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Abstract 

The 400-km long coast of the Bight of Benin, formed by sand barriers and lagoons, is bordered to the 

east by the Niger River Delta and to the west by the Volta River Delta and is characterized by several 

coastal infrastructures, of which the most important are the deep water harbors of Lomé, Cotonou, and 

Lagos. In this study, an enhanced version of the CASCADE coastal evolution model was implemented 

in order to reproduce the evolution of the coast over the period 2000-2015, considering the presence of 

coastal infrastructure, inlets, and the reduced sediment influx from rivers. The model results showed 

simulated coastal response around the main coastal infrastructure in agreement with observed data. In 

addition, the validated model was used to estimate the amount of sediment needed to control erosion 

through beach nourishment downstream of the harbors. The impact of reducing sediment input on 

coastal evolution was investigated through model parameterization of the influx at the boundary. 

Overall, the model may be a useful tool for improving regional coastal policies in the Bight of Benin. 
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Highlights: 

● Shoreline evolution model validation over 15 years 

● Well-resolved shoreline output in the vicinity of the harbors in agreement with data 

● Model capabilities to derive the amount of sediment required to remedy downdrift erosion 

1. Introduction 

Decision-making for coastal development is still a challenge today due to multi-scale adjustments of 

the coast to changes in wave climate, sea level rise, and sediment supply (Ranasinghe 2016, Doody et 

al. 2004). Shoreline management and policies are increasingly concerned with adaptive responses to 

coastal change (Nicholls et al., 2012, 2013) and related plans are invariably framed by projections of 

climate change and their anticipated consequences for the coast (Zhang et al., 2004; Dickson et al., 

2007; Nicholls and Cazenave, 2010). 

Major barriers for sustainable coastal planning are therefore the limited understanding of the primary 

controls on coastal behavior over time scales relevant to management and the difficulty of 

implementing an integrated coastal management plan on a large scale across geographic boundaries, 

aiming at creating awareness between policy makers in different countries about current and future 

challenges (Giardino et al., 2018). For instance, in the Bight of Benin, which is a part of Gulf of 

Guinea, West Africa, disturbances to the stability of a 400-km long shoreline have been observed over 

the last few decades, mainly due to the three deep water harbors and their jetties together with the 

reduction in sediment supply from adjacent rivers (Anthony et al. 2019, Giardino et al. 2018, Almar et 

al. 2015; Laibi et al. 2014). However, there are few local indicators that enable the prediction of 

regional spatial scale impact of large settlements/infrastructure and changes in oceanic forcing, as the 

multi-scale interplay between natural and anthropogenic processes and influences is complex (Del Río 

et al., 2013; French and Burningham 2009). Sea-level rise, elevated storm-surge water levels, high-

energy storm waves, depletion of sediment budgets from rivers, and the construction of sea walls are 

all capable of promoting large-scale beach change. In addition, Giardino et al. (2018) observed that the 

fragmentation of actors and responsibilities between West African countries, and even within the same 

country, have hampered the planning of effective and sustainable solutions for decades. Integrated 

large-scale spatial and temporal prediction of the evolution of this coastal system is therefore 

important to decision-makers in the concerned countries, which are low-income countries with 70% of 

the population in the coastal zone (Ndour et al., 2018). As shoreline evolution is the combined effect 
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of natural and human activities, which vary over space and time, numerical models are vital to 

understand shoreline change behavior that will eventually lead to large-scale integrated coastal zone 

management. 

A wide variety of coastal evolution models have been developed for this purpose, each having 

attributes that reflect specific application areas. Until now, models, whether physics-based, process-

based or empirical, inevitably rely on more or less extensive approximations of complex and multi-

scale systems. Cross-shore and longshore processes have mostly been described separately in these 

models, where the latter is typically the largest contributor to coastal change. Thus, when considering 

coastline evolution at large spatial scales (1 to 100s km of coast), the representation of the cross-shore 

sediment exchange has been simplified, employing sources and sinks with schematized values in time 

and space (Larson, Kraus and Hanson, 2002a; Larson, Rosati, and Kraus, 2002b; Jiménez and 

Sánchez-Arcilla 2004; Hanson et al. 2008; Hoan et al. 2011a; Ranasinghe et al. 2013). To improve the 

predictive capability of these models from the time scales of hours (i.e. storm) to decades, longshore 

and cross-shore processes have been combined in a more rigorous manner, using physics-based 

formulations (Larson et al., 2016; Vitousek et al. 2017; Robinet et al. 2018). However, further 

simplifications are required to reduce the computational time since simulations are performed for large 

areas (more than 100 km of coast) over long time periods, i.e., decades to centuries (Larson et al., 

2016). 

In order to provide assistance to decision-makers regarding coastal development in West Africa, this 

study aims to model the observed evolution of a 400-km long coastal stretch (covering Togo, Benin 

and Nigeria) in the Bight of Benin from 20000 to 2015. Based on this modeling, the importance of 

anthropogenic influences on the coastal evolution in the Bight of Benin is investigated in a more 

rigorous manner. The validated model may be used to predict the evolution of the studied coast in the 

light of different scenarios and management policies. For this purpose, we used a regional coastal 

evolution model that can be applied to stretches of coastline covering hundreds of kilometers, 

encompassing several barrier islands separated by inlets, including such phenomena as inlet creation, 

ebb- and flood-tidal shoal development, bypassing bars between beaches and inlets, channel dredging, 

regional trends in the shape of the coast, and shore-protection structures and activities, for example 

groins, seawalls, and beach nourishment. Cross-shore related processes such as relative change in sea 

level, wind-blown sand, cliff erosion, and storms may be included as sources and sinks with strengths 

varying in time and space. 
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2. The Bight of Benin Coast 

2.1 Location and general overview 

The Bight of Benin, in the Gulf of Guinea, West Africa, is more than 400 km long, ranging between 1° 

to 5°E in longitude, and 5 to 7°N latitude and facing the South Atlantic Ocean (see Fig. 1). This 

embayment covers the coastal environments of four countries: Ghana, Togo, Benin, and Nigeria. It is a 

wave-dominated coast formed by sandy beach-ridge barriers and lagoons, bordered by the Niger River 

Delta in the east and the Volta River Delta in the west, and also fed by several small coastal rivers 

(e.g., Anthony and Blivi, 1999; Blivi, Anthony and Oyédé, 2002; Anthony, 2015). The historical 

evolution of this sand barrier and its associated lagoon and lacustrine system has been intensely 

investigated (e.g. Anthony, 1995; Anthony and Blivi, 1999; Blivi, Anthony and Oyédé, 2002). Barrier 

beach and shoreface deposits in prograded single or double sand barriers range in thickness from less 

than 5 m on their landward edges to 15-20 m offshore seaward. For the case of double sand barriers, 

Anthony (1995) showed that the segmented inner barrier was formed essentially from nearshore sand, 

while the outer barrier has been constructed from sand supplied by the Volta Delta. Deposits are 

essentially composed of medium to coarse (0.4–1 mm, D50 = 0.6 mm) quartz sand (>80%), with 

variable minor fractions of feldspars (up to 10%), shelly debris (5–15%), and heavy minerals (1–5%). 

Recent studies (Almar et al., 2014; Laibi et al., 2014) showed that beaches along this area are mostly 

in the ‘reflective-to-intermediate’ state classes and often exhibit an alongshore-uniform low-tide 

terrace and a steep reflective upper beach face. Anthony et al. (2019) observed that the continental 

shelf is narrow (widths ranging from 15 to 33 km). Therefore, the shoreface is fairly uniform and 

moderately steep with a gradient of between 1:120 and 1:150 down to 15 m, whereas seaward, the 

inner shelf forms a low-gradient (1:350–1:400) plain covered by relict transgressive sands (Anthony 

and Blivi, 1999). 
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Fig. 1. The Bight of Benin in the Gulf of Guinea, West Africa. The largest circles stand for the three 

main coastal cities (Lomé, Cotonou and Lagos), each having deep water harbors and associated man-

made structures. The smaller circles represent some small coastal towns. The black dots represent the 

location of river dams. 

2.2 Oceanic forcing 

The Bight of Benin is exposed to oceanic forcing, i.e., the action of waves and sea level oscillations. 

Wave forcing was shown to consist of two components with distinct origins and behaviour: locally 

generated wind waves in the Gulf of Guinea and long swell waves generated in subtropical regions 

(Almar et al., 2015). Long swell waves are dominantly generated by the mid- to high (45-60°) latitude 

westerlies, to which are superimposed, on a lesser extent, the effects of the south-easterly trade winds, 

blowing off the coast of Namibia (30–35°S). However, the southwesterly swells remain the most 
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dominant component compared to the others in this region (Almar et al., 2015), impinging slightly 

obliquely (at angles of 10–15°, between Lome and Lagos) with similar heights and periods on the 

nearly rectilinear west-east oriented Bight of Benin coast. Fig. 2 displays wave roses along the coast: 

averaged mean values Hs = 1.29 m, Tp = 9.1 s; averaged standard deviations 0.28 m and 1.17 s. This 

wave climate drives an easterly longshore sediment transport (one of the largest in the world) ranging 

between 0 up to 1.2 million m3/year, depending on the location (Allersma and Tilmans, 1993; Anthony 

and Blivi, 1999; Almar et al., 2015). 

 

Fig. 2. Wave roses at locations of wave input stations (1 to 8), computed for the period from 1990 to 

2015 in the Bight of Benin: the predominant directions of waves and their significant heights (Hs) are 

shown with color bands. The grid reference (0, X, Y) used to model the shoreline evolution in the 

Bight of Benin is shown with red axes. 

Sea level variations in the Bight of Benin are characterized by several time scales. The shortest periods 

correspond to semi-diurnal tides, ranging from 0.3 m to 1.8 m for neap and spring tides, respectively. 

Polo et al. (2008) revealed intra-seasonal (20 to 90 days period) recurrent and continuous horizontal 

propagations of sea level fluctuations, triggered by coastally-trapped Kelvin and Rossby waves, 

distinguishable poleward along the coasts as far as about 10°N - 15°N, with peak-to-peak amplitudes 

of ~ 10 cm and phase speed range from 1.5 to 2.1 m/s along the West African coastline (Abessolo et 

al., 2020). South Atlantic climate variability modes in this tropical region result in ~ 25 cm seasonal 

and inter-annual variations in sea level. The regional trend in sea level rise is larger than the global rate 

that has doubled in the last two decades compared to the average rise in the 20th century (Melet et al., 

2016). 

2.3 Harbors and coastal infrastructure 
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Investigations carried out in the Bight of Benin (Anthony et al., 1995; Blivi et al., 2002) showed that 

before the years 1900, equilibrium was achieved between coastal morphology and the hydrodynamic 

regime. Recent studies (Laibi et al., 2014; Almar et al., 2015; Giardino et al., 2018; Anthony et al., 

2019) have pointed out the disruption of this stability due to the construction of deep-water harbors in 

1957 in Lagos, 1962 in Cotonou, and 1967 in Lomé. The three harbors have impacted alongshore 

sediment redistribution by segmenting the previously unrestrained longshore sand transport, resulting 

in long stretches with marked erosion that are endangering parts of the rapidly expanding port cities, 

coastal infrastructure, and numerous villages (Laibi et al., 2014; Anthony et al., 2019). Recently, 

coastal defense infrastructures have been planned along the coast to reduce erosion and limit the risks 

to human development and infrastructure. Downstream of the three harbors, a series of protective 

groins were built over a distance of about ten kilometers to limit the ongoing erosion. Between 2012 

and 2016, near the city of Anèho (Togo), several groins have been constructed over a distance of about 

10 km. Human activities, such as plantations and sand mining, have also destroyed the alignment of 

the multiple beach ridges characterizing the barriers, even though they can still be identified in certain 

places on aerial photographs (Anthony et al., 2019). 

2.4 River discharges 

The Volta River Delta and the Niger River Delta are among the three largest deltas in West Africa. 

The Volta Delta, situated entirely in Ghana, covers an area of about 5000 km2 (Boateng et al., 2018), 

whereas the Niger Delta, much larger and situated in Nigeria, covers an area of 19,135 km2 (Anthony 

et al., 2019). Anthony and Blivi, (1999) identified the Volta River as the single most important fluvial 

sediment source for much of the sand barrier system of the Bight of Benin. In contrast, the influence of 

the Niger delta has been limited essentially to the eastern confines of the Bight of Benin coast, as 

observed by Anthony et al. (2019). A few minor additional sediment inputs have been identified at the 

mouth of the Mono River. 

According to Logah et al. (2017), the Volta sediment concentration at Azizanya station was recently 

measured to be 20 mg/l, which corresponds to a sediment discharge of ~320 000 m3/year for a mean 

water discharge of ~1200 m3/s (Anthony et al., 2019), assuming that the density of sediment is 2400 

kg/m3. However, these discharges rates at the Volta delta recorded over the past decade have 

decreased by 70-90% compared to those recorded before the construction of the Akosombo and 

Kpong dams across the Volta river (Bollen et al., 2011; Boateng et al., 2012; Anthony et al., 2016; 

Anthony et al., 2019). The sand load supplied by the river to its delta has been estimated to be more 
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than 1 million m3 prior to the construction of the dam (Delft Hydraulics, 1990). The construction of 

Akosombo dam 100 km upstream from the sea between 1961 and 1965, and Kpong dam between 

1977 and 1982, 24 km downstream of the Akosombo dam, have replaced the natural seasonal high and 

low flows of the river by an almost constant reduced flow throughout the year. Oguntunde et al. 

(2006) noted that the decrease in rainfall in the Sahel since 1975 also contributed to the reduction of 

river discharges. This reduction in Volta river sand supply could be a significant contributing factor to 

the observed disruption of shoreline stability. 

Although sediment input from the Mono River was estimated to 100,000 m3 during the wet-season 

months, they have also been significantly reduced with the construction of the Nangbéto Dam, built 

180 km upstream from the mouth of the Mono River in 1987 (Ago et al., 2005). The other smaller 

rivers (e.g. Ogun river) discharge into still infilling lagoons behind the coastal sand barriers, linked to 

the sea via inlets (Anèho, Cotonou and Lagos), which have all been stabilized by engineering 

structures. 

3. Data employed 

Wave characteristics were extracted and daily-averaged from ERAInterim ECMWF re-analyses (Sterl 

and Caires, 2005) at eight different stations along the coast (Fig. 2), at 6-hr interval. 

In order to determine the coastline evolution over the 15 years, available 4-8 Landsat images were 

analyzed. The criteria for image selection focused on individual spatial coverage with minimal 

cloudiness, and on the robust and accurate determination of shoreline location. Twelve images were 

chosen and downloaded from the USGS data portal Earth Explorer, three for each of the years 2000, 

2005, 2010, and 2015. The shoreline was derived with an accuracy of around 1 pixel (30 x 30m), using 

panchromatic at 10 m resolution and a customized combination of bands maximizing land-water 

contrast. Then, shorelines were digitized at 100-m alongshore spacing using the ArcMap extension 

module Digital Shoreline Analysis System (DSAS), version 4.3, coupled with ArcGIS®10. An error 

of ± 2.4m/year between 1990 and 2015 was obtained, considering image rectification, extraction of the 

shoreline, and operator digitization in delimiting the shoreline. Details can be found in Anthony et al. 

(2019). 

4. Modeling regional coastal evolution 

4.1 Background and theoretical formulations 
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The first approach to mathematically describe coastal evolution was made by Pelnard-Considère 

(1956) who characterized the response of the beach through the shoreline movement. The assumption 

was made that over longer time periods (i.e., years) the beach profile does not change its basic shape, 

but any local change due gradients in longshore transport implies a horizontal translation of this 

profile, shoreward or seaward depending on whether accretion or erosion occurs, respectively. The 

response of the profile occurs over an active height that typically stretches from the depth of closure to 

the berm height (Hallermeier, 1981; Nicholls et al., 1998). Thus, to completely describe the movement 

of the beach only one contour line needs to be specified, which is often taken to be the shoreline; this 

approach is denoted one-line modeling. Pelnard-Considère (1956) linearized the governing equations 

and arrived at the equation for conduction of heat in solids for which many analytical solutions exist 

(e.g., Carslaw and Jaeger, 1959; Crank, 1975). Solutions were developed for the shoreline evolution 

updrift a groin, where comparisons were made with data from laboratory experiments, and the 

response of a sand source placed on a beach (i.e., nourishment). 

The work by Pelnard-Considère (1956) was followed by a number of studies where new analytical 

solutions were proposed (Le Méhauté and Brebner, 1961; Walton and Chiu, 1979; Larson et al., 1987), 

the basic formulation extended (Bakker and Edelman, 1965; Bakker, 1969), and semi-analytical or 

numerical approaches taken (Le Méhauté and Soldate, 1978; Ozasa and Brampton, 1980; Kraus, 1983; 

Hanson, 1987). Subsequently, analytical and semi-analytical one-line models have been developed 

based on stability theory for open coasts subject to waves breaking at large angles towards the 

shoreline, initiating complex morphological features (Ashton et al., 2001; Reeve and Valsamidis, 

2014). 

The original one-line formulation has been the basis for developing comprehensive and general 

shoreline evolution models that simulate a wide range of engineering structures and activities, 

including groins, jetties, seawalls, detached breakwaters, beach nourishment, and dredgning (Hanson, 

1987). Although these models have been successful in reproducing shoreline evolution in a large 

number of engineering projects, they have their limitations in terms of scale, neglecting certain 

processes operating at the regional scale; for example, the impacts of inlets on sediment storage and 

transfer, jetties and harbor structures, and large-scale trends in shoreline orientation and alongshore 

wave conditions. 
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The CASCADE model (Larson, Kraus and Hanson, 2002a) was established to address time and space 

scales associated with regional coastal processes, providing predictions suitable in the planning and 

preliminary design phase of a project. As the first step towards modeling regional coastal evolution, 

CASCADE was developed to bridge the gap between a sediment budget approach and a shoreline 

evolution model. The dynamics of selected processes and controls of importance for the regional 

coastal evolution were modeled based on physical representations, whereas other processes were 

parameterized through time- and space-varying sources and sinks. CASCADE was calibrated and 

validated against high-quality data sets from three coasts that describe the regional coastal evolution 

after the creation of multiple inlets on open barrier-island coasts (Larson and Kraus, 2003, Larson et 

al., 2006). These successful long-term simulations were made for the opening of Moriches and 

Shinnecock Inlets on Long Island, and Ocean City and Indian River Inlets on the Delmarva Peninsula. 

Hoan et al. (2011a) enhanced the capability of the CASCADE model to simulate inlet sediment 

transport and the evolution of morphological elements at an inlet. Also, the possibility to describe 

structures in the model was improved and a more general longshore sediment transport formula was 

implemented that is sensitive to grain size and includes currents that are not only wave-generated. The 

model was employed to reproduce the regional coastal evolution along the coast of Long Island as 

well as for predicting the progression of linear spits at several sites (Hoan et al., 2011a). An earlier 

version of this model was used to reproduce the observed evolution at Hai Hau Beach in Vietnam 

(Hoan et al., 2010). 

The model by Hoan et al. (2011a), employed in this study, consists of the following main components: 

● Nearshore wave transformation including breaking 

● Longshore current and sediment transport 

● Inlet sediment transport and morphological evolution 

● Cross-shore sediment exchange through sources and sinks 

● Impact from human intervention due to structures and activities 

● Coastal evolution from sediment conservation 

The wave conditions at breaking are computed based on linear wave theory assuming locally straight 

and parallel bottom contours, where an arbitrary number of wave input stations can be employed. 

Based on the breaking conditions, the longshore current and sediment transport are determined using 

the formula proposed by Bayram et al. (2007), expanded for tidal- and wind-induced currents 
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following Hanson et al. (2006). The inlet sediment transfer and storage, schematized through a number 

of morphological elements, are simulated using the reservoir model suggested by Kraus (2000), 

further refined by Hoan et al. (2011b). Cross-shore sediment exchange is handled through sources and 

sinks with strengths that may vary in time and space, including sediment supply from rivers. 

Different structures and activities to control the sediment transport and coastal evolution are possible 

to include, for example jetties, groins, and beach nourishment. Structures require a set of properties to 

be specified, including the position, geometry (e.g., length), and permeability. The two latter quantities 

will determine the amount of sediment that may bypass or penetrate the structure, respectively, leading 

to downdrift transport. The evolution of the coastline is determined based on the sediment 

conservation equation after the longshore sediment transport has been computed together with 

contribution from sink and sources, and with application of the appropriate boundary conditions. 

4.2 Model set-up 

The evolution of a 400 km-long stretch of coastline along the Bight of Benin was simulated using a 

grid size of 100 m and a time step of 3 hr (equal to a half of the wave input time step). A grid was 

placed on land with the x-axis pointing in the eastern direction and the y-axis offshore. Fig. 2 displays 

the grid employed together with the input stations from the derived wave climates. The wave roses are 

shown at each station illustrating the bimodal wave climate, also indicating the prevalence for easterly 

sediment transport, except at the most easterly located station. The boundaries of the grid were placed 

at locations where the shoreline exhibited almost no change in the observed data, corresponding to 

boundary conditions with fixed shoreline positions, implying zero transport gradients. Thus, the 

longshore transport is free to move over the boundaries, attaining values that ensure no shoreline 

change.  

In order to calibrate the model, the shoreline change between 2000 and 2010 was used, whereas the 

period from 2010 to 2015 was employed for validation. The main calibration parameters used to 

compute the total longshore sand transport and thus modelled shorelines, were the two transport 

coefficients K1 and K2 (see Hoan et al., 2011a). Coefficient K2 represents the effects of wave height 

gradient alongshore and it might be taken as 50 % to 70 % of K1 (Hanson, 1987); thus, in this study 

�� = 0.7 × ��. Coefficient K1 was chosen based on the overall best fit between modelled and 

observed shorelines. In this comparison, only areas with significant evolution of the shoreline were 

taken into account (around tidal inlets, harbor areas, and structures). The model was run with different 
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values of K1 and K2, and Fig. 3 shows the relative and absolute errors between modelled and observed 

values (%) for different K1-values. Values of K1 and K2 were chosen for minimum errors, where K1 = 

0.15 and K2 = 0.1. Comparison shows that modeled results are not too sensitive for values on K1 

between 0.1 and 0.15. Errors used to estimate optimal parameter values were based on the root-mean-

square deviations, and defined as follows: 

	
��� = 
�
�∑ �
������� − ��������������     (1) 

	
��� = 
�
�∑ �� !"!#� − ��������������     (2) 

 

 

Fig. 3: Errors (%) between modelled and measured shorelines for different K1-values for the 

calibration period from 2000 to 2010. The solid line stands for the relative error (
$�%&&
$�%'& ) and the 

dashed line for the absolute error (	
���). 

The wave conditions between the stations were linearly interpolated at each time step and allowed to 

vary along the grid. The sediment supply from various rivers in the modelled stretch was added as 

continuous sources with a constant strength following the values reported by Allersma and Tilmans 

(1993). The supply from the Volta and Niger River was represented through the boundary values for 

the longshore sediment transport obtained at the right- (west) and left-hand (east) side of the grid, 

respectively. 

The main structures along the coast, especially the jetties at the harbors, were described in the model 

employing their physical dimensions as determined from aerial photos, also including changes to 
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structural properties through time. The permeability of the structures was set to zero, whereas 

bypassing was allowed to occur, if the shoreline at the jetty were sufficiently close to the tip of the 

structure. Estimates of the bypassing ratio, that is, the portion of the longshore transport passing the tip 

of the jetty, is done based on the geometric blocking ratio with regard to an estimated cross-shore 

distribution of the longshore sediment transport (Larson et al., 2002a). This is a marked simplification, 

but seems to reproduce the main features of the bypassing as shown in comparisons with data from the 

US East Coast (Larson et al., 2002a; Larson and Kraus). However, the process of accretion at a jetty 

and possible bypassing is complex and difficult to adequately describe in a one-line model, where 

profile-related properties are highly schematized. Some of the minor groin fields were not included in 

the simulations, since they have limited influence on the evolution at the regional scale. 

4.3 Model calibration 

Fig. 4 illustrates the calculated mean annual net longshore sediment transport rate (Qnet) in the study 

area for the calibration period, where eastward transport is taken as positive. In the figure are also 

results from other studies shown, derived through different means. Overall, the agreement between the 

present study and the previous investigations is good, although some deviations occur. The present 

modeling shows that Qnet decreases from more than a million m3/year in the eastward direction at the 

western end of the grid to Qnet about 0 m3/year at the eastern end. The influence of the three harbors is 

clearly seen, where Lagos and Cotonou cause zero transport at their locations, whereas the influence of 

Lomé is more limited, although still pronounced. 

 

Fig. 4. Calculated mean annual net longshore sediment transport rate along the study area in the Bight 

of Benin for the calibration period from 2000 to 2010, together with estimated transport rates in 

previous investigations through various means. 
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Fig. 5 displays the initial shoreline at year 2000 together with the modelled and observed shorelines at 

2010. The differences are hard to assess at the scale of the entire Bight, so detailed results are shown in 

Figs. 6a-6c for the three harbor areas. An important aspect of the modeling is the ability of the model 

to maintain the regional shape without any large-scale diffusion and shoreline smoothing. This lends 

credibility to the calculated large-scale alongshore sediment transport pattern based on the wave input 

station, since the transport gradients produce the correct regional shape of the shoreline. The harbor 

areas are clearly displayed as gaps in the shorelines with distinct offsets. For some of the harbors the 

updrift structure may experience bypassing, but typically this sediment is not transferred to the 

downdrift area because of the harbor configurations not promoting this. 

 

Fig. 5. The initial shoreline (black line) at year 2000 together with the modelled and observed 

shorelines at 2010 (grey lines, respectively), as well as the modelled and observed shoreline change 

represented with dots (ΔYmod and ΔYobs, respectively). Only changes greater than 20 m have been 

shown. Red indicates accretion, blue indicates erosion. 

Fig. 6 display the shoreline evolution in the vicinity of the harbors at Lagos, Cotonou, and Lomé, 

respectively. The initial shoreline at year 2000 together with the modelled and observed shorelines at 

2010, as well as the modelled and observed shoreline change, is shown in these figures. The focus is 

on the areas around the harbors since the largest changes occur here; it was difficult in some cases to 

exactly determine the harbor configuration and properly represent it in the model, especially on the 

downdrift side. It can be seen from the plots that the main features of the shoreline change is 

reproduced satisfactorily some distance away from the harbor area at Cotonou and Lagos (r = 0.91 and 
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r = 0.96 significant at 95% confidence level, respectively); however, this is not the case around Lomé 

harbor (r = 0.09). 

 

Fig. 6. Shoreline changes for the areas around the harbors of (a) Lome, (b) Cotonou, and (c) Lagos for 

the calibration period from 2000 to 2010. Left y-axis: observed and modelled shoreline changes 

(ΔYobs and ΔYmod, respectively) represented with bars. Red indicates accretion, blue indicates 

erosion. Right y-axis: the black line represents the initial shoreline at year 2000, the grey line 

represents the modelled or observed shorelines (Ymod or Yobs, respectively) at 2010. r and ME stand 

for the correlation and the difference between modelled and observed changes. 

4.4 Model validation 

The optimized model parameters based on the calibration period 2000-2010 were used to simulate the 

evolution 2010-2015 to validate the model. The agreement between the modelled and observed 

shoreline change during the validation period was somewhat less good (r = 0.74 significant at 95% 

confidence level), as the model shows a higher variance and seems to miss parts of the largest erosion 

(ΔYobs ≤ -13 m/yr), as displayed in the validation panel (2010 – 2015) in Fig. 7. Overall, the 

agreement remains similar to the calibration period, which gives confidence to the ability of the model 

to simulate shoreline evolution in the study area (Fig. 7). Furthermore, the main feature of the 

calculated annual net longshore transport rate for the validation period was identical to the calibration 

period, with only minor, local differences. One noteworthy difference was obtained; Qnet was negative 

at the eastern boundary, indicating some sediment influx from the Niger Delta during this time period 

(see Fig. 9; also, compare with the estimate in this region by Almar et al. (2015) shown in Fig. 4). The 
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transport on the western side, reflecting the supply of sediment from the Volta River side was similar 

to what is shown in Fig. 4. 

Fig. 8 display the shoreline evolution in the vicinity of the harbors at Lagos, Cotonou, and Lomé, 

respectively, for the validation period. The initial shoreline at year 2010 together with the modelled 

and observed shorelines at 2015, as well as the modelled and observed shoreline changes, is displayed 

in these figures. Again, the figures emphasize the areas in the vicinity of the harbors where the largest 

changes occurred. As for the calibration period (see Figs. 5a-5c) the main features of the shoreline 

change is reproduced satisfactorily. 

 

Fig. 7 : Comparison of observed (x-axis) and modelled (left y-axis) shoreline changes for the 

calibration (2000-2010) and validation (2010-2015) periods. Changes were averaged over a 1 m-

window interval on the x-axis and the error bar gives the dispersion within the window. The number of 

samples (N) considered within the window is given on the right y-axis. Correlations were computed at 

95% confidence level. 
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Fig. 8. Panel above: shoreline changes for the validation period from 2010 to 2015. Black and grey 

lines represent the initial shoreline at year 2010 together with the modelled and observed shorelines at 

2010, respectively. Dots indicate the modelled and observed shoreline change (ΔYmod and ΔYobs, 

respectively). Red indicates accretion, blue indicates erosion. Panel below: corresponding shoreline 

changes for the areas around the harbors of (a) Lome, (b) Cotonou, and (c) Lagos. Left y-axis: 

observed and modelled shoreline changes (ΔYobs and ΔYmod, respectively) represented with bars. 

Right y-axis: the black line represents the initial shoreline at year 2000, the grey line represents the 

modelled or observed shorelines (Ymod or Yobs, respectively) at 2010. r and ME stand for the 

correlation and the difference between modelled and observed changes. 

5. Simulation results for selected scenarios 

5.1 Overview 

In order to quantify the importance of anthropogenic influences on the coastal evolution in the Bight 

of Benin, different scenarios were simulated where the impact of man-made structure and activities 

were investigated. Three different scenarios are discussed here focusing on the impact of: 
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● Harbor structures 

● Nourishment operations 

● Reduced sediment influx due to dam construction 

In the case of the harbor structures, the effects of Lagos, Cotonou, and Lomé harbors were investigated 

by removing the structures completely. The nourishment operations were employed to determine the 

amount needed to combat downdrift erosion at Lagos Harbor, where the most severe erosion was 

observed. Finally, the boundary condition for sediment influx on the western boundary was modified 

to mimic the effects of reduced sediment supply due to dam construction in the Volta River system. 

All simulations were made for the validation period 2010-2015. 

It is recognized that the selected scenarios imply marked simplifications, especially for modeling the 

removal of the harbor structures and the reduced sediment influx at the boundary due to dam 

construction. For the beach nourishment more generally accepted model conditions are available, 

where the sediment input is described through a constant source. Since the influence of the harbor 

structures was of primary interest, in this case an effort was made to derive the pre-construction 

shoreline; the actual shoreline affected by the harbors was not used as the starting conditions in this 

scenario. The most difficult scenario to model was the reduced boundary inflow. If data were 

available, the entire Volta River Delta should have been included together with the river sediment 

transport. Instead, a highly schematized approach was taken, where the impact of different specified 

reductions in the transport magnitudes and their spatial influence was investigated. 

5.2 Transport pattern without harbor structures 

In this simulation, the three main harbors in the bight were removed as well as inlets at Anèho and 

Bouche du Roy. The input shoreline was smoothed in accordance with its natural shape. Fig. 9 shows 

Qnet for the cases with and without the harbors at Lagos, Cotonou, and Lomé. The plot clearly 

illustrates the influence of the harbors, in terms of magnitude, gradients, and spatial extent. The mean 

annual net transport rate without harbors and inlets influence represents the averaged net transport due 

to waves from 2010 to 2015. The difference between Qnet computed with and without harbors 

represents the transport fluctuations introduced by harbors and inlets. Using the implementation of a 

multiple linear regression, relative contributions to the variation in shoreline computed for the coast 

show that total shoreline changes are significantly influenced by harbors and inlets (60 %) with regard 

to direct effects from the waves (40 %). When analyzing the areas around the harbors, relative 
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contributions show that harbors (84 %) are dominant drivers of shoreline migration up and 

downstream in comparison to the waves (16 %). 

 

Fig. 9. Mean annual net transport rate for the validation period (2010 – 2015) for the cases with 

(black) and without (red) the harbors at Lagos, Cotonou, and Lomé and inlets.  

5.3 Nourishment to remedy downdrift erosion 

A common and popular method to remediate erosion is beach nourishment, where sand is added to the 

beach, typically to compensate for sand that is lost because of unfavorable gradients in the longshore 

sediment transport. The nourishment can be put in different parts of the beach and at different time 

intervals. Here, in order to estimate the amount of nourishment needed to compensate for downdrift 

erosion at Lagos Harbor, a constant source of sediment was added over a specific distance downdrift 

the harbor. The magnitude of the source was determined through calibration with the purpose to 

achieve a stable shoreline during the study period with limited erosion. 

The model shows that the inlet jetty blocks the sediment transport to a large degree, producing 

downdrift erosion; thus, net sediment transport updrift the inlet is small (see Fig. 4), but net transport 

increases significantly along the erosion area (see Fig. 9, where ΔY < -100 m). The construction on the 

east side of the jetty, started from 2011 and modelled with a seawall condition, is another reason for 

the erosion. To maintain the beach, the total nourishment volume needed is about 3 300 000 m3 for the 

period from 2010 to 2015, as observed in Fig. 10. This corresponds to a nourishment of 650 000 

m3/year. 
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Fig. 10. Nourishment simulation at Lagos Harbor for the period from 2010 to 2015. ΔY represents the 

shoreline changes modelled and modelled in 2015 compared to the 2010 shoreline. 

5.4 Influence of reduced boundary transport 

A large amount of sediment enters into the study area from the western side, presumably originating 

from the Volta River Delta. The calculations showed varying input of sediment on the eastern side, 

related to the Niger River Delta, with a negligible net contribution during the calibration period, 

whereas the input was significant for the validation period. In order to evaluate the effects of a reduced 

boundary inflow of sediment, presumably replicating the case with less sediment being supplied from 

the Volta River Delta, a modified boundary condition was developed. Instead of allowing for a free 

inflow of sediment at the boundary, maintaining a stable shoreline, the inflow is restricted according to 

a specific function.  

A specific multiplier (α) was employed to the transport rate obtained at the boundary with a fixed 

shoreline position, lowering the rate in order to represent a reduced inflow of sediment. To mimic the 

spatial influence of the reduced transport at the boundary, an exponential growth function was used 

from the boundary in towards the grid, where the influence on the local transport rate decayed from α 

to 0 (the latter implies no influence). The rate of the decay was determined by a coefficient κ having 

the units m-1. 

Fig. 11 illustrates the effect of different values on α and κ on the shoreline evolution. A larger α 

implies a larger reduction in the sediment influx and a smaller κ a larger spatial influence. For a given 

α, a smaller κ would expand the erosion area, but causing a smaller retreat at the boundary where the 

maximum effect occurs. 
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Fig. 11. The effect of reduced boundary influx on the shoreline evolution through a multiplier α with 

different spatial influence determined by a coefficient κ. Red indicates accretion, blue indicates 

erosion. 

6. Discussion 

In this study, the effects of the major man-made interventions (harbor dikes and river dams) on coastal 

evolution in the Bight of Benin were assessed using an enhanced version of the CASCADE model.  

6.1 Capabilities of the CASCADE model to assess the impact of coastal infrastructures and sediment 

supply variability 

The application of the model to the studied coast shows good overall performance in the vicinity of the 

harbors, reproducing well the erosion and accumulation areas (Laibi et al., 2014; Anthony et al., 2019) 

and showing robust behavior during the simulation period. The scenarios studied in this work were 

mainly used to assess the capability of the model to simulate coastal evolution in the Bight of Benin. 

The test performed in section 5.4 with the example of the Lagos harbor, shows that it is possible to 

estimate the amount of sediment that would be required to control erosion through beach nourishment. 

Since the massive landfill and the construction of the seawall at Lagos harbor (Fig. 10) in 2011, 

erosion has accelerated downstream and the model shows that nearly 650,000 m3/year of sediment 

would be required to keep the coastline stable. In section 5.2, the model was also used to assess the 

expected shoreline changes resulting from the removal of the major ports, providing an indicative net 
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transport anomaly induced by the harbors, as well as of the effects of the use of sediment by-pass 

systems at the harbor jetties. 

The effects of a reduced boundary inflow of sediments from the Volta river delta were partly 

investigated in a simplistic manner from the test conducted in section 5.4. The results suggested that a 

reduced sediment input ratio by at least 40% can significantly affect shoreline with erosion rate higher 

than +20 m/yr over 8 km of coast. However, these results require further investigation for the choice 

of α and κ, two parameters introduced to describe the effects of reduced boundary inflow of sediment 

at the shoreline evolution. The model implementation also results in a well-resolved coastal response 

around inlets. Fig. 9 clearly shows the influence of sediment discharges from the Mono River at the 

Bouche du Roy, although this remains small compared to the influence induced by harbors. 

At regional scale, the model maintains the shape of the bight well and reproduces the trend over the 

calibration (observed -0.9 m/year and modelled -0.7 m/year) and validation (observed +0.4 m/year and 

modelled +1.2 m/year) periods, which is consistent with previous observations (Anthony et al., 2019). 

However, some discrepancies were noted during model validation. In Fig. 7, for example, the model 

seemed to miss parts of the largest erosion (ΔYobs ≤ -13 m/yr). These discrepancies can be explained 

by factors that were not considered in this work. Giardino et al (2018) and Anthony et al (2019) 

investigated a list of factors to be taken into account, such as climate change, south atlantic climate 

dynamics, outer shoreface/inner shelf sand supply and localized sand mining reduced, all contributing 

at the same time to the total longshore transport and shoreline changes. As a consequence, a number of 

potentially interesting scenarios have not been considered, including effects due to sea level rise, 

despite its potential strong influence at long timescales (Le Cozannet et al., 2019; Vousdoukas et al., 

2020). The observed discrepancies can also reveal deficiencies in the current model, knowing that 

models inevitably rely on more or less extensive approximations due to the simplification of cross-

shore sediment exchange processes. On the one hand, it would be advisable to improve the 

consideration of these cross-shore processes by minimizing their simplification while taking into 

account the computational time since simulations are performed for large areas. On the other hand, 

consideration of other scenarios would require new model developments, fundamental understanding 

of the physical processes and much more input data on the coastal topography and its properties. 

6.2 Using the CASCADE model to improve coastal policies 
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The CASCADE model therefore demonstrates its potential to assist decision makers in coastal 

development in West Africa, in evaluating the hazards that affect this region. The overall reduction of 

sand supplied by the Volta River, due to the decrease in rainfall (Mahe et al., 2001, Aguilar et al., 

2009), is probably an important factor in coastline vulnerability in the Bight of Benin, as suggested by 

previous works (Boateng et al., 2012; Giardino et al., 2018; Anthony et al., 2016; Anthony et al., 

2019). This decrease in sediment input at the coast, accentuated by the presence of harbors (Anthony 

et al., 2019), has already had devastating environmental and socio-economic consequences. The long-

term prediction with the CASCADE model of possible scenarios related to this sediment depletion is 

therefore an asset for the region's policies in building adapted and ecological infrastructures. In 

addition to prediction, the model offers the possibility of erosion control by providing precisely where 

and how much sediment to inject to limit the impact on property and people. 

Considering the severity of these coastal erosion problems, the model shows the capability to assess 

the long-term impact of building new coastal infrastructures (e.g., deepwater ports). This is all the 

more important at the regional scale as there is an interdependence between the various human 

interventions which do not pay heed to geographical boundaries, whether along the rivers or on the 

coast, on the overall sediment budget along the bight (Giardino et al., 2018). The implementation of a 

large-scale integrated sediment management and coastal development plan is therefore quite feasible 

based on the results obtained in this study.  Such a plan should delimit and frame coastal development 

actions in order to preserve property and people without limiting the economic development of this 

booming region, although compliance with legal and regulatory frameworks is obviously a challenge 

that falls under the sovereignty of each state. 

7. Conclusions 

The work carried out in this paper aimed to provide assistance to decision makers regarding coastal 

development in the Bight of Benin, West Africa, by modeling the evolution of the 400 km long coastal 

stretch between 2000 and 2015. An improved version of the CASCADE numerical simulation model 

was used both to predict the effects of man-made infrastructures and inlets on the evolution of the 

coast and to limit the impact of the observed erosion on properties and persons. The model 

performance was tested by employing a 10-year calibration period (2000-2010) followed by a 5-year 

validation (2010-2015) period. The model results clearly show a well-captured shoreline behavior in 

the vicinity of the harbors in agreement with the observations. The model reproduces well the global 

trend and its capabilities were used to address the amount of sediment required to control erosion 
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downdrift Lagos harbor. In addition, the effect of a reduced discharge of sediment by the rivers was 

investigated. These results demonstrate the potential of the CASCADE model to assist decision 

makers in coastal development in West Africa in evaluating the hazards that affect this region both in 

prediction and in the search for local solutions. The implementation of a large-scale integrated 

sediment management and coastal development plan is therefore quite achievable in this region. 

Overall, the CASCADE model may be a useful tool for improving regional coastal policies. 
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