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Abstract

:

This study assessed the deposition of sediment and shoreline evolution at two newly constructed port facilities in the Bight of Benin, West Africa. Based on the Building with Nature approach, the concept of a sandbar breakwater was implemented at the study sites. The coastal system of the bight is characterized by a sand barrier-lagoon system and a uniform prevailing wave climate, making it a favorable location for this innovative port solution. The case studies were undertaken at the Port of Lomé, Togo, and the Lekki Deep Sea Port (Dangote Sea Port), Nigeria, using remotely sensed shoreline positions and the one-line coastline change model for different periods. After construction of the breakwater, we estimated that the updrift coastline at the two locations accreted in the range of 10–23 m/year and the rates of sediment deposition were estimated to be in the magnitude of 1.0–7.0 × 105 m3/year. The comparative study conducted also showed that these rates could further reach a magnitude of 106 m3/year at other sediment-accreting landforms within the bight. We found that these large magnitudes of longshore sediment transport generated from very oblique incident waves (10°–20°) and sediment input from rivers (in orders of 106 m3/year) have enabled the realization of expected morphodynamic changes on the updrift shoreline of the ports. From these results, downdrift morphological changes should not be underestimated due to potential imbalances induced in the sedimentary budget along the coastline. Future developmental plans within the bight should also continuously aim to adopt nature-based solutions to protect the ecosystem while mitigating unforeseen implications.
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1. Introduction


Within the last decade, the global drive for sustainable and resilient coastal infrastructural technologies has been met with a tremendous change in policy formulation, project execution, and academic research outputs [1,2,3,4]. In relation to offshore ports, new design approaches are continuously investigated and developed with an ardent emphasis on considerations of nature-based solutions [3,4,5]. Adopting environmentally friendly approaches alleviates associated engineering risks pertaining to coastal flooding, downdrift beach erosion, loss of biodiversity, and socio-economic losses in the vicinity of these structures [6,7].



Typically, port structures induce low to severe morphological changes within their environs. These may include but are not limited to: (i) sedimentation and entrance dredging problems [8,9,10,11,12], (ii) downdrift erosion [13,14], (iii) changes to wave climate [15,16], and (iv) environmental pollution [17]. Among these issues, updrift sediment deposition and downdrift erosion relative to the port location appear to be the most pressing issues discussed in previous literature. A conventional way to mitigate downdrift erosion is to design port breakwaters to enable sediment bypassing after a specified period [15,18]. Sediment traps have also been found to be a useful approach [19,20]. The accumulated sediment is repurposed in the nourishment of the eroding downdrift section of the port, although it might be considered an expensive approach in the long term.



To this end, designing and implementing a sandbar breakwater is considered a nature-based solution that can potentially mitigate some coastal, financial, and environmental constraints associated with conventional port breakwaters [3,21]. The sandbar breakwater follows an unconventional design regarding its geometry, orientation, and stability requirements (Figure 1).



It comprises two main structural components, i.e., a sand body made up of minimal artificial nourishment and a shortened rock groyne at the tip of the sandbar (green line in Figure 1). Feasibility studies by [21,22,23] indicate that the design specifications adopted in the sandbar breakwater technology provide the following advantages:




	
A reduction in the overall construction cost and a significant decrease in project execution time due to the minimal need for hard structure installations and the availability of large magnitudes of longshore sediment transport.



	
A decrease in quarrying activities and transportation, subsequently reducing air pollution, accidents, and carbon emissions.



	
Effective wave sheltering by the shortened groynes reduces the wave energy entering the main port basin.








Easy future port expansion due to the flexibility of the design.



Bearing these benefits in mind, the Bight of Benin coast in West Africa proved to be a suitable location for implementing the sandbar breakwater technology. The bight is bounded by the Volta Delta in Ghana and the Niger Delta in Nigeria (Figure 2). It serves as the outfall for two of the five major rivers in West Africa (Volta and Niger Rivers; Figure 2). Sediment transport along the entire coastline is generally deemed abundant and driven by a unidirectional longshore current. In recent years, port construction and expansion projects in Africa have risen due to the growing need to increase import and export trading activities [24,25,26]. Boer et al.’s [7] investigation of 130 selected African seaports showed that West African ports and those near the Nile Delta accounted for more than 65% of the coastal system’s observed accretions and erosions. At a regional scale, studies such as the current one provides a detailed insight into coastline evolution and sedimentation processes around port facilities which could be helpful in localized policy planning of coastal projects.



In this study, we assessed the shoreline evolution and sediment deposition rates along the updrift coast of the newly constructed sandbar breakwaters located in two West African countries, i.e., the Port of Lomé in Togo and the Lekki Deep Sea Port (Dangote Sea Port) in Nigeria (Figure 2). The estimation of longshore sediment transport rates from impounded sediment at port breakwaters, sandspits, jetties, or dispositional basins is known to provide the closest amounts related to the total transport (i.e., bed load and suspended load transport) provided they are conducted on a long-term scale [27]. Longshore sediment transport rates within the study areas have mainly been estimated using empirical formulas based on the energy flux, longshore current, or hindcast wave data approaches [28,29,30]. Therefore, this study provides an alternative perspective on sediment transport rates within the Bight of Benin. Furthermore, knowledge of the sediment transport rates serves as a basis for developing littoral budgets in the vicinity of these port structures, subsequently strengthening our understanding of the overall behavior of the respective coastal cells.



To achieve the objectives mentioned above, we examined the changes in the shoreline positions using remotely sensed images from the Landsat collections. These shoreline positions were used to determine their rates of change and variations in beach surface areas (Section 4.1 and Section 4.2). With regards to the volume of deposited sediment, it was estimated based on the one-line shoreline change theory (Section 4.3). A major setback for extensive coastal research within the Bight of Benin and other coastal African countries is the lack of comprehensive and up-to-date field-measured datasets (viz., bathymetry, waves, sediment characteristics/input, tides). Therefore, the remote sensing approach adopted in this study provides an alternative to these limitations, with the utmost attention given to possible sources of errors (georeferencing error, pixel size, and seasonal variations of wave energy) for all estimated quantities. We also perform a comparative study on the variation of longshore sediment transport along the Bight of Benin (Section 4.4) and discuss the role of river sediment and wave climate in the transport processes (Section 5.2). Additionally, a comparison of sediment transport around ports in other parts of the world was conducted (Section 5.3). As a final point, we highlight the lessons learned from current coastal management activities that could benefit future management strategies (Section 5.4).




2. Study Areas


2.1. Port of Lomé, Togo


Located in the southwestern part of Togo, the Port of Lomé plays a crucial role in the socio-economic development within the Bight of Benin countries (Figure 3). The port was constructed between 1964–1968 and has undergone several expansions and modifications to date. A notable upgrade to the port in recent years has been its expansion using the sandbar breakwater design. Historically, rapid sediment impoundment at the port has been observed. From 1964–1967, the updrift shoreline of the port accreted at a rate of c.a. 100 m/year [31]. Further accretion was also observed between 1970–1972 but at a slower rate (~80 m/year) [31]. The rapid accretion of the initial coastline westward of the port indicates a large amount of longshore sediment transport along the Bight of Benin coast. As any coastal engineer or researcher would expect, the presence of a sediment-accumulating structure (viz., groynes, jetties, breakwaters) induces some level of erosion along the downdrift shoreline of the structure. As a result, several shore protection structures can be identified on the eastern side of the Lomé port (Figure 3b). Guerrera et al. [32] comprehensively analyzed shoreline changes along the coast of Togo and reported an erosion rate of ~5 m/year downdrift of the Port of Lomé over 40 years (1981–2021). Additionally, these recession rates have been exacerbated by other anthropogenic factors such as coastal urbanization, sand and gravel mining, and modifications to the natural hydrographic systems within the lagoon and barrier beach system [32,33,34]. Land subsidence due to groundwater extraction and induced sedimentary imbalances are also critical issues threatening the sustainability of the Togolese coastal system and the Bight of Benin [35].




2.2. Lekki Deep Sea Port (Dangote Sea Port), Nigeria


Unlike the Port of Lomé, whose original breakwater has been redesigned, the Lekki Deep Sea Port (LDSP) is being built from scratch using sandbar breakwater technology. The LDSP is located ~76 km east of the mouth of the Ogun River/Lagos Lagoon. It is worth pointing out that two ports are being constructed along the Lekki coastline, and this study focuses solely on the LDSP (Dangote Sea Port), which utilizes sandbar breakwater technology (Figure 4). The main sandbar body was constructed between 2017 and 2018. To our knowledge, this study is among the first to examine sedimentation at the sandbar breakwater while other project components are still ongoing. A long-term shoreline analysis by Osanyintuyi et al. [36] indicates that erosion along the port’s downdrift shoreline has intensified due to the presence of these coastal structures and increased population density/urbanization. This inevitable phenomenon has been identified as part of the project, with proposals to protect the downdrift shoreline using a “Sand Engine” approach and repetitive nourishment [21,37].




2.3. Oceanographic Settings


The marine environment of the Bight of Benin is situated on a narrow continental shelf with no offshore islands sheltering the coastal system against oceanic forces [38]. Most of the coastal system is characterized by a wave-dominated sand barrier and lagoon system [39,40]. Oceanic currents here are dominated by the Guinea current that flows offshore from west to east with speeds varying between 0.5–1.0 m/s [28,38,41]. These currents generally have a minimal influence on sediment transport processes but can enhance wave-driven transport [42].



The typical waves approaching the two study areas originate from locally weak wind waves and storm-generated swells from the South Atlantic Ocean. These swells persistently arrive from the southwest direction (Figure 5a,b). The wave climate presented here corresponds to datasets obtained from 2006–2017 using the WaveWatch III model [43] and extracted at offshore distances of 28 and 46 km for Lomé and Lekki, respectively. Wave heights exceeding 3.0 m are seldom observed, and wave periods are usually in the range of 10–14 s. Additionally, the wave heights exhibit a seasonal variation, with relatively higher wave heights observed from May to October (Figure 5). This seasonality can be attributed to the modifications of the West African Monsoon by land and sea breezes in the coastal zones [28,38,39].



The Bight of Benin coast can be classified as a micro-tidal coastal environment [28,29]. At Lomé, the tides are semi-diurnal, with a tidal range of ~1.0 m and a maximum spring tide of 1.32 m [38]. The tidal range slightly reduces along the Lagos Lagoon barrier (Lekki) to ~0.74 m with a maximum spring tide of 1.0 m. Induced currents from these tides are weak since the phase of the tide is almost the same along the entire coast [38,42]. However, the influence of flood tidal currents at inlets and river mouths along the coast becomes stronger.





3. Materials and Methods


3.1. Shoreline Detection


The primary datasets used in this study are the Landsat data products (i.e., Landsat 5 (TM), Landsat 7 (EMT+), and Landsat 8 (OLI)), retrieved from the Google Earth Engine (GEE) via the CoastSat python toolkit [44]. The images were retrieved for the 1984 to 2023 period and used to examine the shoreline variability at the two study areas. All the satellite images were analyzed using a uniform coordinate system (WGS-84/UTM Zone 31N) with no further geometric corrections as retrieved from the GEE.



Based on the current study’s scope, each site’s temporal scale was modified to align with observed morphological patterns before and after the construction of the sandbar breakwater. Details on the periods considered are outlined in Section 4.1 and Section 4.2.



As a first step in the shoreline change analysis, the shorelines were extracted in the CoastSat toolkit. The CoastSat toolkit is a popular and convenient tool for coastal researchers which has been applied in a wide range of studies in recent years [45,46,47,48]. Images retrieved from the GEE are taken through a pre-processing step (cloud masking and pan-sharpening/down sampling) for spatial enhancement (30 m/pixel→15 m/pixel). In the shoreline detection step, the water–land boundary is defined using the Modified Normalized Difference Water Index (MNDWI) [49], which is defined as follows:


  M N D W I =   S W I R 1 − G   S W I R 1 + G    



(1)




where SWIR1 and G represent the short-wave infrared and green bands, respectively. For a detailed explanation of the shoreline extraction process and validation of the CoastSat toolkit, readers are kindly referred to Vos et al. [44,50].




3.2. Shoreline Change Analysis


The extracted shorelines were analyzed using the Digital Shoreline Analysis System (DSAS) developed by the United States Geological Service (USGS) [51]. In this study, version 5.1 of the DSAS was used within the ArcGIS software version 10.8. The DSAS has been extensively used for shoreline change analysis because it performs detailed statistical analysis on rate calculations using multiple approaches and data sources [52,53,54]. A step-by-step guide and detailed explanation of shoreline change analysis within the software can be found in Himmelstoss et al. [51] and Hapke et al. [55].



In our analysis, we selected a single shoreline for each year using a criterion for the seasonal variation of the wave climate. The analyzed images were selected during periods of relatively low wave heights (October–May; Figure 5c) to minimize the influence of the seasonal variation of the wave energy. Periods with higher wave energies influence the presence of whitewater, which is recognized as noise in the sub-pixel segmentation algorithm in the CoastSat toolkit. However, exceptions were made for study periods without cloud-free images.



The shoreline position uncertainty in this study considered the satellite image georeferencing error (    E   g    ), which is the root-mean-squared error (RMSE) for the horizontal accuracy of the images, and the pixel size (    E   p    ). A geometric RMSE threshold of 10 m was set in the CoastSat toolkit and images with values above this limit were discarded. Therefore, the total shoreline position error (    E   x    ) for the retrieved satellite images were calculated in a similar way to the method utilized by Hapke et al. [55], which is given by the following:


    E   x   =    E   g   2   +   E   p   2     



(2)







Also, tidal corrections for the extracted shorelines were omitted because of the low tidal range and steep/narrow beach profile along the Bight of Benin coast [38,39,42]. Further checks with tide datasets also revealed that the retrieved satellite images were captured during the high tide period of the spring tide. Hence, the standard practice of defining the high tide line as the shoreline for coastal delineations [56] was achieved.



The baseline for the change analysis was established by merging all shorelines for each period considered and with a 150 m landward buffer. We also constructed the transects at a 20 m interval which were used in computing the various quantities (i.e., shoreline change rates and shoreline movement). The Net Shoreline Movement (NSM) and Linear Regression Rates (LRR) statistical outputs were calculated as the last step of the analysis. The NSM depicts the total horizontal movement between successive shorelines and the LRR indicates the shoreline change rate over a specified period. For our reported LRR, the standard error of the associated rates is based on a 90% confidence interval of linear regression (LCI90).




3.3. Longshore Sediment Transport


The amount of littoral drift impounded at the study sites was calculated using the one-line shoreline change model presented by Pelnard-Considere [57] (Figure 6). The model describes the long-term shoreline evolution by assuming that the beach profile maintains an equilibrium shape with parallel bottom contours [58]. Based on these assumptions and the conservation of sediment volume, the long-term shoreline variation can be expressed as follows:


    ∂ y   ∂ t   = −   1   D       ∂ Q   ∂ x   + q    



(3)




where   y   is the shoreline position,   t   is time,   D   is the depth of active sediment motion given as the sum of the depth of closure (    D   C    ) and the berm height (    D   B    ),   Q   is the longshore sediment transport rate,   x   is the alongshore coordinate, and   q   is the cross-shore sediment transport.



In the model, short-term variations induced by storms or rip currents are assumed to be negligible concerning the main trend in shoreline evolution. Hence, cross-shore transport is neglected (i.e.,   q = 0  ). Based on this assumption and considering the defined alongshore boundaries (    x   1     and     x   2    ; Figure 6a), the time variation of sediment volume (  d V / d t  ) can be obtained as follows:


    d V   d t   = D   ∫    x   1       x   2        ∂ y   ∂ t   ∂ x    



(4)







In our calculations, the rates of shoreline change (  ∂ y / ∂ t  ) were obtained from the LRR analysis performed in the DSAS software.



From Equation (4), the time variation of sediment volume (  d V / d t  ) can be related to the change in the beach surface area (  ∆ A  ), which is directly measured between successive shoreline positions over a defined period (    t   1     and     t   2    ). Hence, the volumetric change rate of sediment can also be calculated by the following:


    d V   d t   =   ∆ A   ∆ t   × D  



(5)







In this study, we estimated the longshore sediment transport rates (LSTR) for the two study areas using Equations (4) and (5), which enables a comparison of the estimated LSTR using two methods (i.e., shoreline and beach area change rates). Although both equations seem identical, some differences in the estimated LSTR were observed, as presented in Section 4.3.




3.4. Depth of Closure and Berm Height


Here, we calculated the depth of closure using the Hallermeier equation [59]:


    D   C   = 2.28   H   s   − 68.5       H   s   2     g   T   s   2        



(6)




where     H   s     and     T   s     are the non-breaking significant wave height and period for an exceedance probability of 0.137% in a year, respectively, and   g   is the acceleration due to gravity. The offshore wave data extracted from the WaveWatch III model [43] were transformed to the nearshore using the COASTEXCEL tool [60]. Duy et al. [61] applied and validated the wave transformation tool at the Phu Quoc island in Vietnam, which showed good agreement with measured datasets. Furthermore, inaccuracies in estimating the depth of closure may also arise from Equation (6) coefficients, wave reanalysis products, and coastal structures’ presence [62,63,64]. Therefore, we applied an error margin of ±20% to the calculated depth of closure values obtained from Equation (6).



The berm height was calculated using an empirical relationship derived by Uda [65], which was derived using measured datasets along the Japanese coastline:


    D   B   = 0.32 ×   D   C    



(7)







Although field measurements of the beach profile should be a suitable approach for determining the berm height, the relationship by Uda [65] is an alternative for data-scarce locations. It must also be noted that the berm height is dependent on the grain size in the foreshore, beach slope, and wave action [65]. Hence, the coefficient in Equation (7) is another limitation of the current study. Further data collection of beach profiles within the study areas would be needed to accurately calibrate the relationship provided in Equation (7).





4. Results


4.1. Case Study 1: Port of Lomé


Two time periods were distinguished to analyze the shoreline and sediment disposition patterns at the Port of Lomé from 1984–2021. The first period (1984–2002) represents the era before the port expansion project (Figure 7a), whereas the period between 2014 and 2023 corresponds to the post-sandbar construction period (Figure 7b). By doing so, a comprehensive comparison can be made to determine the effectiveness of the sandbar breakwater technology. The eastern boundary was chosen to prevent the inclusion of portions of the sandbar breakwater where land reclamation and beach nourishment were conducted (Figure 7b). We also defined the western boundary using the Wharf Allemand landmark where minimal shoreline change was observed during the study period. Based on these predefined spatial boundaries, a total of 5460 m shoreline length was analyzed.



Figure 8 shows the results of the net shoreline movement (NSM), indicating the changes in total horizontal shoreline position. Although two periods were defined for the Lomé port, the NSM results in Figure 8 depict changes in the shoreline positions within the predefined spatial boundaries in the analysis from 1984–2023. Over these 39 years, this study area experienced a 100% seaward shoreline movement, with the average and maximum NSM being ~203 m and ~327 m, respectively.



In addition to the NSM, the shoreline change rate estimated using the linear regression rate (LRR) shows dominant seaward shoreline trends, with 100% of the transects recording positive distances (Figure 9). From 1984–2002, the maximum accretion rate is estimated to be ~4.60 ± 1.40 m/year and an average of ~3.0 ± 0.35 m/year for all the transects. After the construction of the sandbar breakwater (Period 2: 2013–2023), as expected, the positive shoreline change rate increased drastically. A maximum positive rate of ~20.75 ± 2.62 m/year is recorded, with an average rate of ~10.02 ± 0.71 m/year for this period.



Even though shoreline change rates provide detailed trends in coastal morphological processes, the change in the beach area is an equally important quantity that can supplement these results [66]. Here, we set the oldest shoreline as the landward boundary for each defined period (1984 for Period 1 and 2013 for Period 2) and performed linear regression analysis to obtain the beach area change rate in m2/year. The estimated beach area change rates were 13,000 ± 2000 m2/year and 53,000 ± 4000 m2/year for Periods 1 and 2, respectively (Figure 10).




4.2. Case Study 2: Lekki Deep Sea Port (LDSP), Nigeria


For the LDSP, only one period was considered when preparing this paper given that it is a more recent, ongoing project. The analysis conducted here spans from 2018–2023 and represents a case where the sandbar breakwater is constructed from scratch on a rectilinear coastline. Here, the eastern boundary for the analysis was selected using the same criteria as for the Port of Lomé (Figure 11). The western boundary was placed ~4.20 km away from the Lekki Port to prevent the inclusion of possible erosion trends initiated by the ongoing construction (Figure 4). The total shoreline analyzed at the LDSP is ~4120 m.



The results of the NSM analysis for the second case study also show a 100% shoreline advancement due to deposited sediment along the updrift shore of the sandbar breakwater. A maximum and average net shoreline movement of ~191 m and ~110 m was estimated, respectively, for the 5-year study period considered (Figure 12).



Concerning the shoreline change rates, all transects recorded accretional trends with a maximum change rate of 39.97 ± 17.15 m/year and an average rate of 22.83 ± 4.43 m/year (Figure 13a). The beach area for the LDSP was estimated using the 2018 shoreline as the reference landward boundary, which yielded a change rate of 70,000 ± 15,000 m2/year (Figure 13b).




4.3. Impounded Longshore Sediment Transport


As mentioned in Section 3.3, the deposited sediment at the two study sites was estimated using Equations (4) and (5). The results of the calculated LSTR for the two case studies are presented in Figure 14. The error bars (black) in Figure 14 account for uncertainties in the shoreline positions and the calculated depth of active sediment motion.



At the Port of Lomé, we estimated     D   C     and     D   B     to be 4.60 m and 1.47 m, respectively. Between 1984 and 2002 (Period 1), deposition volume rates of 9.84 × 104 and 7.58 × 104 m3/year of sediment were estimated using Equations (4) and (5), respectively (i.e., an average of ~8.71 × 104 m3/year within the study period considered). On the other hand, estimates of deposited sediment in the post-port expansion period (2013–2023) are ~3.30 × 105 and ~3.20 × 105 m3/year as calculated from Equations (4) and (5), respectively. Hence, the average LSTR deposited post-port expansion is estimated at ~3.25 × 105 m3/year.



Considering the LDSP, we estimated the depth of active sediment motion to be 7.43 m (    D   C     = 5.63 m and     D   B     = 1.80 m). Consequently, the calculated amount of impounded sediment at the sandbar breakwater using Equations (4) and (5) was ~8.03 × 105 and ~5.90 × 105 m3/year, respectively, resulting in an average sediment deposition of ~7.0 × 105 m3/year from the 2018–2023 period.




4.4. Comparisons with Other Sediment-Accreting Landforms


Longshore sediment transport sequestering at sandspits formed at river mouths or inlets also offers a way to quantify transport rates. At these locations, hydrodynamic interactions are far more complicated than those on open coasts but exhibit, to a great extent, the general morphological trends along the coast on a regional scale [18]. In this section, we performed a comparative study of sediment accretion rates using the sandspits at the Volta River mouth, Ghana, and the Bouche du Roi inlet, Benin, as estimated by Lawson et al. [67]. These rates were estimated using satellite images and a sandpit elongation model based on the conservation of sand volume [68,69]. The sandbar breakwater can be likened to a “restricted flying spit” in terms of its design orientation and sediment accretion properties. Thus, it allows for comparing estimated LSTR (after sandbar breakwater construction) at the respective locations.



The sediment transport building up the Volta River mouth and Bouche du Roi inlet spits were estimated to be ~1.25 × 106 m3/year (1984–2012) and ~1.20 × 106 m3/year (1984–2019), respectively [67]. It is worth mentioning that the spit at the Volta River mouth was restricted as part of a sea defense project in 2013. Therefore, current morpho-sedimentary processes may differ from those reported in previous studies [70]. Figure 15 compares four major sediment accretion locations within the Bight of Benin. The differences in the magnitude of LSTR can be attributed to the variations in hydrodynamic interactions at the respective locations. In wave-dominated coastal environments, sediment supplied from rivers is reworked and transported by wave-driven currents, which are often trapped by river mouths or inlets to form spits [71]. In most cases, sediment bypassing depends on the river discharge or the magnitude of the littoral drift [18]. Hence, sediment supplied from the Volta and Mono Rivers, whose outlets are the location of the two spits considered in this part of the discussion, heavily influences the large magnitude of LSTR (Figure 2). This condition is also supported by the south-westerly swells approaching the coast.





5. Discussions


5.1. Summary of Case Studies


This paper uses the one-line model and remotely sensed images to quantify the deposited longshore sediment transport volume at two sandbar breakwaters along the Bight of Benin coast in West Africa. At the Port of Lomé, significant differences in the amount of deposited sediment can be observed before and after the sandbar breakwater introduction (Figure 14). After the construction of the first port breakwater in 1967, the deposited volume was estimated to be between 1.2–1.4 × 106 m3 [72]. In 1984, a large amount of sediment dredging (~5.50 × 105 m3) was warranted at the port, to maintain suitable water depths needed to access the port [31]. The relatively low magnitude of impounded LSTR from 1984 to 2002 (~8.71 × 104 m3/year) indicates that a significant portion of sedimentation at the port occurred in the first two decades upon its completion. Owing to the port expansion project in 2012, the LSTR increased by ~79% as the breakwater and shoreline orientations were altered. Installing a groyne ~2.2 km west of the breakwater tip also facilitated the sedimentation process mentioned before. These temporal changes can also be attributed to a decrease in the frequency of swell-generating storms in the Atlantic Ocean within the first period (1984–2002) [28]. In the second case study at the Lekki Deep Sea Port (LDSP), we estimated the LSTR to be in the order of 105 m3/year at the newly built port. Also, the shoreline has advanced seaward by an average distance of ~110 m. The sediment transport magnitudes computed using the adopted approaches are in good agreement with previous studies that used other methods at the case study sites [21,28,73,74].




5.2. Influence of River Sediment Supply and Wave Climate


The results presented in the comparative study suggest that the littoral drift along the Bight of Benin coast is high resulting from a combination of sediment input from rivers and the prevailing wave climate. Sediment supply to the coastal system of the study area is mainly driven by five rivers, viz., Volta, Mono, Ouèmè, Ogun, and Niger Rivers (Figure 2). The magnitude of sediment from these rivers is in the order of 106 m3/year [34,38,73,75,76]. As such, the importance of these rivers to the coastal system cannot be overemphasized. Hydrologic modifications to these rivers have been reported to significantly reduce river sediment supply, especially from the Volta [77], Mono [76], and Niger [34] rivers. These changes have also induced significant changes within the coastal system (sediment imbalances, shoreline erosion, delta evolution) [34,67,74,78,79,80]. Similar trends observed in other study areas suggest the need to carefully consider the modifications to river and estuarine systems [81,82,83].



Also, the prevailing wave climate within the Bight of Benin is uniform concerning its wave period and direction throughout the year. The average of all the wave data extracted from the WaveWatch III model yields a wave period of 12.5 s and a dominant direction of 198° clockwise from the north. The rectilinear nature of the coastline within the bight means that incident waves are significantly oblique (10°–20°). These wave conditions and a significant river sediment supply allow for a large longshore transport along the coast. According to Almar et al. [28], swell-generated sediment transport rates are usually an order of magnitude larger than those generated by wind waves.



A major requirement in the design of the sandbar breakwater is the need for a uniform wave climate, which makes the Bight of Benin a suitable location. With these uniform conditions, accurate predictions of longshore morphological variations are possible, thus, preventing unforeseen damage to the structural integrity of the breakwater [21].




5.3. Sediment Transport around Ports in Other Coastal Areas


The hydrodynamic and geographic similarities between the two case study sites have enabled the investigation and comparison of induced coastal evolution by the sandbar port breakwater at these locations. To build on this knowledge, we compared the observed morphological changes in the current study to three ports with conventional breakwaters in different geographic locations. We used results in previous literature for the Sendai Port, Japan [84,85], the Port of Klaipėda, Lithuania [86,87], and the Visakhapatnam Port, India [88,89].



At the Sendai Port, sediment trapping by the main breakwater was expected on the updrift coastline after its completion. However, a sediment volumetric loss of c.a. −3.20 × 104 m3/year was recorded on the updrift coastline (~1.2 km) after its construction (1964–1983). Further analysis of aerial photographs from 1983–2009 revealed accretion rates of c.a. 1.30 × 104 m3/year. Here, the proximity of the Nanakita River mouth to the Sendai Port, which is located on the updrift section of the port (~1.6 km from the port) plays a vital role as a source (river sediment supply) and a sink (sandspit elongation) along this coastline. The episodic change of sediment transport rates at this port greatly differs from observations in the current study where rapid sediment deposition was recorded after the port construction/expansion. Another example of this episodic coastal evolution is the Port of Klaipėda. Sediment accretion trends were observed after the start of its construction from 1935–1910 on the updrift section of the breakwater (~750 m). However, the shoreline began to retreat as a result of channel entrance dredging around the breakwater from 1910–2004, even though sufficient longshore sediment transport was available.



Monsoon-induced changes in the direction of the longshore sediment transport also play an important role in the coastline evolution, especially around port breakwaters and other coastal infrastructure. For instance, the littoral drift near the Visakhapatnam Port is typically in the range of ~4.90 to 8.80 × 104 m3/month from November to February (southward-oriented drift). Due to changes in the wave direction, the sediment transport from March to October ranges between 0.34 to 1.70 × 105 m3/month (northward-oriented drift). Coupled with storm surges, these seasonal variations of sediment transport cause cyclic beach morphology near the port. With storms seldom occurring in the Bight of Benin and a prevailing unidirectional longshore current, it is evident that the sandbar breakwater concept is an ideal port solution for the Bight coast.




5.4. Lessons for Future Coastal Management


As the final part of our discussions, we identified lessons that could be drawn from current coastal management activities in West Africa based on literature [73,80,90,91,92,93] and the results/limitations of this study. The two key lessons include the following:




	
Continuous adoption of sustainable and modern technologies in coastal infrastructure.








Implementing the sandbar breakwater concept at Lomé (Togo) and Lekki (Nigeria) allows other West African countries, particularly in the Bight of Benin, to explore this technology in future port projects. For instance, the proposed construction of a port at Keta (Ghana) should properly consider its implications on downdrift areas. Although erosion is inevitable on the downdrift shoreline of a port breakwater, provisions for nourishment campaigns enable the stabilization of the coastline. The “Sand Engine” approach utilized in the sandbar breakwater design also uniquely protects vulnerable coastal zones along the downdrift shores.



	2.

	
Creating and promoting a unified coastal network for knowledge sharing and joint field surveys to minimize over-dependence on global datasets.







Field datasets are undoubtedly the most reliable datasets required for comprehensive research activities. With such a unified ground data collection/observation system, the numerous uncertainties arising from using global datasets would be avoidable. The efforts and collaborations of institutions/programs such as the Africa Centre of Excellence in Coastal Resilience (ACECoR), West African Regional Coastal Observatory (ORLOA), the World Bank-funded West Africa Coastal Areas (WACA) program, and the African coastal camera network monitoring project by Abessolo et al. [91] are highly commendable in promoting this goal within the Bight of Benin and Africa as a whole. Regional or continental-based studies are also crucial for understanding general coastal processes and the impact of localized engineering projects.





6. Conclusions


The recent coastal developments along the Bight of Benin offer a unique opportunity to examine how the natural environment responds to changes in sedimentary and hydrodynamic conditions. Nature-based solutions are usually hailed as the way forward to promoting the sustainability of the coastal environment. The two case studies presented in this paper are typical examples of how prevailing hydrodynamic and sedimentary conditions can be utilized to the advantage of coastal projects. In other words, the sandbar breakwater can be described as a solution that uses hard and soft engineering techniques. In its design, a large amount of sediment deposition was expected along the updrift shoreline of the sandbar breakwater and has been quantified in the current study.



The longshore sediment transport reported in this paper corroborates the assertions that the magnitude of transport rates along the Bight of Benin coast is one of the largest in the world [28,39,67]. Sediment impoundment at the two study sites provided a means to conduct our LSTR analysis. The introduction of the sandbar breakwater design at the Port of Lomé (Togo) as part of an expansion project resulted in sediment deposition at an average rate of 3.25 × 105 m3/year over ten years (2013–2023). Elsewhere in Lekki, Nigeria, the calculated transport rates yielded an average of 7.0 × 105 m3/year over 5 years (2018–2023) after the breakwater construction. It is worth noting that the sediment availability within the bight is abundant due to large sediment input from rivers and a uniform wave climate. The sandbar breakwater concept proves that socio-economic benefits could be derived from the prevailing morphodynamic settings within the study sites. Although assurances have been given to maintaining a nourishment program at locations downdrift to the ports, it should be ensured that these activities are implemented without compromise [37]. By doing so, the sustainability of the coastal environment and the livelihood of fisherfolks can be protected.



The findings from the case studies in this paper provide a further understanding of sediment transport processes and morphological evolution in the Bight of Benin, West Africa. It could serve as a basis for conducting detailed field studies for further analysis concerning changes in beach profiles, sediment size distribution, and other relevant hydrodynamic processes. Additionally, the quantified amount of deposited sediment would be helpful in dredging projects at the study sites, should such a necessity arise in future. From a broader perspective, the paper discusses how policymakers and coastal engineers can adopt new technologies to meet socio-economic demands in developing countries while emphasizing the need to protect the natural environment. In other coastal environments, conventional port or shore-protection designs could be modified to fit prevailing hydrodynamic and sediment transport conditions to support the concept of Building with Nature.
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Figure 1. Schematic diagram of the sandbar breakwater and corresponding morphological changes in its environs (redrawn from Moesker, 2019 [22]). The blue line indicates the initial shoreline orientation and the red line shows the shoreline evolution after construction of the sandbar breakwater. 
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Figure 2. The Bight of Benin in the Gulf of Guinea, West Africa. Offshore ports within the Bight of Benin are located in the cities of Lomé (Togo), Cotonou (Benin), and Lekki (Nigeria). 
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Figure 3. A section of the Togolese coastline showing (a) the updrift coastline of the Port of Lomé, and (b) coastal protection structures on the downdrift shoreline of the port (~5 km east of the port). 
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Figure 4. Location of the Lekki Deep Sea Port (Dangote Sea Port) in the blue bounding box considered in this study. The Lekki port (green box) follows a conventional seaport design. 
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Figure 5. Wave climate at the study sites obtained from the WaveWatch III model [43] from 2006–2017 showing (a,b) wave rose for significant wave height approaching the Lomé and Lekki ports, and (c) seasonal variation of mean significant wave heights and their standard deviations. 
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Figure 6. (a) Schematic diagram showing the shoreline evolution of a sandbar breakwater over a given period (    t   1     and     t   2    ), and (b) a hypothetical equilibrium beach profile showing the definition of the depth of closure (    D   C    ) and berm height (    D   B    ) (redrawn from Larson et al. [58]). 
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Figure 7. Shoreline positions at the Port of Lomé (a) before the port expansion project, and (b) after the construction of the sandbar breakwater. 
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Figure 8. Net shoreline movement (NSM) on the updrift shoreline of the Port of Lomé within the spatial boundaries considered in the analysis from 1984–2023. 
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Figure 9. Shoreline evolution based on the Linear Regression Rates (LRR) for the two study periods and the overall evolution before and after the port expansion project. The alongshore distance begins updrift to the port at the Wharf Allemand landmark (western boundary). 
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Figure 10. Beach area changes (a) before the port expansion project (1984–2002), and (b) after the construction of the sandbar breakwater (2013–2023). The equations in these figures correspond to the linear regression analysis for the beach area change rates. 
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Figure 11. Shoreline evolution at the Lekki Deep Sea Port (LSDP) before and after the introduction of the sandbar breakwater. 
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Figure 12. Net shoreline movement (NSM) at the Lekki Deep Sea Port within the spatial boundaries considered in the analysis from 2018–2023. 
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Figure 13. Results of the linear regression analysis at the Lekki Deep Sea Port for (a) shoreline change rates between the two defined alongshore boundaries, and (b) changes in beach area from 2018–2023. 
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Figure 14. Estimated volumetric change of sediment deposition at the Port of Lomé, Togo (Period 1: before port expansion and Period 2: after port expansion), and the Lekki Deep Sea Port (Nigeria). 
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Figure 15. Comparison of longshore sediment transport rates at sediment-accreting units (sandspits and offshore ports) in the Bight of Benin coast. The LSTR at the sandspits were obtained from Lawson et al. [67]. 
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