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ABSTRACT
The marine geoid is a consistent reference surface which is a crucial component in understanding ocean currents, sea level changes, and ocean atmosphere interactions. The use of inconsistent reference datum that can vary over time and area, can constitutes some forms of problems when generating charts at some required accuracies. Therefore, this research aimed to develop a marine geoid model along the Nigerian coastline, by using Sentinel-3 satellite altimetry data. The methodology employed in this research was a remote sensing approach, which used satellite altimetry approach to develop the marine geoid, which involves data collection, data extraction, data processing and data analysis of sentinel 3 satellite altimetry data to obtain the mean sea surface (MSS) and the mean dynamic topography (MDT) used to develop the marine geoid model. The analyses of MSS, MDT, and geoid data revealed that the MSS values along the Nigerian coastal waters are relatively high with moderate variability, while the MDT values exhibited more consistency, with minimal deviations and normally distributed. The marine geoid analysis showed significant spatial variability, with higher geoid heights in the southern and eastern parts of the coastline, and lower values in the north and west. The study reveals that the marine geoid values ranging from 9.8066 meters to 24.5928 meters, with a mean value of 16.86 meters. The statistical summary of MSS values shows a range from 10.255 meters to 25.012 meters, with a mean value of 17.3046 meters. The statistical summary indicates a relatively narrow range of MDT values, with a minimum of 0.4013 and a maximum of 0.4864, with mean value of 0. 4447.The results indicate that satellite altimetry missions, provide effective means of generating detailed marine geoid model, which are crucial for enhancing our understanding of sea level variability, ocean circulation, and gravity field variations. The findings also underscore the importance of continuous geodetic and oceanographic research in improving the accuracy of geoid models, which can provide information for coastal managements and contribute to insight of sea-level rise.
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1.0 INTRODUCTION
 The geoid plays an indispensable role in the geodetic data infrastructure, as topographic heights and depths of the seas are reckoned from it and many applications in geodesy, hydrography and engineering require geoid-related heights, and further stated that  having a reliable geoid estimate on the oceans allows Sea Surface Topography (SST) computation which can give valuable information on currents dynamic that are related to climate changes and sea level rise monitoring as reported by [9]. The geoid is an equipotential surface that best fits global mean sea surface, and also a fundamental reference surface for global measurements. The marine geoid, a fundamental component of oceanography and geodesy, plays a crucial role in understanding the complex interactions between the Earth’s oceans and the solid Earth as opined by [7]. 
The marine geoid, defined as the equipotential surface of the earth’s gravity field that would coincide with the undisturbed mean sea level is crucial reference surface for various applications in oceanography, geodesy, and navigation. [5] described the geoid as a theoretical surface that represents the shape of the Earth in the absence of topographic and oceanic features, also the geoid, as surface of constant gravitational potential representing mean sea level, and highlighted that the geoid is very important for various applications, including oceanography, navigation, geophysics, climate studies and its associated changes and mapping among others. The development of the geoid is also very helpful and a fundamental reference surface for geodetic research, measurements and understanding of the earth’s gravity field. 
According to [6],  besides, the low precision of the coastline tide gauges may also be attributed to spatial location (i.e. if they are located in subduction zone) and the satellite altimetry data has a very good spatial resolution in the open sea especially when observation of different missions is combined, however, degradation occurs when close to the shore due to the contamination of the altimeter foot-print, and the use of the altimeter in the “ocean mode” close to the coast (i.e. around land objects) can cause the signals to be noisier and therefore  recommend rejection criteria of 10-14km radius from the shoreline so as to remove the contaminated altimeter foot-print. However, the accuracies derived when the observational noise has been removed and elimination of the contaminated signals varies from 0.02m-0.05m (1 sigma). GPS developed ellipsoidal heights at some tide gauge locations are also required for the purposes of creating a link between the reference ellipsoid and the geoid and also GPS/levelling data are necessary to create a link between land-sea interfaces. 
The geoid represents the shape the Earth’s oceans would take under the influence of gravity and rotation alone, without other disturbances like tides and currents and extends over land and sea, while the marine geoid is a more detailed representation of the geoid specifically for the ocean and accounts for the factors like ocean currents, tides and atmospheric pressure that influence sea surface heights. In addition, the marine geoid is crucial for understanding ocean circulation, and other oceanographic processes. Along the coastal waters of Nigeria, a region of significant economic and environmental importance, the marine geoid remains poorly defined due to limited data coverage and accuracy. This knowledge gap hinders or impacts on precise navigation, oceanographic research, and coastal management, ultimately impacting on the livelihoods of millions of people depending on the coastal ecosystem.
 Recent advances in satellite altimetry have enabled the acquisition of high-accuracy data for marine geoid, offering an unprecedented opportunity to improve our understanding of the Nigerian coastline. Therefore, this study aims to develop a marine geoid model by combining data from satellite altimetry mission, thereby bridging the knowledge gap and supporting sustainable development, environmental stewardship, and scientific progress in the region. [5] argued that the geophysicist can derive valuable insights into the structure of the ocean floor and the tectonic features below it, through a large-scale geophysical analysis of the separation between the mean sea surface (MSS) and the geoid. Satellite altimetry has revolutionised the measurement of marine geoid by providing precise and continuous observations of the sea surface height (SSH). The development of accurate marine geoid models is particularly important for countries with extensive coastlines, such as Nigeria, to support maritime navigation and safety, resource exploration and efficient coastal zone management, and to create a connect between the land and sea interface.
The monitoring of sea rise and water levels, climatic changes and its associated effects, for example flood situations are among the various activities carried out in marine environment. The marine geoid serves as seamless vertical offshore reference surface that is stable, consistent and does not vary over time and area. The sea rise and water level measurements will be referenced to the marine geoid near the coast and across the land-sea interface. According to the National Oceanic and Atmospheric Administration [10] many scientific research are carryout in the marine environment, this includes the geophysical investigation of the seabed structure of which the knowledge of geoid undulation is very important.
The use of inconsistent reference datum that can vary over time and area, can constitutes some forms of problems when generating charts at some required accuracies, therefore developing a geoid model which is seamless, consistent and does not vary over time and area for referencing our measurements within the land–sea interface area becomes necessary, so as to allow for easier assimilation of land and maritime data resulting in seamless vertical data. The marine geoid, a crucial component for various oceanographic and geodetic applications, is not well-defined along the coastline of Nigeria due to limited data coverage and accuracy.
Therefore, the study aimed at developing a marine geoid model along the Nigerian coastal waters. The specific objectives are to extract Mean Sea Surface (MSS) and Mean Dynamic Topography (MDT) from altimetry mission along the Nigerian coastal waters, processing Mean Sea Surface (MSS) and Mean Dynamic Topography (MDT) from altimetry mission along the Nigeria coastal waters and integrating MSS and MDT datasets to generate the marine geoid and producing a marine geoid map of the study area.
1.1 Aim and Objectives of the Study
The study was aimed at modeling the marine geoid along the Nigerian coastal waters, with the following objectives:
i. Extract Mean Sea Surface (MSS) and Mean Dynamic Topography (MDT) from altimetry mission along the Nigerian coastal waters,
ii. Process Mean Sea Surface (MSS) and Mean Dynamic Topography (MDT) from altimetry mission along the Nigeria coastal waters,
iii. Combine MSS and MDT datasets to generate the marine geoid, 
iv. Produce a marine geoid map of the study area.
1.2 The Study Area  
The study area is located along the Nigeria coastline which cut across a total of eight states and are estimated to account for 25% of the national population [11]. This coastline is adjacent to the Gulf of Guinea and bounded between latitudes 04̊ 10' and 06̊ 20' North and Longitude 02̊ 43' and 08̊ 32' east. According to [2], Nigeria has a coastline of about 853km along the Atlantic Ocean. The coastline of Nigeria includes the coastal waters of the Gulf of Guinea which also includes The Bight of Bonny, The Bight of Benin and The Niger Delta Region. The coastal states include Lagos State, Ogun State, Ondo State, Delta State, Bayelsa State, Rivers State, Akwa Ibom State and Cross River State. The Nigerian coastline extends between Latitudes 040 10' North and 060 20' North and Longitude 02̊ 30' East and 090 30' East
Figure 1: Figure showing the Study Area (Source: Authors Field work, 2024)






















2.0 MATERIALS AND METHOD
The Research Methodology that was employed in this research work is a remote sensing approach which involved the use of data from satellite altimetry mission to develop a marine geoid model along the Nigerian coastal waters. This remote sensing approach utilized satellite derived data from Sentinel-3 in the development of marine geoid model. 
2.1 Data Acquisition 
The satellite altimetry data used in this study is high resolution Sentinel 3 data and was sourced through AVISO Altimetry.com (My AVISO+).  AVISO data portal is accessed to retrieve these datasets with the search refined by selecting the appropriate satellite missions, such as Sentinel-3A/B, and filtering based on the spatial extent of the Nigerian coastline and the required temporal range. The raw data are downloaded in formats like NetCDF or GeoTIFF, ensuring compatibility with analytical tools. Metadata accompanying the datasets is carefully reviewed to understand details such as projection systems, spatial and temporal resolution, and any corrections applied for geophysical influences like tides and atmospheric effects. 
The processed data are integrated into a Geographic Information System (GIS) platform for visualization and further analysis, while quality control measures address missing values and anomalies to ensure dataset completeness. All collected data are securely stored, and the data collection and pre-processing analysis is thoroughly documented to maintain transparency and reproducibility. Additionally, strict adherence to AVISO’s data usage policies and proper acknowledgment of the data source are observed, emphasizing ethical research practices. This robust methodology ensures that the collected MDT and MSS datasets are accurate, consistent, and suitable for achieving the project’s objectives.
2.1.1 Data Extraction
The MDT and MSS data along the Nigerian coastal waters were extracted from the global satellite altimetry data base from AVISO and passed through formatting processes for analysis. The process began with the creation of an account on the AVISO data platform, which requires user registration to access its repository. Once logged in, datasets for Mean Dynamic Topography (MDT) and Mean Sea Surface (MSS) were identified and downloaded. Sentinel-3 data was selected for its high resolution, with MDT and MSS data available at a spatial resolution of approximately 300 meters. These datasets were provided in NetCDF format, a widely-used file format for multidimensional scientific data.
To make the data compatible with GIS software, the NetCDF files were imported into SNAP (Sentinel Application Platform), a software developed by ESA for processing Earth Observation data. Within SNAP, the NetCDF files were visualized, and a data conversion process was performed to export the MDT and MSS datasets into GeoTIFF format. GeoTIFF was chosen due to its geospatial compatibility with GIS software like ArcGIS. The GeoTIFF datasets were imported into ArcGIS 10.8 for post-data processing. A shapefile delineating the boundaries of the study area along Nigeria's coastal waters was prepared and used to subset the MDT and MSS data. Using the Data Clip tool within the Raster Management toolbox, the raster datasets were clipped to match the spatial extent of the study area. This step ensured that only data relevant to the region of interest was retained.
To analyze MDT and MSS values spatially, the clipped raster datasets were converted into point datasets using the Raster to Point tool in the conversion toolbox. These points served as the foundational spatial data for further analysis. Subsequently, the MDT and MSS values at each point location were extracted using the Extract Values to Points tool in the Spatial Analyst toolbox. This step generated a new point feature dataset with MDT and MSS values attributed to each point within the study area. The resulting datasets, containing geospatially attributed MDT and MSS values, formed the basis for further spatial analysis and interpretation, enabling a detailed understanding of the sea surface dynamics along the Nigerian coastal waters. 

2.1.2 Analysis of Mean Sea Surface (MSS) from Altimetry Missions along the Nigerian Coastal Waters

The analysis of Mean Sea Surface (MSS) data along the Nigerian coastal waters began with the calculation of the MSS Net value to ensure the dataset was corrected for errors and suitable for geostatistical analysis. This was achieved using the Field Calculator tool in the attribute table of the MSS sample points. The MSS Net Value was computed by subtracting the error values from the main MSS dataset using the formula: 

Where:
           MSS Net is the corrected values of Mean Sea Surface,
           MSS is the raw Mean Sea Surface values,
           MSS Error is the error associated with point value of Mean Sea Surface.                                                                                                        
This step corrected the raw data and enhanced its accuracy, forming a reliable basis for further analysis. The corrected MSS Net values were then used in the Geostatistical Analyst toolbox in ArcGIS 10.8. using the Kriging interpolation method, a continuous raster surface representing the spatial distribution of MSS Net values was generated figure 4. Kriging, chosen for its capability to model spatial correlations and minimize prediction error, effectively converted the point data into a smooth interpolated surface. A statistical summary of the MSS Net dataset was also produced, providing key metrics such as the mean, standard deviation, and range of values.
Additionally, a density histogram was created to visualize the frequency distribution of MSS Net values, highlighting patterns and outliers in the dataset figure 2. The geostatistical analysis also produced contour lines from the interpolated MSS surface, offering further insights into elevation gradients and spatial variability. By incorporating the MSS Net calculation, the analysis corrected for potential inaccuracies, ensuring the reliability of the results. The outputs, including the interpolated surface, statistical summaries, and contour lines, provided a detailed understanding of MSS variations along the Nigerian coastal waters, crucial for evaluating regional sea level dynamics, ocean circulation, and coastal management implications.

2.1.3 Analysis of Mean Dynamic Topography (MDT) from Altimetry Missions along the Nigerian Coastal Waters
The analysis of the Mean Dynamic Topography (MDT) along the Nigerian coastal waters was conducted through a structured geostatistical approach using the processed MDT dataset. Since the MDT data required no error correction, the raw MDT values were directly utilized for spatial analysis. The MDT data, represented as spatial points with attribute values, were processed within the Geostatistical Analyst toolbox in ArcGIS 10.8 to analyze the spatial variability in MDT, the kriging interpolation technique was applied figure 5. Kriging, a widely used geostatistical method, was selected for its ability to create a continuous surface by modeling the spatial relationships inherent in the MDT data. This interpolation resulted in a raster layer that provided a detailed representation of MDT variations across the study area. In addition to the interpolated raster, contour lines were generated from the MDT surface to visualize elevation gradients and highlight patterns of dynamic topography. These contours facilitated the identification of areas with significant spatial variation, contributing to the interpretation of oceanic and coastal processes.
To complement the spatial analysis, a statistical summary of the MDT data was produced. This included key metrics such as the mean, minimum, maximum, and standard deviation, offering insights into the overall distribution and variability of dynamic topography within the region. A density histogram was also generated to depict the frequency distribution of MDT values, providing a clear visual understanding of the data's characteristics. The combination of the interpolated raster surface, contour lines, and statistical summaries provided a comprehensive analysis of MDT along the Nigerian coastal waters. The pictorial view on the derivation of the marine geoid is generally is illustrated in figure 2.  
Figure 2: Pictorial view on the Derivation of Marine Geoid (N) (Source: Philippe Limpach, 2010)













The Mathematical relation is given below:

Where:
           N is the Marine Geoid (m)
           MSS Net is the corrected point values of Mean Sea Surface (m)
           MDT is the Mean Dynamic Topography (m)  







3.0 RESULTS AND DISCUSSION
Table 1: Specimen of the Mean Sea Surface (MSS) along the Nigerian Coastal Waters
	SN
	Lat. (deg.)
	Long. (deg.)
	 MSS (m) 
	MSS Error (m)
	MSS Net (m)

	1.
	2.1833
	3.0083
	16.7050
	0.4140
	16.2910

	2.
	2.1666
	0.3083
	18.0730
	0.4360
	17.6370

	3.
	2.1500
	2.3416
	16.9420
	0.5000
	16.4420

	4.
	2.0666
	1.2083
	17.9180
	0.3510
	17.5670

	5.
	1.8833
	2.9916
	17.0660
	0.4000
	16.6660

	6.
	1.1500
	8.4416
	14.9910
	0.4730
	14.5180

	7.
	1.1166
	5.7416
	16.6130
	0.4890
	16.1240

	8.
	1.1000
	8.4416
	14.9150
	0.4760
	14.4390

	9.
	1.0666
	5.7416
	16.6350
	0.4740
	16.1610

	10.
	0.4666
	8.4250
	13.9050
	0.4990
	13.4060

	11.
	0.4500
	6.4083
	18.7980
	0.3540
	18.4440

	12.
	0.4333
	6.6916
	20.0450
	0.4770
	19.5680

	13.
	0.3000
	6.4916
	21.0570
	0.4890
	20.5680

	14.
	6.0666
	4.7416
	21.0990
	0.7570
	20.3420

	15.
	6.1666
	4.4583
	21.9100
	0.4470
	21.4630

	16.
	6.4000
	3.8583
	22.9280
	0.4840
	22.4440

	17.
	6.0666
	1.6750
	23.9770
	0.4220
	23.5550

	18.
	6.0666
	1.2583
	25.3220
	0.5640
	24.7580

	19.
	4.1500
	3.0250
	15.8260
	0.4860
	15.3400

	20.
	3.5666
	3.3583
	15.9930
	0.4200
	15.5730




Figure 3: Histogram of Spatial Distribution of MSS along the Nigerian Coastal Waters




















Figure 4: Map of spatial variability of MSS along the Nigerian Coastal Waters
























Table 2: Specimen of the Mean Dynamic Topography (MDT) the Nigerian Coastal Waters
	SN
	Lat. (deg.)
	Long. (deg.)
	MDT (m)

	1.
	2.183333
	3.008333
	0.4372

	2.
	2.166667
	0.308333
	0.4320

	3.
	2.150000
	2.341667
	0.4359

	4.
	2.066667
	1.208333
	0.4326

	5.
	1.883333
	2.991667
	0.4338

	6.
	1.150000
	8.441667
	0.4675

	7.
	1.116667
	5.741667
	0.4346

	8.
	1.100000
	8.441667
	0.4630

	9.
	1.066667
	5.741667
	0.4346

	10.
	0.466667
	8.425000
	0.4504

	11.
	0.450000
	6.408333
	0.4252

	12.
	0.433333
	6.691667
	0.4248

	13.
	0.300000
	6.491667
	0.4244

	14.
	6.066667
	4.741667
	0.4437

	15.
	6.166667
	4.458333
	0.4430

	16.
	6.400000
	3.858333
	0.4401

	17.
	6.066667
	1.675000
	0.4218

	18.
	6.066667
	1.258333
	0.4192

	19.
	4.150000
	3.025000
	0.4450

	20.
	3.566667
	3.358333
	0.4472


Figure 5: Histogram of spatial Distribution of MDT along the Nigerian Coastal Waters


























[bookmark: _Hlk192696048]Figure 6: Map of spatial variability of MDT along the Nigerian Coastal Waters
























Table 3: A Specimen of the computed Marine Geoid along the Nigerian coastal waters
	SN
	Lat. (deg.)
	Long. (deg.)
	MSS Net (m)
	MDT (m)
	Marine Geoid (N) (m)

	1.
	2.183333
	3.008333
	16.2910
	0.4372
	15.8538

	2.
	2.166667
	0.308333
	17.6370
	0.4320
	17.2050

	3.
	2.150000
	2.341667
	16.4420
	0.4359
	16.0061

	4.
	2.066667
	1.208333
	17.5670
	0.4326
	17.1344

	5.
	1.883333
	2.991667
	16.6660
	0.4338
	16.2322

	6.
	1.150000
	8.441667
	14.5180
	0.4675
	14.0505

	7.
	1.116667
	5.741667
	16.1240
	0.4346
	15.6894

	8.
	1.100000
	8.441667
	14.4390
	0.4630
	13.9760

	9.
	1.066667
	5.741667
	16.1610
	0.4346
	15.7264

	10.
	0.466667
	8.425000
	13.4060
	0.4504
	12.9556

	11.
	0.450000
	6.408333
	18.4440
	0.4252
	18.0188

	12.
	0.433333
	6.691667
	19.5680
	0.4248
	19.1432

	13.
	0.300000
	6.491667
	20.5680
	0.4244
	20.1436

	14.
	6.066667
	4.741667
	20.3420
	0.4437
	19.8983

	15.
	6.166667
	4.458333
	21.4630
	0.4430
	21.0200

	16.
	6.400000
	3.858333
	22.4440
	0.4401
	22.0039

	17.
	6.066667
	1.675000
	23.5550
	0.4218
	23.1332

	18.
	6.066667
	1.258333
	24.7580
	0.4192
	24.3388

	19.
	4.150000
	3.025000
	15.3400
	0.4450
	14.8950

	20.
	3.566667
	3.358333
	15.5730
	0.4472
	15.1258





Figure 7: Histogram of spatial Distribution of the Marine Geoid along the Nigerian Coastal Waters























Figure 8: Map of spatial variability of the Marine Geoid along the Nigerian Coastal Waters






















Figure 8 shows the marine geoid map which reveals significant spatial variability in the marine geoid heights along the Nigerian coastal waters, and the map satisfied objective four.

3.1 Findings and Discussion
The analysis of Mean Sea Surface (MSS) values along the Nigerian coastline provides critical insights into sea-level variability and spatial distribution, highlighting implications for coastal management and climate adaptation. The statistical summary of MSS values (Table 1) shows a range from 10.255 meters to 25.012 meters, with a mean value of 17.3046 meters, suggesting a relatively high average sea surface level in the region. The standard deviation of 1.9607 indicates moderate variability, with a positive skewness of 0.742 suggesting a concentration of lower MSS values and fewer areas with extreme highs. This distribution is consistent with findings by [1], who observed that coastal MSS variability is influenced by oceanographic conditions such as tides and currents. The kurtosis value of 3.664 reveals a peaked distribution with heavier tails, aligning with [15], who emphasized the importance of addressing extreme MSS variations in geophysical modeling.
 The histogram (Fig. 3) illustrates the frequency distribution of MSS values, confirming a near-normal distribution centered around the mean. This pattern aligns with observations by [4], who noted that satellite-derived MSS datasets tend to exhibit overall homogeneity, with deviations primarily influenced by regional factors. The overlay of a fitted normal distribution further supports the clustering of most MSS values around the average, with minimal outliers. Spatially, the MSS map (Figure 4) reveals distinct regional differences. Higher MSS values are concentrated in the southern and eastern parts of the coastline, likely driven by regional ocean circulation and sedimentary processes, as supported by [8]. These areas are particularly vulnerable to coastal hazards, including erosion, flooding, and saltwater intrusion, emphasizing the need for targeted adaptation strategies. Lower MSS values in the western and northern areas reflect reduced sea surface heights, which may indicate more stable coastal conditions. Similar spatial trends were documented by [3] in their analysis of MSS variability in the Gulf of Guinea.
The analysis of Mean Dynamic Topography (MDT) values along the Nigerian coastal waters provides a comprehensive understanding of dynamic sea surface variations and their implications for regional oceanographic processes. The statistical summary (Table 2) indicates a relatively narrow range of MDT values, with a minimum of 0.4013 and a maximum of 0.4864. The mean value of 0.4447 highlights the consistency of dynamic topography in the region. This finding aligns with [13], who emphasized the stability of MDT as a representation of long-term ocean circulation and geostrophic currents. The low standard deviation of 0.0189 confirms minimal variability, suggesting that MDT values are tightly clustered around the mean. 
This result is consistent with [8], who found subdued MDT variability in regions with steady oceanic conditions. The skewness of 0.32 indicates a slight positive skew, with a distribution leaning toward higher values, while the kurtosis of 2.58 points to a peaked distribution with heavier tails. Such statistical characteristics highlight the presence of occasional extreme values, as similarly noted by [1] in their MDT studies. The histogram (Figure 5) visually corroborates the statistical analysis, showing a roughly normal distribution with a prominent peak near the mean value. The overlaid red curve, representing a fitted normal distribution, emphasizes the uniformity of MDT data. 
This pattern supports the findings of [4], who documented MDT homogeneity in regions influenced by stable oceanographic processes. Spatially, the MDT map (Figure 6) reveals notable variations across the Nigerian coastal waters. Higher MDT values are concentrated in the southern and eastern areas, indicative of stronger geostrophic currents or upwelling zones, consistent with observations by [3] in adjacent regions of the Gulf of Guinea. Conversely, lower MDT values in the western and northern regions reflect reduced ocean dynamics, likely influenced by bathymetry and coastal configuration. Understanding these spatial differences is crucial, as emphasized by [16], who highlighted the role of MDT in assessing regional ocean circulation and its ecological impacts. The relatively homogeneous nature of MDT across the region, coupled with localized spatial variations, underscores the importance of MDT as a critical parameter for understanding ocean circulation patterns and their implications for sea level variability and marine ecosystems.
The evaluation of satellite altimetry mission in determining the marine geoid along the Nigerian coastal waters highlights the distribution and variability of geoid heights, providing essential insights into regional gravity and sea level dynamics. The statistical summary (Table 3) reveals geoid values ranging from 9.8066 meters to 24.5928 meters, with a mean value of 16.86 meters. This high average geoid height aligns with observations by [1], who noted significant geoid variations in coastal regions due to gravitational anomalies and geological structures. The moderate standard deviation of 1.9643 indicates some variability in geoid heights, suggesting that the values are distributed around the mean with noticeable deviations. The positive skewness of 0.732 reflects a distribution leaning toward higher geoid values, indicating more areas with lower heights and fewer with extreme highs. 
Similarly, the kurtosis of 3.675, indicating a peaked distribution with heavier tails, suggests the presence of occasional extreme geoid values, a phenomenon previously observed by [14] in high-resolution geoid modeling. The histogram (Figure 7) visually supports these findings, showing a distribution peaking near the mean and tapering at the extremes. The red curve, representing a fitted normal distribution, confirms that geoid values are relatively homogeneous across the region. These results are consistent with studies by [8], who highlighted the importance of geoid homogeneity for understanding oceanic and gravitational processes. Spatially, the marine geoid map (Figure 8) reveals higher geoid heights in the southern and eastern parts of the coastline, likely influenced by geological formations, sediment loads, and regional tectonics, as suggested by [15]. Conversely, lower geoid values in the west and north are indicative of more stable gravitational and bathymetric conditions. Understanding these spatial variations is crucial, as highlighted by [4], for assessing the impact of geoid height on ocean circulation, sea level variability, and climate-related phenomena.

4.0 CONCLUSION 
The high-resolution altimetry data used in this study has proven to be highly effective in generating high-resolution geoid models and analyzing the spatial distribution of Mean Sea Surface (MSS) and Mean Dynamic Topography (MDT) along the Nigerian coastal waters. By integrating satellite altimetry data from the Sentinel-3 mission and applying advanced geospatial techniques such as Empirical Bayesian Kriging, this study has successfully mapped the geoid and sea surface variability in the region. The generated models offer valuable understanding into the spatial patterns of geoid heights, which are essential for understanding local gravity anomalies, ocean circulation, and sea-level changes. Furthermore, the analysis highlights the importance of high-resolution geoid data in improving the accuracy of geophysical measurements and in the design of coastal management and adaptation strategies. 
The ability to precisely monitor and predict sea-level changes, coastal erosion, and the impacts of climate change is critical for formulating effective policies to protect vulnerable coastal zones. The findings of this study contribute to enhancing the scientific understanding of the Nigerian coast waters and offer a foundation for future research, coastal planning, and resilience-building efforts in response to the challenges posed by climate change. Based on the findings of this study, several recommendations can be made to enhance the accuracy of marine geoid modelling, improve coastal management strategies, and address the challenges posed by sea-level rise and climate change along the Nigerian coastal waters: It is recommended that Nigeria continues to invest in satellite altimetry missions, such as Sentinel-3, to maintain high-resolution and up-to-date datasets for marine geoid modelling. Future studies should aim to integrate data from various satellite altimetry missions (such as Sentinel-3, Jason-3, and CryoSat-2) to provide a more comprehensive understanding of the geoid and sea surface variability. Continuous geodetic surveys and the periodic updating of the marine geoid models are crucial for monitoring changes in sea levels, ocean currents, and gravitational anomalies along the coastal waters.
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