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Puducherry, a Union Territory of India, has been strongly affected by severe erosion after the construction of the Puducherry port in 1989. To mitigate this cause, the National Institute of Ocean Technology, Chennai, and the Puducherry government implemented a beach restoration strategy involving a hybrid solution in 2017 for coastal protection/stabilization and the restoration of the lost beach. The strategy involved deploying a steel reef into the nearshore sea and implementing beach nourishment processes. To monitor the coastal morphological changes after implementing the coastal protection strategy, the Digital Shoreline Analysis System, was adopted to calculate the rate of shoreline change statistics for the years 2016 to 2022. It uses spatio-temporal shoreline positions from multi-temporal satellite imagery. The shorelines are extracted from the Sentinel-2A satellite images by a Normalized Differential Water Index based semi-automated model. Statistical parameters in DSAS analyze the shorelines to determine the shoreline changes in this area. The results reveal the remarkable resilience of a newly restored beach, where the linear regression rate statistics in Zone A show an average accretional rate of 2.92m/yr. Alternatively, Zone B exhibits an average erosion rate of -0.23m/yr, with intermittent sandy beaches experiencing maximum erosion rates of -1.63m/yr. The influence of longshore current direction and sediment transport on shoreline movement is evident in seasonal analysis, with shoreline development and recession primarily observed near shore protection structures. The study’s outcome provides valuable insights for coastal management, offering a reliable approach for shoreline monitoring post-implementation of mitigation projects.
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1 Introduction


Coastal communities are highly interconnected with the seafood, transportation, and tourism industries (Abriani, 2023; Islam, 2024). Being a crucial element in economic development, these communities face livelihood and local economic constraints arising from the spatio-temporal variation of the coastlines, particularly concerning erosion and accretion events (Quang et al., 2021). In response to such challenges, shoreline analysis using Remote sensing and GIS techniques have become as one of the vital strategies adopted for planning coastal management strategies (Twumasi et al., 2016; Quang et al., 2021; Hossen and Sultana, 2023). Shoreline is the dynamic line of interface that distinguishes land and water, which has been recognized as a significant instrument for determining the spatial and temporal fluctuation of the coastline (Hayden et al., 1978; Pajak and Leatherman, 2002; Boak and Turner, 2005; Maiti and Bhattacharya, 2009; Cui and Li, 2011). Both natural (e.g., tides, waves, rivers, storms, geology, geomorphology, sea level rise) and anthropogenic activity interfering with natural coastal processes are accountable for the dynamic shoreline migration pattern (Palanques and Guillén, 1998; Morton et al., 2005; Aedla et al., 2015; Chenthamil Selvan et al., 2016; Zambrano-Medina et al., 2023).

Artificial shore protection structures were constructed to protect and develop the coastal community from the natural erosive processes on the shoreline. Construction of seawalls, groins, tetrapods, ripraps, and breakwaters are some of the coastal protection measures to reduce the erosion prone areas along the coast (Esmail et al., 2019; Ramana Murthy et al., 2020; Sundar et al., 2022). Coastal protection structures effectively shield and stabilize vulnerable coastlines from erosion within their vicinity (Lim et al., 2021). These coastal structures alter the natural hydrodynamic process and possibly migrate the erosive forces to nearby regions due to altered longshore current flow and sediment transport (Hall and Pilkey, 1991). The shoreline’s position gets reorientated after constructing coastal protection and development structures (Lim et al., 2021; El-Masry, 2022; Johnston et al., 2023) (Dean, 1986; Kraus and McDougal, 1996). reported that seawall structures can also induce erosion in adjacent beach areas. Therefore, it is necessary to understand shoreline dynamics to implement, monitor, and assess any impact post-implementation of any coastal management projects that interfere with shoreline morphology. After the development of Earth Observation satellites, shoreline modifications have been continuously studied using satellite imageries. Satellite imagery analysis for shoreline change is a fast and efficient technique to monitor and study coastal changes based on cost, coverage efficiency, and ease of use (Smith et al., 2021; Angelini et al., 2023). Several algorithms were developed for the extraction of shorelines from satellite data. In most studies, shorelines were extracted by either automated or manual digitization techniques (Ryu and Sun Won, 2002; Loos and Olaf Niemann, 2002; Yamano et al., 2006; Boak and Turner, 2005). Manual digitization is time-consuming and requires intensive user effort and visual perception that varies from person to person (Matin and Jahid Hasan, 2021). Meanwhile, thresholding-based automated shoreline extraction techniques are a faster approach to detecting and extracting shorelines (Toure et al., 2019; Hui et al., 2022). This study uses a semi-automated model to extract shorelines that use an image segmentation technique based on land and water reflectance properties. The Digital Shoreline Analysis System (DSAS) tool is used to analyze the spatio-temporal variation. It is a widely used statistical plugin in ArcGIS software that calculates the rate of shoreline changes using multi-temporal shoreline data (Thieler et al., 2009; Mishra et al., 2020; Bagaria et al., 2021).


Due to the construction of the breakwaters for the Port in 1989 in the Southern part of Puducherry City, severe beach erosion was induced on its Northern side, losing the majority of the sandy beach area (Chenthamil Selvan et al., 2016; Misra and Ramakrishnan, 2020). The Puducherry government constructed seawalls to protect the coastal area and mitigate erosional activity, but the erosion has intensified lately. As a sustainable shoreline management plan, the Puducherry government, along with the National Institute of Ocean Technology (NIOT, Chennai) in 2017, initiated a beach restoration project consisting of a hybrid solution with two components: (1) construction of artificial submerged reefs and (2) beach nourishment strategy, to restore the lost beach, protect and stabilize the beach at Puducherry coast (Balaji et al., 2019; Misra and Ramakrishnan, 2020; Ramana Murthy et al., 2020; Raju Alluri et al., 2022). The main objective of this study is to assess and evaluate the impact of the beach restoration project on Puducherry’s shoreline using open-source Sentinel-2A satellite images and GIS techniques. Furthermore, addressing the influence of coastal structures like the groins and breakwaters, this study has attempted to determine the position of shorelines on seasonal aspects.






2 Materials and methods





2.1 Study area


The study area (
Figure 1A
), encompassing a 3km stretch from the Chief Secretariat in the North to the North breakwater of the Puducherry port in the South, lies within the Union Territory of Puducherry, often referred to as the French city of India and renowned as a premier tourist destination. It is characterized by an artificial coastline dominated by seawalls and structures such as groins, breakwaters, and an abandoned old pier (
Figures 1C, D
). Geographically, the area is prone to cyclones and storm surges (Ramasamy et al., 2005; Shanmugam et al., 2014; Dhanya et al., 2020). The Northeast Monsoon season (October to January) holds greater dominance compared to the Southwest Monsoon (June to September) in this region (Misra and Ramakrishnan, 2020). Wave-induced currents consistently flow from south to north along the coastline, independent of tidal variations, significantly influencing the movement of longshore currents and sediment particles (Balaji et al., 2019). During the northeast monsoon season, waves approach the coast from the northeast, while during the southwest monsoon season, they predominantly come from the southeast and south directions. Approximately 75% of the year sediment transport is from south to north along the coastline, resulting in a net annual sediment transport towards the north (Dhanya et al., 2020; Sabah et al., 2022). The Gingee River, situated nearby, plays a vital role in sediment transport during the Northeast monsoon season by carrying substantial suspended sediment loads into the region, thereby influencing sediment deposition and dynamics (Sunder et al., 2017). A study by (Bharathi et al., 2017) indicates variations in nearshore transparency, with decreased suspended sediments during non-monsoon periods (February to May) and further reductions during monsoon seasons, reflecting reduced turbidity due to decreased wave and current forces. Beach morphology and shoreline changes in this region are unpredictable and attributed mainly to developmental activities hindering natural longshore sediment transport and beach reclamation (Anandabaskaran and Vijayakumar, 2022). A steel wedge reef of weight about 900 tons and measuring 60m x 50 m x 2.5m (
Figure 2E
), was fabricated at site and launched using airbags on August, 2018, at 2.5m water depth by NIOT. The steel reef is a triangular wedge of length 170 m projecting into sea pointing eastwards, in which 120 m will be below water level to naturally bypass sand to the northern areas. The width of reef is 110 m at base, which tappers to 15 m in the sea with a working platform of 50 m length into sea. The study is divided into Zones A and B (
Figures 1B–D
), each exhibiting unique characteristics and responses to coastal protection activities.





Figure 1 | 

(A) Location of the Study Area. (B) Zonal division. (C) Zone A. (D) Zone B.









Figure 2 | 

(A) NDWI image generated from Green and NIR band (B) Segmented image after thresholding (C) Extracted shoreline by vectorization. (D) Transects generation (E) Construction of the steel reef. (F) GNSS and NDWI derived shoreline. (G) Thresholding value at NDWI histogram.










2.2 Data





2.2.1 Sentinel-2 data


Sentinel-2 products are used for the study area of interest. Sentinel-2 data is a versatile resource for studies that require monthly or yearly analysis, especially when the study does not span several decades. Sentinel-2 offers a fast combined constellation revisit cycle of five days and has a medium to high spatial resolution of 10 meters (Drusch et al., 2012; Spoto et al., 2012; Mandanici and Bitelli, 2016; Bergsma and Almar, 2020; Yiğit et al., 2022) This study is concentrated on using single-resolution satellite data as the spatial resolution changes from using datasets with varying resolutions have a noticeable impact on shoreline positioning (Pardo-Pascual et al., 2018). In using multi-resolution datasets, all data needed to be reprojected and resampled to a standard spatial resolution and coordinate system (Maiti and Bhattacharya, 2009; Wu et al., 2015; Ge et al., 2022; Martinis et al., 2022; Ozturk and Ahmet Sesli, 2015). This decision eliminated the need for complex geometric resampling and error correction procedures typically required when combining satellite data with different spatial resolutions (Mandanici and Bitelli, 2016). About 134 satellite datasets were downloaded for all available months from January 2016 to December 2022, starting before the reef installation (35 datasets) and continuing until the project completion (99 datasets). This collection includes 43 datasets from the non-monsoon season, 45 from the southwest monsoon, and 46 from the northeast monsoon seasons. This study used Level-2A products of Sentinel-2, which are open-source and pre-processed products, corrected for orthorectification, atmospheric effects, and cloud cover.






2.2.2 GNSS data


GPS surveying techniques can be used to monitor the beaches, develop a procedure to collect and analyze the data for coastal application, and evaluate the accuracy of GPS beach surveys (Anandabaskaran and Vijayakumar, 2022). The wet/dry shoreline, the High-Water Line (HWL, the farthest point reached by the last high tide on land), was mapped using the Leica GS16 RTK GNSS system. The HWL is the commonly used shoreline indicator for shoreline change studies (Boak and Turner, 2005; Leatherman et al., 2002; Ozturk and Ahmet Sesli, 2015; Vicens-Miquel et al., 2022). The survey was planned to acquire shoreline ground truth data in the field around the time of satellite image capture. The GNSS points measured approximately 30 minutes before and after the satellite’s sensing time were used to validate the data. The satellite data acquisition occurred at 2:19:02Z (equivalent to 7:49 am IST), while the RTK GNSS survey spanned from 7:15 am to 8:30 am IST.The collected GNSS points (longitude and latitude) were converted to polyline features (
Figure 2F
) (the insitu shoreline), subsequently the shoreline data created from satellite images were validated.







2.3 Methods


Sentinel 2A datasets were acquired for all available months within this timeframe, and shoreline changes were comprehensively analyzed. The process involved the utilization of ArcGIS 10.7.1 software for model development and shoreline extraction. Furthermore, shoreline change analysis was facilitated through the DSAS tool on the extracted shorelines. Seasonal analysis was performed using the transect data generated by DSAS.





2.3.1 Semi-automated shoreline extraction


Shoreline data extraction of all possible months requires processing a considerable volume of satellite data. In this case, shoreline digitization is time-consuming, requires effort, and is also subject to misinterpretation. To reduce such limitations, a semi-automated shoreline extraction model was created using the model builder tool in ArcGIS software. The only limitations that classify this model as “semi-automated” are the manual input of the satellite data-containing folders and the visual inspection. This model is based on NDWI (McFeeters, 1996), which excels at detecting water bodies within the surrounding non-built land cover (Rokni et al., 2014). Thresholding is a rapid image segmentation technique that enables the instant extraction of shorelines from NDWI images (Qu and Wang, 2002; Liu and Jezek, 2004; Kuleli et al., 2011; Aedla et al., 2015; Toure et al., 2019). The Otsu method thresholding technique was used in this study to detect and extract shorelines (Otsu, 1979; Toure et al., 2019; Pucino et al., 2022) (Liu et al., 2017). us ed the segmentation method of the Otsu algorithm to separate the NDWI image into water and non-water features to extract shorelines. A threshold of ‘0.1’ is used on the NDWI data (
Figure 2A
) for land/water mapping (Hmelnov and Gachenko, 2021; Mora et al., 2021), and they are assumed to be interpreted as follows: values greater than 0.1 indicated surfaces of water, while values lower than 0.1 indicated non-water surfaces (
Figure 2B
). The NDWI images can be reclassified with ArcGIS software into binary format with values “>0.1” as water pixels and values “<0.1” (
Figure 2G
) as non-water pixels (Zoysa et al., 2023).


The model starts from thresholding till smoothening and extracting shorelines from 134 satellite images by iteration. The initial step involves batch processing to derive NDWI (
Figure 2A
) using 10m resolution band 3 (green band) and band 8 (NIR band) of all Sentinel-2A data. Subsequently, the NDWI data volume is fed into a self-iterating tool. The image segmentation technique proceeds with a thresholding value of 0.1. The segmented image was reclassified into binary raster (
Figure 2B
) and underwent a raster-to-polyline conversion using a vectorization process (
Figure 2C
) to delineate the continuous shoreline edges. Subsequently, a buffer operation was used to selectively eliminate small polygons and lines near the shoreline, which were random errors generated during the vectorization process. Finally, the extracted shoreline features were smoothened with a tolerance of 0.001 to remove any sharp irregularities, thereby providing an accurate shoreline vector.






2.3.2 Shoreline validation


A geometric comparison was conducted between the model-generated shoreline and ground truth data obtained through RTK GNSS measurements taken on the exact date and near acquisition time to validate the extracted shoreline. Transects were systematically generated at 5-meter intervals, intersecting the shorelines at a near-perpendicular angle. The Euclidean distance between the model-derived shorelines and the RTK GNSS shoreline was then measured at these intersection points. The Root Mean Square Error (RMSE) of 1.26 meters was calculated, indicating the level of deviation between the model-generated and ground truth shorelines.






2.3.3 DSAS-based analysis


The DSAS-based shoreline analysis examined the shoreline change along the Puducherry coast using statistical methods integrated within the DSAS tool. The Statistical parameters used for this study are the linear regression rate (LRR), net shoreline movement (NSM), and shoreline change envelope (NSM). The LRR is the rate-of-change statistic determined by fitting a least-squares regression line to all shoreline points for a transect. The NSM is the distance between each transect’s oldest and youngest shorelines. The SCE reports a distance (in meters), not a rate. The SCE value represents the largest distance among all the shorelines intersecting a given transect. As the total distance between two shorelines has no sign, the value for SCE is always positive (Himmelstoss et al., 2018). These statistical parameters provide a robust framework for analyzing shoreline dynamics on various temporal scales, ranging from monthly to long-term trends (Shanmugam et al., 2014; Chenthamil Selvan et al., 2016; Misra and Ramakrishnan, 2020). have utilized DSAS to identify both developed and vulnerable beach areas along the Puducherry coast. In this study, about 134 shoreline data were analyzed using LRR, which offers more accurate and objective results by considering all available coastlines to estimate the average rate of change over time. SCE values, consistently positive, indicate the maximum seaward or landward movement of the shoreline at a given transect. Negative values of LRR and NSM signify shoreline recession, while positive values denote advancement. Before statistical calculations, a baseline and shoreline layers were constructed. The shoreline vector data were imported into the shoreline layer. At the same time, the baseline was established on the “onshore” side of the study area, delineating a 50-meter landward buffer using compiled shoreline data. About 167 transects were cast towards the seaward side at every 20 m interval along the baseline (
Figure 2D
). After running DSAS, the shoreline rate change statistics of the Puducherry coast were obtained with a 90% confidence interval.








3 Results





3.1 DSAS analysis





3.1.1 Zone A


Zone A has a length of 1.47km and covers the transects from 96 to 167. It incorporates the adopted beach restoration strategy, such as the submerged reef and nourishment points. In 2018, the steel reef was successfully deployed, followed by periodic beach nourishment. The deployed submerged reef produces a wave-breaking activity that breaks the waves, rotates, and reduces its velocity such that suspended sediments in waves and longshore currents lose their momentum and subsequently deposit on the shore and bypass sediments to the upstream side of the reef (Ramana Murthy et al., 2020). After the project’s initiation, Zone A accretes at an average LRR rate of 2.92m/yr (
Figure 3C
), and no erosion is observed during this period. The maximum accretion rate is estimated to be 6.38m/yr in the nourishment area (
Figure 4E
). A low accretion rate is observed along the seawall area in Zone A (
Figure 4E
). According to shoreline classification by (Kankara et al., 1990), Zone A experiences stable to high accretion. Elevated SCE observed during 2016–2022 records a distance of 105.24m near the nourishment points (
Figure 3A
). In Zone A, the average SCE is observed to be 65.37m. Groins create beaches, and the high SCE value of 85.96m observed north of the groin represents the formation of a noticeable beach near the structure. The lowest SCE value of 34.06m occurs in the seawall region in Zone A (
Figure 3A
). Based on NSM, the shoreline reaches a maximum seaward distance of 47.30m, and there is no landward migration from the oldest shoreline (
Figure 3B
).





Figure 3 | 
SCE (A), NSM (B), LRR (C) statistics for 2016 to 2022 in Zone A and SCE (D), NSM (E), LRR (F) statistics for 2016 to 2022 in Zone B.









Figure 4 | 

(A) Shoreline movement at Transect 3. (B) Shoreline movement at Transect 94. (C) Shoreline movement at the nourishment points. (D) Shoreline movement near the submerged reef. (E) Zone A LRR rates for transects 96 to 167. (F) Zone B LRR rates for transects 2 to 94. (G) Images before and after the submergence of the reef. (H) Images before and after the nourishment.










3.1.2 Zone B


Zone B covers the transects from 2 to 94, a distance of 1.53 km. From LRR, the average erosion rate of -0.23m/yr is observed in Zone B. The transects 14 to 21, 24 to 32, and 41 to 45 cover the intermittent beaches, and the remaining transects cover from the seawall to the groin. These beaches are exposed to erosion induced by the Port South Breakwater. These exposed intermittent sandy beaches exhibited a maximum LRR erosion rate of -1.63m/yr (
Figures 3F
, 
4F
). Erosion noticed along the seawall region in Zone B at an average erosion rate ranging between -0.04m/yr to -0.17m/yr might represent seawall deterioration over time (
Figure 4F
). Accretion rates ranging between 1.56m/yr to 1.15m/yr are noticeable at the southern side of the groin. The negative net shoreline movement values are prevalent on the intermittent beaches between seawalls in Zone B (
Figure 3E
). A maximum SCE of 65.88m is observed south of the groin, and a minimum SCE of 18.94m is observed along the seawall region (
Figure 3D
). However, most of the coast in Zone B is protected by seawalls and falls under the stable to moderate accretion category (
Figure 3F
).







3.2 Seasonal shoreline change


The seasonal variability of longshore currents significantly influences shoreline orientation and movement. Zone B, resembling a littoral cell bounded by a groin and a breakwater, was examined to understand these dynamics. The transects 3 and 94 adjacent to these structures were chosen for the seasonal analysis. The position of every shoreline intersecting these specific transects was determined, and the spatio-temporal distance of every shoreline was calculated from the oldest shoreline (OS) dated 27/03/2016 to the points of shoreline-transect intersections. The trend of the shoreline movement at Transect 3 (
Figure 4A
), near the north breakwater, experiences seasonal accretion during the northeast monsoon and erosion during the southwest monsoon. Over 2016–2022, maximum accretion of 18.9m and maximum erosion of -20.2m occurred near the north breakwater. The accretional trend on Transect 94 (
Figure 4B
) appears cyclic, with sand accumulation during the southwest monsoon. Loss of sand occurs during the northeast monsoon. Again, minor Sand accumulation and loss are observed from the start until the end of the non-monsoon period (
Figure 4B
). Therefore, based on erosion and accretion patterns, the direction of current flow in this area is southerly during the northeast monsoon and northerly during the southwest monsoon. The accretional activity is recorded near the groin during the southwest monsoon, and the erosional activity north of the breakwater occurs during the southwest monsoon and vice versa. On comparing Transect 3 and Transect 94 data, Erosion tends to be the dominant process in Transect 3, whereas accretion tends to be the dominant process in Transect 94. Transect 94 exhibits no erosion, and the shoreline accretion variability ranges between 3m and 40m.






3.3 Impact of the hybrid solution


The transects located near the reef and the points of beach nourishment were chosen for analysis. The transects 119,105, and 99 are located near the points of nourishment (a), (b), and (c), respectively (
Figure 1D
). The Transect 167 is located adjacent to the reef and records the shoreline changes near the reef area (
Figure 1C
). Prominent peaks indicate nourishment periods, with 2022 showing the most substantial changes (
Figure 4C
). Due to natural waves and current actions, the drastic shoreline regression is noticed after each nourishment activity.


Shoreline movement at Transect 167 (
Figure 4D
), near the reef, exhibited stability until 2016. Subsequent drastic accretion of 79.5m in 2018 resulted from reef deployment. However, after immediate erosion, a gradual development of the shoreline is observed in the following years. The deployed submerged reef produces a wave-breaking activity that breaks the waves, rotates, and reduces its velocity such that suspended sediments in waves and longshore currents lose their momentum and subsequently deposit on the shore (Ramana Murthy et al., 2020). A maximum accretion of 59.57m is observed after the installation of the reef.







4 Discussion


Implementing this hybrid solution has resulted in significant beach formation in Zone A. The engineering of the submerged reef has played a vital role in retaining the suspended sediments from the northerly drift and the wave-breaking actions. It is reported that the volume of sediment in the nearshore area improved after the implementation of the project, resulting in the formation of the beach (Misra and Ramakrishnan, 2020; Ramana Murthy et al., 2020). However, the results from the seasonal analysis show that the transformation of beach width near the submerged reef, groins, and breakwaters is entirely seasonal. This study’s findings show that the semi-automated shoreline extraction model has proven effective for quick and reliable shoreline analysis. Automated shoreline extraction using NDWI and Otsu thresholding proved effective for rapid and reliable shoreline analysis. Validation with ground truth data demonstrated the model’s accuracy, emphasizing its utility for monitoring coastal changes. Based on DSAS results, the overall condition of the coast appears to range from stable to moderate accretion. The maximum shoreline movement recorded near the groin indicates the sand accumulation by its interruption with the longshore current. The shoreline has become more stable near the Puducherry secretariat, showing significant beach development after implementing the submerged reef (
Figure 4G
). The analysis showed the resilience of the beach along the northern part of this coastal stretch and the subsequent stabilization of the coastline by nourishment (
Figure 4H
). However, nourishment represents a short-term remedy for shoreline development, characterized by a finite lifespan (Staudt et al., 2021). The pattern of accretion and erosion observed in the seasonal shoreline change analysis successfully captures the monthly trends of sediment movement. The maximum beach width occurs during the southwest monsoon season, and the minimum beach width occurs during the northeast monsoon at the location of the submerged reef. This shows the increased sediment availability during the southwest monsoon season and the reversal of current directions.






5 Conclusion


The present study investigated the short-term spatio-temporal evolution of Puducherry’s shoreline from the period of beach absent state to the resilience of the beach. The study assesses the coastal impact of a beach restoration project by NIOT and the Puducherry government to curb shoreline erosion along the coast of Puducherry, India. The statistics obtained by comparing the maps obtained from in-situ measurements and those from satellite datasets demonstrate the capabilities of this approach for faster shoreline monitoring studies. The High RMSE values for the extracted shoreline highlight the importance of automated shoreline extraction for multi-temporal coastal monitoring studies, where carrying out repeated field measurements is a limitation. This is also advantageous for post-monitoring inspection studies of implemented coastal mitigation projects where updated shoreline information is required at varying spatial and temporal scales. The analysis shows the development of a beach along the northern part of this coastal stretch and the subsequent stabilization of the coastline. Monthly shoreline data extracted from satellite images highlights the usage of water indices for multi-temporal beach monitoring studies. The results have also revealed the predictability of beach formation on a seasonal basis. Some of the limitations of this approach could be the resolution of the satellite image and the percentage of cloud cover in satellite images, which can affect data accuracy and availability. The outcome of this study provides essential information on the formation of Puducherry City’s new beach and its cyclic transformation in different seasons. Overall, this research enhances understanding of shoreline dynamics and the effectiveness of coastal restoration strategies, providing valuable information for informing coastal resilience planning efforts in Puducherry and similar coastal regions.
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