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Abstract

:

The 2004 Indian Ocean earthquake and tsunami significantly impacted the coastal shoreline of the Andaman and Nicobar Islands, causing widespread destruction of infrastructure and ecological damage. This study aims to analyze the short- and long-term shoreline changes in South Andaman, focusing on 2004–2005 (pre- and post-tsunami) and 1990–2023 (to assess periodic changes). Using remote sensing techniques and geospatial tools such as the Digital Shoreline Analysis System (DSAS), shoreline change rates were calculated in four zones, revealing the extent of the tsunami’s impact. During the pre- and post-tsunami periods, the maximum coastal erosion rate was −410.55 m/year, while the maximum accretion was 359.07 m/year in zone A, the island’s east side. For the 1990–2023 period, the most significant coastal shoreline erosion rate was also recorded in zone A, which was recorded at −2.3 m/year. After analyzing the result, it can be seen that the tsunami severely affected the island’s east side. To validate the coastal shoreline measurements, the root mean square error (RMSE) of Landsat-7 and Google Earth was 18.53 m, enabling comparisons of the accuracy of different models on the same dataset. The results demonstrate the extensive impact of the 2004 Indian Ocean Tsunami on South Andaman’s coastal shoreline and the value of analyzing shoreline changes to understand the short- and long-term consequences of such events on coastal ecosystems. This information can inform conservation efforts, management strategies, and disaster response plans to mitigate future damage and allocate resources more efficiently. By better understanding the impact of tsunamis on coastal shorelines, emergency responders, government agencies, and conservationists can develop more effective strategies to protect these fragile ecosystems and the communities that rely on them.
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1. Introduction


A tsunami consists of ocean waves caused by a sudden water displacement, typically due to an earthquake, volcanic eruption, or underwater landslide [1]. Meteor impacts and other large-scale disturbances can also generate tsunamis. These waves rank among the most destructive natural hazards affecting coastal areas.



When tsunamis create landfalls with massive amounts of energy, they can destroy structures and reshape coastal geography, geomorphology, and ecosystems [2]. They can cause extensive damage, disrupt human lives, and affect subsistence, infrastructure, and economic activities. The unprecedented devastation of the 2004 Indian Ocean earthquake and tsunami, with a magnitude of 9.3 off the coast of Sumatra, resulted in the deaths of approximately 230,000 people in countries along the Indian Ocean rim [3].



Praveen et al. (2011) [4] simulated the 2004 tsunami along India’s southwest coast and Lakshadweep Islands, finding that numerical simulations aligned reasonably well with observations. Computational modeling studies for the Islands region, such as that of Usha et al. (2009) [5], discovered that these areas are highly vulnerable to tsunami risks. Compared to the western side, the eastern and southern sides of the islands seem to have tremendous potential for damage.



Coastlines are among the most dynamic parts of the Earth’s surface and are highly vulnerable to erosion and accretion caused by natural disasters, such as tsunamis, flooding, cyclones, storm surges, wave action, tidal and wind changes, and sea-level variations [6,7]. The effects of global warming may be felt most prominently in coastal areas. Obtaining shoreline data and understanding the rate of change over time is crucial for monitoring coastal zones.



Shorelines can be subjected to recede (erosion), advance (accretion), and remain stable (no changes) in relation to the mainland. Factors such as coastal elevation, slope, geomorphology, and rising sea levels contribute to varying degrees of shoreline change in different areas [8]. The shoreline, as viewed from a single perspective, represents the transition from land to water, serving as a dynamic indicator of coastal erosion and accretion [9]. Both natural and human-induced disturbances impact the erosion and accretion of ecosystems, causing shoreline changes [10,11,12]. Shorelines change shape and size in response to environmental factors [13].



Over the past four decades, coastal regions have experienced rapid population growth and various forms of development [14]. Coastlines change due to seasonal and long-term weather variations, but development in coastal zones often conflicts with natural shoreline processes. Coastal geomorphology helps to understand the relative erodibility of different landforms and their influences on coastal processes. India’s coastal regions face significant risks, such as erosion and inundation, due to rapid coastal geomorphology changes caused by fluvial influences, sea-level change, tropical cyclones, and storm surges [15].



Shoreline changes occur over various timescales and are typically studied using ground survey techniques or remote sensing interpretations. Ground survey techniques provide high accuracy and detailed information, but are expensive, while remote sensing techniques using high-resolution sensors are more cost-effective [16,17,18,19]. Remote sensing and geographic information systems (GIS) can effectively extract information on potential inundation zones and sea-level rise [20]. GIS-based digital shoreline analysis tools have been employed recently to detect morphological changes in rivers or coastal areas.



The Digital Shoreline Analysis System (DSAS) v5.1, an add-on to the ESRI ArcGIS software, calculates shoreline rate of change statistics from a timeseries of multiple shoreline positions extracted from satellite data [21,22,23]. DSAS is a user-friendly tool for studying shoreline changes using a statistical approach, providing valuable insights into coastal environmental changes [13,24]. Numerous studies have used this tool to examine various coastal regions and riverbanks in India [25,26,27,28,29], describing shoreline changes and their impacts on habitats and coastlines. The Indian shoreline is also subjected to coastal erosion and accretion due to several hydroclimatic events. Around 1144 km of the Indian shoreline has been eroded. The coastal land area lost due to erosion was 36.8 m2; however, the increase in land area due to coastal deposition was 40.42 m2 during the last decade [30]. Natural and anthropogenic activities are both responsible for coastal erosion and accretion. Due to climate change, the sea level is expected to increase, which is vulnerable for coastal regions [31]. The northern Tamil Nadu coasts of India were analyzed to find the impact due to climate change. The maximum accretion rate in these regions was 23.24 m/year, and the maximum erosion rate was −11.15 m/year, from 1990 to 2022 [32].



India’s Andaman and Nicobar Islands (ANI) are vulnerable to earthquakes and subsequent tsunamis, which can result in land uplift, beach erosion, sediment transport, and deposition [33]. Reports have documented subsidence and emergence in the northern and middle Andaman districts within the South Andaman group of Islands [34].



The examination and analysis of coastal zones are crucial for understanding the vulnerability of coastal areas to the depletion of bioresources, sea-level rise, and coastal erosion, as well as predicting the dynamic changes in shoreline trends. Coastal shoreline change detection can help elucidate the coastline’s dynamics and impact on natural and human resources. Detailed studies on coastal shoreline changes in South Andaman following the tsunami are lacking. Thus, the primary goal of this research is to provide comprehensive information on coastal shoreline changes due to the tsunami’s significant impact, using multi-temporal satellite data and geospatial techniques.



South Andaman is an island in the Andaman and Nicobar archipelago in the Bay of Bengal, India, as depicted in Figure 1a. It is the Andaman group’s southernmost and largest island of the Andaman and Nicobar Islands (Figure 1b). The 2004 Indian Ocean earthquake and tsunami affected South Andaman and the entire Andaman and Nicobar Islands, causing widespread destruction, loss of lives, and significant damage to infrastructure and property in South Andaman and the surrounding islands. The tsunami impact was analyzed by dividing the South Andaman coastal areas into four zones, designated A, B, C, and D, as shown in Figure 1c. Landsat images were used to digitize the coastal shoreline pre- and post-tsunami.




2. Materials and Methods


2.1. Coastal Erosion Mapping Using DSAS Tool


The 2004 Indian Ocean tsunami significantly impacted the Andaman and Nicobar Islands, resulting in considerable coastal erosion. To evaluate the degree of coastal erosion following the tsunami, the Digital Shoreline Analysis System (DSAS) v5.1 was employed to examine coastal erosion and shoreline alterations. DSAS v5.1 allows for a quantitative analysis of coastal erosion and accretion, which is crucial for coastal management and planning. The immediate changes were assessed in South Andaman’s coastal shoreline due to the tsunami in four zones: zone A, zone B, zone C, and zone D, as shown in Figure 1c. Additionally, periodic changes in the coastal shoreline were calculated on the east side of a 10 km stretch of South Andaman.



A Geographic Information System (GIS) can determine changes in accretion and erosion along the coastal shoreline by comparing past and present shoreline positions [35]. This study used various multi-temporal Landsat images (TM, ETM+, and OLI) collected between 2003 and 2004 to analyze immediate changes due to the tsunami. For periodic changes from 1990 to 2020, a series of multi-temporal Landsat images (TM, ETM+, and OLI) were employed. Landsat images were utilized to calculate the periodic changes in the coastal shoreline.



This study employed end point rate (EPR) and net shoreline movement (NSM) statistical methods for immediate and periodic shoreline change analysis. The methods EPR, NSM, and SCE (shoreline change envelope) were selected for use in the shoreline erosion studies due to their distinct advantages and applicability in analyzing different aspects of shoreline change. EPR provides a straightforward measure of the overall erosion or accretion rate, NSM allows for the assessment of net shoreline movement over time, considering both erosional and accretional changes, and SCE enables a more detailed examination of localized variations in erosion or accretion rates along the shoreline. Net shoreline movement (NSM) represents the distance between each transects oldest and most recent shorelines, with units in meters. Shoreline change envelope (SCE) measures the distance (in meters) rather than the rate. The SCE value signifies the most significant distance among all shorelines intersecting a given transect, as illustrated in Figure 2. Since the total distance between two shorelines has no sign, the SCE value is always positive.



In the DSAS (v5.1) tool, two different types of calculations can be performed. Shoreline change envelopes (SCE) and net shoreline movement (NSM) are used to calculate the distance change. The end point rate (EPR) is used to calculate the statistics of the rate change per year.


    E P R   i m m e d i a t e   =   C o a s t a l   s h o r e l i n e   2004   − C o a s t a l   S h o r e l i n e   2005     01   Y e a r s    



(1)






    E P R   p e r i o d i c a l   =   C o a s t a l   s h o r e l i n e   1990   − C o a s t a l   S h o r e l i n e   2020     30   Y e a r s    



(2)







The linear regression rate (LRR) is evaluated by fitting a least-squares regression line to all shoreline points along a specific transect. The linear regression method of calculating shoreline change rates assumed a linear change trend between the earliest and latest shoreline dates. The slope of this trend line represents the rate of change in the coastal shoreline.



The shoreline change rate along each transect for all periods (i.e., 1990, 2000, 2010, and 2020) is computed by plotting the points where transects intersect shorelines. The linear regression equation used to calculate the shoreline movement is provided below:


  L = b + m x  



(3)




where L is the shoreline movement, x is the date, m is the rate of shoreline movement (LRR), and b is the intercept.




2.2. Validation of Coastal Shoreline of Landsat-7 and Google Earth Images


The RMSE method was chosen to be used for the purpose of validating the coastal shoreline of South Andaman. When validating Landsat-7 and Google Earth’s ability to detect coastal shorelines, the root mean square error (RMSE) was used as a criterion to evaluate the two platforms’ performance. The RMSE was determined through the use of Equation (3). As can be seen in Figure 3, a calculation was performed to determine the distance that separates each transect from the baseline to the riverbank line, which can be seen in Google Earth and satellite images.


  R M S E =      ∑  i = 1   n    ( c o a s t a l   l i n e   g o o g l e   e a r t h ) − ( c o a s t a l   l i n e   L a n d s a t   7 )     T r a n s e c t   n o .     



(4)









3. Results


3.1. Analysis of Coastal Erosion Pre- and Post-Tsunami


Shoreline Change Envelope (SCE) and Erosion Potential Ratio (EPR) serve as crucial tools for interpreting the dynamics of coastal shoreline transformation. Their application provides essential insights into coastal management by quantifying rates of erosion and accretion, predicting potential changes, and thereby guiding interventions to ensure sustainable shoreline management [36]. Coastal shoreline change can potentially have an impact on coastal ecosystems. The greatest amount of shoreline retreat was observed in zone B, which had an average shoreline change envelope distance change of 120.36 m per year between the coastal lines of 2004 and 2005 (Table 1). The end point rate was determined by taking the average of all the rates of erosion and calculating it to be −410.55 m/year in zone A, while the accretion rate was recorded at 359.07 m/year in zone A (Table 2).



The immediate erosion and accretion at all four zones were different from each other, representing the impact of the tsunami. Figure 4 represents immediate coastal line changes due to the 2004–2005 tsunami in zone A, South Andaman. Figure 4a shows the migration of the 2005 coastal line from the 2004 coastal line. The maximum coastline migration was observed in the upper part of zone A. It can be seen in the figure that there was extensive coastal migration after the tsunami. Figure 4b shows the end point rate, which shows the erosion and accretion of the coastal shoreline between 2004 and 2005. Extensive erosion is shown on zone A’s upper and lower parts after the tsunami.



Figure 5 represents immediate coastal line changes due to the tsunami (2004–2005) in zone B of South Andaman. Figure 5b shows the end point rate, which shows erosion and accretion of the coastal shoreline between 2004 and 2005. Extensive erosion is shown on the left side of zone B after the tsunami.



Figure 6 represents immediate coastal line changes due to the 2004–2005 tsunami in zone C, South Andaman. Figure 6b shows the end point rate, which shows erosion and accretion of the coastal shoreline between 2004 and 2005. Extensive erosion is shown in zone C after the tsunami.



Figure 7 also represents immediate coastal line changes due to the 2004–2005 tsunami in zone D, South Andaman, where the erosion and accretion of the coastal line were almost recorded at the same rate.



The maximum average erosion rate observed between 2004 and 2005 after the tsunami in zone A was −410.55 m/year, and the maximum accretion rate was also observed in zone A, which recorded 359.07 m/year, as shown in Figure 8. Zones A and C were the most affected parts, as demonstrated by this tsunami’s very high erosion and accretion rates compared to zones B and D. Zone B was the least affected zone, with the lowest erosion and accretion rates.




3.2. Periodical Coastal Erosion


The term “periodic coastal shoreline changes” refers to the cyclical and recurrent fluctuations in the position of the coastal shoreline [37,38]. Both natural and human-caused factors can be blamed for these changes. The coastal shoreline change analysis made an effort to determine the rate of change of the coastal shoreline on South Andaman Island from a timeseries of various shoreline positions. Using SEC, NSM, EPR, and LRR methods, an investigation into the shoreline change rate in South Andaman was carried out.



The shoreline change envelope (SCE), net shoreline movement (NSM), end point rate (EPR), and linear regression rate (LRR) have been calculated as part of a statistical analysis of the coastal erosion of South Andaman Island from 1990 to 2023. This analysis was conducted by applying the tools of DSAS (v5.1) after identifying South Andaman Island’s coastal shoreline using images from different periods taken by Landsat. The years 1990 through 2023 are included in the scope of this study’s time period.



The results of the periodical SCE are included in Table 3. The shoreline change envelope (SCE) was measured at a range of distances, and the average change distance was recorded at 105.06 m in zone C.



The results of the NSM are included in Table 4. The net shoreline movement (NSM) shows the distance between the oldest (1990) and the most recent shorelines (2023). Maximum shoreline migration between 1990 and 2023 was recorded in zone A, at 71.12 m.



Table 5, containing the end point rate findings, is provided below. This study examined the variations in coastal shoreline erosion and accretion between 1990 and 2023 through the analysis of end point rate data. The zone referred to as A showed the highest recorded rate of periodical erosion, which was −2.18 m/year, and conversely, it also showed the highest recorded rate of accretion, which was 2.93 m/year.



Figure 9, Figure 10, Figure 11 and Figure 12 present periodic coastal line changes (1990–2023) of all four zones of South Andaman and the analysis of erosion and accretion along the South Andaman coastal shoreline, and the findings provide insights into the long-term trends of shoreline dynamics in the region, taking into account various factors that influence coastal erosion and accretion, including the impact of the 2004 tsunami. Figure 9 also represents the periodical coastal line changes (1990–2023) of zone A in South Andaman, whereby the total transect created in zone A was 215. Figure 9c shows this zone’s extensive erosion and accretion. The analysis resulted in the generation of EPR 217 transects, as illustrated in Figure 10. Figure 10c depicts that the highest rate of erosion was measured within the range of −0.4 m/year to – 3 m/year of zone B. The erosion and accretion profiles of the zones are periodically illustrated in Figure 11c and Figure 12c. In the conclusion of the periodical coastal line changes, zone A showed the maximum erosion and accretion, calculated as −2.3 m/year and 2.93 m/year, respectively.



The Figure 13 shows the average periodical coastal erosional and accretional rates in meters per year for four zones. Zone-A has the highest average erosional rate, while Zone-D has the lowest. This means that the coastline in Zone-A is retreating at a rate of 2.3 m/year, while the coastline in Zone-D is advancing at a rate of 0.76 m/year. Zone A has also the highest accretion rate of 2.93 m/year, followed by Zone C with 2.22 m/year. Zone B has the lowest accretion rate of 1.13 m/year, followed by Zone D with 1.68 m/year.



The differences in the erosional rates between the zones can be attributed to a number of factors, including climate, vegetation, and topography [39]. For example, Zone-A is a desert, which is characterized by low rainfall and high winds. These conditions contribute to the high erosional rate in Zone-A. Zone-D is a coastal zone, which is characterized by high rainfall and deposition of sediment from rivers. These conditions contribute to the low erosional rate in Zone-D.



The linear regression rate-of-change statistic was calculated using a least-squares regression line to fit all the shoreline points along a transect. This method minimizes the sum of squared residuals (offset distances) between each data point and the regression line. The equation used for calculating the linear regression rate-of-change statistic is as follows:


  y = − 0.8037 x + 1636.9  



(5)







The negative slope of the linear regression rate (LRR) graph, as shown in Figure 14 that indicates that the coastal shoreline has experienced erosion over time. This analytical insight reveals that the coastline has been subject to a long-term decline, which is crucial for understanding the ongoing coastal processes, informing coastal management decisions, and guiding the development of effective adaptation and mitigation measures. By studying this linear regression rate-of-change statistic, researchers can better understand the dynamics of coastal erosion and accretion in the region, ultimately contributing to better coastal zone management and planning.



One crucial insight from this study is the role of tsunamis, such as the one in 2004, in contributing to the observed shoreline changes. The findings demonstrated that the South Andaman Island coastal environment experienced significant erosion without any accretion transects being detected [40]. This calls for further investigation into factors driving erosion and the implications for coastal ecosystems and communities. Additionally, the results emphasized the importance of long-term monitoring and targeted interventions to address erosion and protect the island’s coastal resources [41].



The tsunami that struck the Indian Ocean in 2004 played a significant role in altering the coastal shorelines of the Andaman and Nicobar Islands. Generated by a massive 9.3-magnitude earthquake off the coast of Sumatra, this powerful tsunami led to the displacement of a vast quantity of water, causing waves to travel at high speeds across the ocean [42]. As these waves reached coastal areas, they brought massive amounts of energy with them, resulting in substantial alterations to the coastal shorelines.



In the Andaman and Nicobar Islands, the tsunami’s impact manifested itself through extensive erosion and accretion processes that reshaped the coastlines. Some areas experienced severe erosion, where the shoreline receded further inland, while others underwent accretion, where sediment deposition expanded the shoreline seaward. The changes in shoreline morphology were especially evident in the South Andaman region, where the tsunami’s force significantly affected the coastal environment.



The tsunami’s aftermath also led to other significant consequences for the affected coastal communities. In addition to the immediate loss of life and destruction of infrastructure, the altered shorelines disrupted ecosystems and altered the habitats of various species. The changes in coastal geomorphology also had implications for human activities, including fishing and tourism, which are crucial for the livelihoods of many coastal communities.



Understanding the role of the tsunami in reshaping the coastal shorelines is crucial for informing disaster management plans, coastal zone management, and conservation efforts. By studying the impacts of the 2004 tsunami, researchers can gain insights into the short- and long-term effects of such events on coastal ecosystems and communities. In order to lessen future damage from tsunamis and other coastal hazards, governments and agencies can use this knowledge to develop more effective disaster response strategies and allocate resources more effectively.





4. Discussion


Our study underscores the importance of utilizing geospatial tools, including the Digital Shoreline Analysis System (DSAS) v5.1 and satellite imagery, in managing and monitoring coastal areas. The application of these advanced technologies reveals their capacity to generate vital information, instrumental for stakeholders such as policymakers and conservationists. This wealth of information informs the creation of adaptive management strategies, safeguarding the ecological integrity of coastal areas and enhancing their resilience against future calamities. Additionally, the findings of this research could furnish the foundational data required for proficient coastal zone management and planning, while also driving the formation of adaptation and mitigation strategies in response to escalating sea levels.



The study’s implications extend beyond environmental considerations, shedding light on the significant socioeconomic facets of coastal erosion and shoreline changes [43]. Coastal zones, with South Andaman Island being a case-in-point, support numerous communities whose livelihoods, whether it be fishing, tourism, or agriculture, depend heavily on the coastal ecosystem services [44,45,46]. Thus, observed coastal erosion poses a threat not only to the ecological health of these regions, but also to the communities relying on these resources, leading to far-reaching consequences.



Among the socioeconomic challenges emanating from coastal erosion is the potential displacement of people due to the erosion of land and infrastructure. A stark example is the 2004 tsunami that wreaked havoc on homes, businesses, and public infrastructure, rendering vast numbers of people homeless and economically vulnerable. Further, coastal erosion can hamper local economies by impacting tourism sectors, which substantially depend on unspoiled beaches and coastal attractions.



Food security represents another crucial socioeconomic aspect that can be affected by shoreline changes. Communities along the coast are often reliant on fishing as a primary source of income and sustenance [47]. Erosion-induced loss of coastal habitats such as mangroves and coral reefs could result in declining fish stocks and other marine resources. This scenario jeopardizes the livelihoods of local fishermen while posing a serious threat to the food security of the broader community [48].



The influence of wave activity on coastal behavior is particularly significant during storm events. Intense wave action can hasten the erosion of coastal landforms such as shorelines, cliffs, and dunes, causing loss of sediment and land [49]. Conversely, wave action from specific directions can lead to accretion, resulting in sediment deposition and land gain, especially in sheltered regions. Storms and wave attacks play a crucial role in sediment transport along the coast, altering beach profiles and redistributing sediment in adjacent areas. The complex interaction between storms, waves, and the coastal environment shapes and modifies various landforms, such as sea cliffs, sand dunes, spits, and barrier islands, with wave attack intensity and direction influencing their formation and evolution [50].



To address these socioeconomic challenges, policymakers and stakeholders must incorporate both ecological and socioeconomic perspectives into coastal management strategies [51,52]. This approach might involve investing in coastal protection measures, including seawalls and artificial reefs, to mitigate erosion impacts and preserve critical habitats. Moreover, endorsing sustainable development practices such as eco-tourism and responsible fishing can contribute to the long-term sustainability of coastal economies, while also protecting the environment [53].



Our study on coastal shoreline changes in South Andaman Island offers vital insights into the intricate interplay between ecological processes and socioeconomic conditions. By integrating both environmental and socioeconomic considerations into coastal as well as inland management strategies, we can develop more comprehensive and effective methods to conserve these essential ecosystems and ensure the well-being of the communities dependent on them [54,55,56].




5. Conclusions


In conclusion, this study provided valuable insights into the periodic coastal shoreline changes and the impact of the 2004 Indian Ocean tsunami on South Andaman Island. The analysis utilized various methodologies, such as the shoreline change envelope (SCE), net shoreline movement (NSM), end point rate (EPR), and linear regression rate (LRR), revealing significant coastal erosion along the island’s coastline. The South Andaman Island coastal line change rates were determined in four zones using remote sensing techniques and geospatial tools, including the Digital Shoreline Analysis System (DSAS), to assess the impact of the tsunami. The study revealed that in zone A, located on the island’s eastern side, the maximum coastal erosion rate during the pre- and post-tsunami periods was recorded at −410.55 m/year, whereas the maximum accretion was observed at 359.07 m/year. During the period from 1990 to 2023, the eastern island region, denoted as zone A, exhibited the most notable rate of coastal line erosion, which was measured at −2.3 m/year. Using geospatial tools, such as the Digital Shoreline Analysis System (DSAS) v5.1 and satellite imagery, their potential to provide critical information for policymakers, conservationists, and other stakeholders on the state of coastal environments was demonstrated. The average erosional rate was recorded at −0.81 m/year, which can contribute to developing adaptive management strategies that help preserve the ecological integrity of coastal areas and ensure their resilience against future disasters.



However, this study has some potential limitations. The analysis primarily used satellite imagery, which is subject to variations due to cloud cover, atmospheric conditions, or image resolution. Additionally, the study’s scope was limited to the period from 1990 to 2020, which may not capture the full range of shoreline changes and the impacts of other natural or human-induced factors on the coastal environment. Overall, this study contributes to understanding coastal shoreline changes and the impacts of natural disasters such as tsunamis on coastal environments. The insights gained can inform future research and policy development, helping to ensure the long-term sustainability and resilience of these vital ecosystems and the communities that depend on them. However, further research is necessary to address the limitations and expand on the findings of this study, ultimately providing a more comprehensive understanding of coastal dynamics and effective management strategies.
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Figure 1. Study area map displaying (a) the India region, (b) the Andaman and Nicobar Islands, and (c) the selection of zones (A, B, C, and D) for assessing the immediate impact and periodical impact of the tsunami on South Andaman’s coastal shoreline. 
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Figure 2. A shoreline dataset including baseline (black), transect (gray), and shoreline data (multicolor) to illustrate the relationship between net shoreline movement (NSM) and shoreline change envelope (SCE). 
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Figure 3. Comparison of root mean square error (RMSE) values for Landsat-7 and Google Earth, showcasing the accuracy of these data sources in analyzing coastal shoreline changes. 
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Figure 4. Immediate coastal line changes (2004–2005) of zone A of South Andaman: (a) shoreline change envelop (SCE) showing the migration of the 2005 coastal line from the 2004 coastal line, and (b) end point rate (EPR) showing erosion and accretion of the coastal shoreline between 2004 and 2005. 
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Figure 5. Immediate coastal shoreline changes (2004–2005) of zone B, South Andaman: (a) shoreline change envelop (SCE) showing the migration of the 2005 coastal line from the 2004 coastal line, and (b) end point rate showing erosion and accretion of the coastal shoreline between 2004 and 2005. 






Figure 5. Immediate coastal shoreline changes (2004–2005) of zone B, South Andaman: (a) shoreline change envelop (SCE) showing the migration of the 2005 coastal line from the 2004 coastal line, and (b) end point rate showing erosion and accretion of the coastal shoreline between 2004 and 2005.
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Figure 6. Immediate coastal shoreline changes (2004–2005) of zone C, South Andaman: (a) shoreline change envelop (SCE) showing the migration of the 2005 coastal line from the 2004 coastal line, and (b) end point rate showing erosion and accretion of the coastal shoreline between 2004 and 2005. 
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Figure 7. Immediate coastal shoreline changes (2004–2005) of zone D, South Andaman: (a) shoreline change envelop (SCE) showing the migration of the 2005 coastal line from the 2004 coastal line, and (b) end point rate showing erosion and accretion of the coastal shoreline between 2004 and 2005. 
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Figure 8. Comprehensive representation of erosion and accretion patterns in the South Andaman coastal shoreline, categorized by zones, to demonstrate the varying impacts on each area. 
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Figure 9. Periodical changes (1990–2023) of zone A, South Andaman: (a) showing the most significant distance between the shoreline, (b) distance between the oldest (1990) and most recent shorelines (2023), and (c) end point rate, showing erosion and accretion of the coastal shoreline between 1990 and 2023. 
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Figure 10. Periodical changes (1990–2023) of zone B, South Andaman: (a) showing the most significant distance between the shoreline, (b) distance between the oldest (1990) and most recent shorelines (2023), and (c) end point rate, showing erosion and accretion of the coastal shoreline between 1990 and 2023. 
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Figure 11. Periodical changes (1990–2023) of zone C, South Andaman: (a) showing the most significant distance between the shoreline, (b) distance between the oldest (1990) and most recent shorelines (2023), and (c) end point rate, showing erosion and accretion of the coastal shoreline between 1990 and 2023. 
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Figure 12. Periodical changes (1990–2023) of zone D, South Andaman: (a) showing the most significant distance between the shoreline, (b) distance between the oldest (1990) and most recent shorelines (2023), and (c) end point rate, showing erosion and accretion of the coastal shoreline between 1990 and 2023. 
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Figure 13. Comprehensive representation of periodical erosion and accretion patterns in the South Andaman coastal shoreline, categorized by zones, to demonstrate the varying impacts on each area. 
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Figure 14. Cross-plot illustrating shoreline change through the linear regression rate (LRR), showcasing the relationship between shoreline positions and time. 
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Table 1. Shoreline change envelope (m) of all zones for immediate effect on the coastal shoreline changes.
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	Shoreline Change Envelope
	Zone A
	Zone B
	Zone C
	Zone D





	Number of transects (overall)
	200
	537
	544
	129



	Average distance (m)
	108.86
	120.36
	115.91
	74.75



	Maximum distance (m)
	236.61
	199.51
	260.88
	206.33



	Transect ID (maximum distance, m)
	164
	15
	514
	13



	Minimum distance (m)
	0.48
	0.02
	1.98
	0.01



	Transect ID (minimum distance, m)
	138
	390
	292
	125
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Table 2. End point rate (m/year) of all zones for immediate effect on the coastal shoreline changes.
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	End Point Rate
	Zone A
	Zone B
	Zone C
	Zone D





	Number of transects (overall)
	200
	537
	544
	129



	Avg. rate (m/year)
	−202.75
	31.42
	−100.44
	−10.7



	Number of erosional transects
	146
	134
	501
	74



	% of all transects that are erosional
	73%
	24.95%
	92.10%
	57.36%



	Greatest value of erosion (m)
	−862.11
	−27.51
	−261.59
	−88.07



	Transect ID (maximum value, erosion)
	164
	478
	514
	13



	All erosional rates (m/year) (average)
	−410.55
	−17.44
	−117.63
	−37.14



	Number of accretional transects
	54
	403
	43
	55



	% of all transects that are accretional
	27%
	75.05%
	7.90%
	42.64%



	% of transects with statistically significant accretion
	27%
	74.86%
	7.90%
	39.53%



	Greatest value of accretion (m)
	686.53
	66.5
	197.94
	65.89



	Transect ID (maximum value, accretion)
	115
	15
	387
	42



	All accretional rates (m/year) (average)
	359.07
	47.66
	99.84
	32.9
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Table 3. Periodical shoreline change envelope (m) of all zones of the coastal shoreline changes.
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	Shoreline Change Envelope
	Zone A
	Zone B
	Zone C
	Zone D





	Number of transects (overall)
	215
	217
	224
	259



	Average distance (m)
	96
	81.39
	105.06
	57.43



	Maximum distance (m)
	258.31
	175.33
	259.49
	176.07



	Transect ID (maximum distance, m)
	106
	9
	196
	200



	Minimum distance (m)
	0.98
	17.02
	23.7
	8.36



	Transect ID (minimum distance, m)
	175
	131
	71
	225
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Table 4. Periodical net shoreline movement (m) of all zones of the coastal shoreline changes.
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	Net Shoreline Movement (m)
	Zone A
	Zone B
	Zone C
	Zone D





	Number of transects (overall)
	215
	217
	224
	259



	Average distance (m)
	71.12
	−20.82
	7.41
	45.54



	Number of transects (negative distance)
	38
	141
	121
	31



	% of all transects (negative distance)
	17.67%
	64.98%
	54.02%
	11.97%



	Maximum negative distance
	165.99
	−125.37
	−104.61
	−110.2



	Maximum negative distance, transect ID
	18
	64
	26
	272



	Average of all negative distances
	42.59
	−51.95
	−48.13
	−24.8



	Number of transects (positive)
	177
	76
	103
	228



	% of all transects (positive distance)
	82.33%
	35.02%
	45.98%
	88.03%



	Maximum positive distance
	258.31
	112.01
	218.81
	176.07



	Maximum positive distance, transect ID
	106
	9
	193
	200



	Average of all positive distances
	95.54
	36.93
	72.65
	55.11
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Table 5. Periodical end point rate (m/year) of all zones of the coastal shoreline changes.
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	End Point Rate
	Zone A
	Zone B
	Zone C
	Zone D





	Number of transects (overall)
	215
	217
	224
	259



	Avg. rate (m)
	2.18
	−0.64
	0.23
	1.39



	Number of erosional transects
	38
	141
	121
	31



	% of all transects that are erosional
	14.88%
	63.13%
	53.12%
	11.2%



	Greatest value of erosion (m)
	−5.08
	−3.83
	−3.2
	−3.37



	Transect ID (maximum value, erosion)
	18
	64
	26
	272



	All erosional rates (meter/year) (average)
	−2.3
	−1.59
	−1.47
	−0.76



	Number of accretional transects
	177
	76
	103
	228



	% of all transects that are accretional
	82.33%
	35.02%
	45.98%
	88.03%



	% of transects with statistically significant accretion
	79.53%
	34.1%
	44.64%
	87.64%



	Greatest value of accretion (m)
	7.91
	3.42
	6.69
	5.38



	Transect ID (maximum value, accretion)
	106
	9
	193
	200



	All accretional rates (meter/year) (average)
	2.93
	1.13
	2.22
	1.68
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