to be dynamic, fragile
and economically important areas that need continuous
monitoring and protection since they are prone to climate-
and non-climate forcing activities. The dominant climate-
forcing threat to coastal areas is sea-level rise through climate
change as a result of the release of greenhouse gases, largely
from anthropogenic sources (Zhang et al. 2004). However,
non-climate forcing, which results from poor economic and
infrastructural development, increases erosion by making
coastal areas more vulnerable to sea-level rise (Moser
et al. 2012; Church et al. 2013; Slangen et al. 2016). These
activities have compelled government agencies and bodies
such as the Intergovernmental Panel on Climate Change
(IPCC) to give attention to issues faced by coastal regions,
through both public programmes and research (IPCC 2014;
Nicholls 2018). Hence, coastal erosion is receiving increased
attention as one such issue. To contain the erosion along
coastal regions, various countries have employed diverse
measures, including but not limited to coastal monitoring,

the construction of breakwaters and seawalls, and land
reclamation (Glaser et al. 1991; Allersma and Tilmans 1993;
Adger et al. 2005; Beatley 2012; Zhang et al. 2017; Lincke and
Hinkel 2018).

With the advent of remote-sensing satellites, remote
sensing has proven to be an effective means of analysing
satellite images and data (Morain 1998; Zhao et al. 2018).
Several methods have been developed to interpret Landsat
images, for example, such as the normalised difference
water index (NDWI), modified normalised difference water
index (MNDWI) and automated water extraction index
(AWEI). The NDWI is a method used for the extraction of
water in Landsat images, proposed by McFeeters (1996),
and incorporates the combination of the green band (TM2)
and near infrared band (TM4), where NDWI = (TM2 — TM4)/
(TM2 + TM4). In this way, water features are improved, with
a threshold of 1, and all other features are repressed, with a
threshold of 0 (McFeeters 1996). However, in certain regions
some land features are also improved, thereby appearing
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as water. Therefore, Xu (2006) suggested a modified
version of the NDWI such that the average digital number
of the middle infrared band (TM5) is much larger than that
of TM4, and, if substituted for TM4 in the NDWI formula,
the problem might be addressed, whereby MNDWI = (TM2
— TM5)/(TM2 + TM5). Ouma and Tateishi (2006) proposed
a different combination of Landsat bands for estimating
NDWI. Feyisa et al. (2014) suggested the AWEI as another
method for water extraction, on the basis that the previous
water-extraction methods could not differentiate between
water and shadowed surfaces. Subject to the availability of
suitable Landsat images, these methods are used widely for
purposes such as risk assessments (e.g. Gu et al. 2008) and
bathymetry estimation (e.g. Leal Alves et al. 2018). Recent
studies have also demonstrated successful utilisation of the
water extraction indices in delineating shoreline changes
(e.g. Choung and Jo 2016; Do et al. 2018).

The barrier island coastal region of southwestern Nigeria
(Figure 1), which is part of the sandy coastal region of
the Gulf of Guinea in West Africa, is reported to be highly
susceptible to climate change and human activities (French
et al. 1995; Braimoh and Onishi 2007; Odunuga et al.
2014; Danladi et al. 2017). The region is characterised
predominantly by two seasons: a wet and warm season
between April and September, and a dry and warm season
between October and March (Olaniyan and Afiesimama
2002). These seasons are characterised by a strong
wave—climate relationship, with an increase (decrease) in
wave height (with height ranging from 0.3 to 2.8 m) at the
beginning (end) of the wet season. The wet-dry seasonal
variations have been linked to maritime tropical air masses
(Olaniyan and Afiesimama 2002). The region experiences
predominantly southwesterly winds which are strong during
the wet season. Owing to the physical characteristics of the
region, including that it is low-lying, and given the nature

of its coastal materials, it has been reported to be affected
by both climate-forcing (e.g. changes in seasonal wave
direction) and non-climate forcing (including anthropogenic
pressures such as construction and mining of beach sand)
(see van Bentum et al. 2012). Previous studies have raised
concerns with regard to coastal erosion, the ineffectiveness
of structures protecting harbours, and the building of other
structures (Ibe 1988; French et al. 1995; Awosika et al. 2000;
van Bentum et al. 2012; Danladi et al. 2017). For example, a
modelling study by van Bentum et al. (2012) suggested that
the development of the Eko Atlantic construction project (a
planned city built on reclaimed land, with an area of ~9 km?),
which began in 2008, would cause a shift in erosion to other
regions. Most of these studies did not use more than two
Landsat images to assess the erosion. This makes it difficult
to capture the extent of coastal change caused by built
structures such as the Eko Atlantic construction project and
breakwaters. Hence, there is a need for monitoring and for
erosion-mitigation strategies in this coastal region.

In the present study, using the NDWI, MNDWI and AWEI
indices and single Landsat images taken every 6 years
from 1973 to 2017 (but with a 9-year interval between
1990 and 1999, because of a lack of suitable images),
we systematically documented the coastal erosion and
sediment accumulation that occurred in the barrier island
coastal region, giving particular attention to the Eko Atlantic
project and associated breakwaters. Consideration was
also given to the likely influence of longshore drift, rising
sea levels and human activities.

Materials and methods
Study area

The barrier island coastal region of southwestern Nigeria,
otherwise known as the Barrier Island Coast (as named by
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Figure 1: Location of the study area in the coastal region of southwestern Nigeria (coordinates are based on the UTM system)
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French et al. [1995]), comprises the coastal area of Lagos
State, located between 6°22'34.4" N and 6°25'34.0" N,
and between 2°42'43.0" E and 3°59'52.2" E. The area is
bordered to the east by the Niger Delta and to the west
by the Republic of Benin. The study area is approximately
171 km long and encompasses various lagoons and creeks
(Pugh 1954; Sexton and Murday 1994), as well as the
coastline of Lagos, the economically most important city in
southwestern Nigeria (Figure 1). The Barrier Island Coast
is the most densely populated coastal region in Africa."
The United Nations estimated the population of Lagos
State to be about 11.2 million in 2011, and predicted that
it would reach 18.9 million by 2025.2 However, as of 2016,
the National Population Commission of Nigeria reported
a population of 21 million in Lagos State,® indicating a
remarkable population growth rate that is likely to result in
coastal stress in this part of Nigeria.

The region has a tropical savannah climate, according to
Koppen’s classification.®> The mean maximum temperature
is 30° C and the maximum annual rainfall is 1 800 mm,
with humidity usually between 80 and 100% (Braimoh
and Onishi 2007). The tidal range has been variously
reported as between 1.22 and 1.3 m, and the wave height
varies between 0.64 and 0.8 m (NEDECO 1961; RPI
1985; Oyegun 1988, 1990). The area is covered mainly by
Quaternary deposits of sands, silts and clays (Geological
Survey of Nigeria 1984).

Processing of Landsat images

Landsat images of the Barrier Island Coast, covering the years
1973 to 2017, but at intervals of 6 years, were downloaded
from http://earthexplorer.usgs.gov. Prior to downloading,
images from single days with little cloud cover were selected.
Images were downloaded for 1973, 1979, 1984, 1990, 1999,
2005, 2011 and 2017, with the 9-year interval from 1990 to
1999 the consequence of a lack of suitable images.

As a first step, the Landsat images were corrected
geometrically (Toutin 2004) because the images had been
captured using a variety of sensors. This was followed
by radiometric correction to eliminate noise, which is a
major problem for Landsat images, as has been reported
previously (Schowengerdt 2006). Finally, the images
were corrected atmospherically (Liang et al. 2001). All the
correction processes were performed using the software
Envi 5.3. The NDWI, MNDWI and AWEI water extraction
methods were each applied to the Landsat images and the
algorithm that yielded the best result for each image was
selected. Based on this, and taking note of Landsat bands,
the NDWI of Ouma and Tateishi (2006) was adopted for
images between 1973 and 1979, the NDWI of McFeeters
(1996) was adopted for the image of 1984, and, owing to
cloud and band differences, the AWEI was used for the
years 1990 and 1999. The MNDWI of Xu (2006) was used
to extract water in the Landsat images of 2005, 2011 and

'See https://data.worldbank.org/indicator/EN.POP.
DNST?contextual=max&locations=ZG-8S-Z24-NG

2See https://www.un.org/en/development/desa/population/publications/
pdf/urbanization/WUP2011_Report.pdf

3See https://hos.lagosstate.gov.ng/about-lagos

2017. All these image-processing activities were performed
in Envi 5.3. Table 1 presents details of the satellite images
used and the algorithms applied.

After extracting the water regions using Envi 5.3, all
Landsat images were transferred to ArcGIS 10.2 for the
calculation of eroded and/or gained coastal area. The
coastal line of the 1979 image of a given location, for
example, was compared with the coastal line of the 1973
image. The numbers of eroded and gained areas were then
counted, and eroded areas were evaluated as negative,
and gained areas as positive. Accordingly, the counts
provided an understanding of the number of coastal regions
experiencing erosion or gain. The areas of maximum
erosion and gain were also computed. Total coastal
variation was calculated as the sum of all gained and
eroded areas, and the average was obtained by dividing
total coastal variation by the total count. A similar process
was applied to pairs of images from: 1984 and 1979, 1990
and 1984, 1999 and 1990, 2005 and 1999, 2011 and 2005,
and 2017 and 2011.

Results

A summary of changes that occurred on the Barrier Island
Coast as a whole, in the various periods under study, are
presented in Table 2. The coast was then divided into
two subregions, to the west and east of Lagos Harbour
(Table 3). The Landsat images were grouped into 23
sections to facilitate visualisation of erosion and gain
(Figure 2; Supplementary Figure S1). A representative
section of the coast, incorporating Lagos Harbour, is
illustrated in Figure 3, showing variation in erosion and gain
over the study period.

A summary of coastal changes per period, based on the
information presented in Table 3 and Supplementary Figure
S1, is as follows:

* 1973-1979. Generally, coastal loss was recorded in the
eastern subregion, whereas areas of coastal gain and
erosion were interspersed in the western subregion.

* 1979-1984. This period marked the start of general
coastal erosion in the western subregion. The sediments
lost to erosion appeared to be transported by longshore
currents and deposited to the east of Lagos Harbour.

* 1984-1990. During this period there was sediment
accumulation in both the western and eastern subregions.

* 1990-1999. A marked loss in coastal areas was observed
in both subregions during this period.

* 1999-2005. In the western subregion there was mainly
coastal sediment accumulation although with some erosion.

* 2005-2011. In the western subregion there were
alternating areas of erosion and accumulation. In the east
there was also both sediment accumulation and erosion.

* 2011-2017. During this period there was sediment
accumulation in the western subregion, and erosion was
observed in the east.

Discussion
The study identified coastal erosion and sediment

accumulation in a number of coastal areas in the eastern
and western subregions of the Barrier Island Coast of


http://earthexplorer.usgs.gov
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Table 1: Details of Landsat images used in this study of coastal erosion and accumulation on the Barrier Island Coast of southwestern
Nigeria, including names of the satellite and sensor, image date, the algorithm used and associated references. AWEI = automated water
extraction index; MIR = mid-infrared; MNDWI = modified normalised difference water index; NDWI = normalised difference water index; p =

the reflectance value of spectral bands

Satellite Sensor Date Algorithm Reference
Landsat-1 Multispectral Scanner 19 January 1973 -0 Ouma and Tateishi
(MSS) NDWI, = 5 ™4 (2006)
Ps5 + Py
Landsat-2 MSS 2 February 1979 Ouma and Tateishi
NDwI, = 5P (2006)
P5 + Py
Landsat-5 MSS 18 December 1984 _ McFeeters (1996)
NDWI P27
McFeeters —
Pt Py
Landsat-4 Thematic Mapper 27 December 1990 Feyisa et al. (2014)
AWEIno shadow 4% (pbz B pr)
—(0.25x Py * 2.75 % pbs)
Landsat-7 Enhanced Thematic 18 November 1999 Feyisa et al. (2014)
Mapper (ETM) AVVEIno shadow 4x (pb2 - pr)
—-(0.25x Ppg 2.75 % pbs)
Landsat-7 ETM 17 October 2005 Xu (2006)
Green — MIR
MNDW| = ————
Green + MIR
Landsat-7 ETM 2 October 2011 Xu (2006)
Green — MIR
MNDW| = ———
Green + MIR
Landsat-8 The Operational 17 April 2017 G MIR Xu (2006)
Land Imager and MNDW| = —reen =
the Thermal Infrared Green + MIR

Sensor (OLI-TIRS)

Table 2: Variations in coastal areas (erosion/gain) on the Barrier
Island Coast of southwestern Nigeria. Count = number of areas
with gain or loss; Minimum = the highest coastal erosion; Maximum
= the highest coastal gain; Average = the sum of all gained and
eroded areas divided by the total count; Total = total coastal area
either lost (negative) or gained (positive)

Minimum Maximum Average Total

Period Count (ha) (ha) (ha) (ha)

1973-1979 92 -977.49 16.22 -1251 -1151.55
1979-1984 83 —476.84 301.36 -0.62 -51.46
1984-1990 101 -38.13 259.95 4.57 461.34
1990-1999 13 -683.69 10.59 -96.05 -1248.69
1999-2005 57 -51.16 145.73 2.69 153.09
2005-2011 98 -70.15 256.05 0.44 42.82
2011-2017 106 -29.79 393.35 5.34 566.35

Nigeria (Supplementary Figure S1), with an example of both
erosion and coastal accumulation evident in the vicinity of
Lagos Harbour (Figure 3). Identification of the mechanisms
causing coastal erosion and accumulation is critical in
facilitating hazard prevention, the stabilisation of shorelines,

and the development of coastal management practices
(Adger et al. 2005; Pomeroy et al. 2006; Beatley 2012; Tay
et al. 2018). Based on our results and published literature
pertaining to the Barrier Island Coast (Olaniyan and
Afiesimama 2002; van Bentum et al. 2012; Danladi et al.
2017), we argue below that the coastal erosion in the study
area from 1973 to 2011 was probably a result of climate
and non-climate forcing, such as storm and tidal conditions,
longshore drift, the flow of water into and out of Lagos
Harbour, coastal morphology, and possibly human impacts.
However, the coastal transformations between 2011 and
2017 were probably due largely to a combination of human
activities (e.g. development of the Eko Atlantic construction
project), coupled with longshore drift.

Through thermal expansion and the melting of glacial
ice, climate change causes an increase in sea surface
temperatures and subsequently an intensification of erosion
as a result of sea-level rise (Church et al. 2013). There is
substantial agreement among various studies around
the globe that sea-level rise is an important component
of coastal erosion (e.g. Swift 1968; Zhang et al. 2004;
Thampanya et al. 2006; Gl et al. 2017, 2019), and similarly
among studies along the coastal region of southwestern
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Table 3: Variations (erosion/gain) of coastal areas on the Barrier Island Coast of southwestern Nigeria, for
subregions to the west and east of Lagos Harbour. Count = number of areas with a gain or loss; Minimum = the
highest coastal erosion; Maximum = the highest coastal gain; Average = the sum of all gained and eroded areas
divided by the total count; Total = total coastal area either lost (negative) or gained (positive)

Period Subregion Count Minimum (ha) Maximum (ha) Average (ha) Total (ha)
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Figure 2: Satellite map of the study area on the Barrier Island Coast of southwestern Nigeria, subdivided into the 23 sections shown

separately in Supplementary Figure S1

Nigeria (e.g. Oyegun 1990; Allersma and Tilmans 1993;
French et al. 1995; Fashae and Onafeso 2011; Obiefuna
et al. 2013; Odunuga et al. 2014; ldowu and Home 2015;
Oyedotun 2015; Danladi et al. 2017; Dada et al. 2019).
Additionally, flooding and marine ecosystem disturbances
owing to increasing sea-level rise are major threats that
have been reported in the study area (Mintzer 2010; Fashae
and Onafeso 2011). However, these studies have also
suggested that coastal erosion is not solely dependent on
sea-level rise (climate forcing) but also on other possible
factors (non-climate forcing). In the study area, some of the

factors reported in the literature are the directional change
of longshore drift (Bird 2011), sediment delivery by rivers
(e.g. Syvitski et al. 2005), and human activities (Awosika
and Ibe 1993) such as dredging and even the building of
dams (Allersma and Tilmans 1993). Moreover, some of the
coastal gains in the western subregion (from 2011 onwards)
are likely due to land reclamation for the Eko Atlantic
construction project (van Bentum et al. 2012) and, possibly,
to the construction of breakwaters along the coast, although
these breakwaters have been reported by Danladi et al.
(2017) to be ineffective in terms of the prevention of erosion.



Danladi, Gil and Ates

48

¢l-dey ayjeles ‘LS ainbi4 Atejuswelddng osje 995 "0z Pue |10z (6) pue 1|10z pue o0z (4)
‘5002 pue 6661 () ‘6661 Pue 0661 (P) ‘0661 PUB ¥86L (0) ‘¥86L PuB 6/61 (q) ‘6/61 PUB £/6| (B) USBBMIB] UMOYS S| UONELIBA [BISBOD "SSO| |ejseod sjuesaidal Buipeys eniq pue ‘uieb
|elseod sjuasaldal Buipeys usals "uieb pue uoisols |ejseod Buneoipul ‘elabiN UI8)SaMUINOos JO 1SE0D pue|s| Jaluleg ay) Jo (z ainbi4 9as ‘g Uonoas "a'l) UOII0as aAlejuasaldal v ¢ ainbi4

eaje poule (| JedALL0ZT — eale pauen Jes) LLoZ — Bale pauled [ UESA G00Z ——
eaiejso] @  JEdA LLOZT — ealeso @ IBBA 5002 —— eale}so @)  Ie9A 666 —

w000e 0054 0

r T 1

N
00s5¥S 00SZvs 000LpS 00557 00075 0052¥S 000¥¥S 00S2¥S

eale pauleg = IBBA 666 — eale paules [ les)\ 0661 —— eale psule [ Jes\ 861 —— Baje paule | IesA 66} ——
eaje)so] [ Ieo) 066 —— eaieiso] @  JeoA $86L —— eale 1so @D 1e8A 661 —— ealejso] @ JEdAEl6L —

00SSYS 00s2¥s 0o0szys 0055¥S 00SSYS 000vvS 00S2vS




African Journal of Marine Science 2020, 42(1): 43-51

49

Land reclamation has been practised in the coastal regions
of various countries, including China (Wang et al. 2014;
Zhang et al. 2017), Egypt (Mostafa 2012), Singapore (Glaser
et al. 1991; Tay et al. 2018) and the United Arab Emirates
(De Jong et al. 2005) and has yielded positive results in
terms of coastal gains. However, some studies have drawn
attention to the impacts of land reclamation on groundwater
(Waterman et al. 1998; Jiao et al. 2001; Guo and Jiao 2007).
In Lagos, there are concerns related to seawater intrusion
associated with reclamation (Idowu and Home 2015). These
reports are consistent with our findings related to coastal
erosion. It appears that when sea-level rise occurs erosion
takes place (depending on the coastal morphology), and
is then intensified by storm and tidal conditions, human
activities (e.g. land reclamation and dredging) and longshore
drift (Anthony et al. 2002; Bird 2011).

The identification of alternating areas of coastal erosion
and sediment accumulation in the eastern subregion
might be linked to longshore drift. It has been suggested
that, as sea level rises, sediments are first eroded and
later transported to adjacent areas by the longshore drift,
which travels eastward (Bird 2011). The longshore drift
in this region has previously been identified as the most
important mechanism for the supply of sand sediment in
the Gulf of Guinea, West Africa (Laibi et al. 2014; Almar
et al. 2015). The Gulf of Guinea is dominated by waves
and tides (Anthony et al. 2002), and alternating areas of
coastal erosion and sediment accumulation are common
occurrences on the sand-barrier coasts of West Africa (Blivi
et al. 2002; Laibi et al. 2014). Consistent with our findings,
Laibi et al. (2014) observed several examples of coastal
accretion adjacent to areas of coastal erosion related to
longshore drift in the Bight of Benin. Similar observations
were made by Boateng (2012) in Ghana. However, it is
important to note that the longshore drift itself has been
reported to be affected by a number of anthropogenic
structures, such as the deepwater port of Lagos constructed
in 1957 (Laibi et al. 2014), and the construction of a
breakwater in 1912 to facilitate entrance to Lagos Harbour
(Bird 2011). We suggest that most of the coastal erosion
observed in the eastern subregion of the study area since
commencement of the Eko Atlantic construction project is
probably related to interference with the longshore drift.

Conclusions

The present study examined coastal erosion and sediment
accumulation (1973-2017) along the barrier island coastal
region of southwestern Nigeria. The region was subdivided
into eastern and western subregions separated by Lagos
Harbour. The study shows that:

1. Substantial net erosion (a total of 1 228.1 hectares)
occurred over the region and study period as a whole. In
the west, erosion took place during the periods 1973—-1979,
1979-1984, 1990-1999 and 2005-2011, whereas in the
east, erosion occurred during 1973-1979, 1990-1999 and
1999-2005.

2. Coastal gains were recorded in the western subregion
during 1984-1990, 1999-2005 and 2011-2017, whereas
in the east, coastal gains occurred during 1979-1984,
1984-1990, 2005-2011 and 2011-2017.

3. The coastal changes between 1973 and 2011 were
possibly as a result of natural factors, such as storm and
tidal conditions, longshore drift, the flow of water into and
out of Lagos Harbour, coastal morphology and possibly
human impacts. However, coastal transformation between
2011 and 2017 appeared to be heavily influenced by
human activities (notably, development of the Eko Atlantic
project), coupled with longshore drift.

4. We recommend the use of coastal surveillance and more
environmentally sensitive coastal structures/defences.
Careful coastal management practices (e.g. artificial
nourishing and the installation of resilient structures
such as seawalls) must be undertaken to protect human
settlements that are already at risk from sea-level rise.

5. For the purposes of monitoring coastal change, future
studies should consider localised regions by using
high-resolution satellite images, such as IKONOS
satellite imagery (Dial et al. 2003).
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