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Barrier islands are low-lying elongated, narrow sandy deposits, usually parallel to the coastline, separated from the continent by a lagoon. Due to their low elevation above sea level, barrier islands are environments susceptible to drastic morphological changes depending on the meteo-oceanographic conditions to which they are subjected. This work presents the morphological changes between 1985 and 2021 in “Restinga da Marambaia”—a 40 km long barrier island on Brazil’s Southeastern coast. One hundred thirty-four scenes from the Landsat collection were processed, enabling the quantification of the barrier island area. Additionally, the rates of change in the position of the shorelines facing the Atlantic Ocean, Sepetiba Bay, and Marambaia Bay were computed. The barrier island’s total area and the central sector’s width present significant seasonal variability, which is maximum during the austral fall and winter seasons. On the shores facing the Atlantic Ocean and Sepetiba Bay, it is noted that the central and far eastern sectors show an erosional trend. In contrast, the coastline is more stable on the shore facing Marambaia Bay. The seasonal variations of the barrier island area occur during a period of low rainfall and more energetic waves associated with local winds, which produce coastal currents, transporting the available sediments.
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1 INTRODUCTION
Barrier islands are low-lying elongated, narrow sandy deposits, usually parallel to the coastline, separated from the continent by a lagoon (Kusky, 2005). Their formation and maintenance are related to the geological environment, sediment supply, sediment transport mechanism, wave and tidal regimes, and sea level behavior (Pilkey et al., 2009; Stutz and Pilkey, 2011; Otvos, 2012). Due to their low elevation above sea level, barrier islands are environments susceptible to drastic morphological changes depending on the meteo-oceanographic conditions to which they are subjected.
It is a central issue for coastal studies to comprehend and predict the morphological changes and the shoreline variability, as different temporal scales are involved (Turki et al., 2013; Hapke et al., 2016). Also, some uncertainties result from the short-scale natural variability and the mean sea level that are not easy to identify (Ruggiero et al., 2003; Lazarus et al., 2011).
Several tools are used in coastal studies, and remote sensing has been one of the most applied in the last decades (Zakaria et al., 2006; Batista et al., 2009; Garcia-Rubio et al., 2012; Sud et al., 2012; Cenci et al., 2015; Sánchez-García et al., 2015; Azevedo et al., 2016; Behling et al., 2018; Pardo-Pascual et al., 2018; Xu, 2018; Mitri et al., 2020). Landsat’s freely available images, spanning a few decades, make it possible to analyze the changing morphology and position of the coastline (Young et al., 2017). Additionally, satellite image processing tools have evolved considerably, especially in handling large volumes of images, improving performance, accuracy, and applicability (Gorelick et al., 2017; Obi Reddy and Singh, 2018).
Throughout the last decade, the 40 km long Marambaia barrier island has been investigated for its sedimentary dynamics and geological evolution (e.g., Borges and Nittrouer, 2016; Gomes et al., 2019; Carvalho and Guerra, 2020; Reis et al., 2020; Dadalto et al., 2022), with fewer studies quantifying the shoreline dynamics (Oliveira et al., 2008; Bahiense et al., 2014; Santos et al., 2019; Carvalho et al., 2020). Given the geomorphological importance of this barrier island and the emergency to understand the morphological behavior of coastal features due to scenarios of sea level rise (IPCC, 2022) and increased storminess (Young and Ribal, 2019; Rey et al., 2021), this work presents a contribution to the diagnostic of its morphological trends over 36 years (1985–2021), supported by Landsat imagery analysis. In contrast to the previous works, this study expands the time scale of the observation, and more images were processed. While Oliveira et al. (2008) and Bahiense et al. (2014) used, respectively, nine and five images, we used more than a hundred. Therefore, our results are robust and allow the detailed observation of the seasonal changes in shoreline position and their consequences in the barrier island area over time.
2 METHODS
2.1 Study area
The 40 km long Marambaia barrier island is located on the southern coastline of Rio de Janeiro (SE Brazil), with an east-west orientation and width varying from 120 to 1800 m. In the westernmost limit, the barrier island is anchored at a pre-Cambrian massif, the Marambaia Peak. In the easternmost limit lie the tidal channels of Barra de Guaratiba (Figure 1). This barrier island may be divided into three sectors: 1) Western, including beach ridges, marshlands, inter-ridge paleo lagoons, and overland flow features; 2) Central, where the barrier island becomes strikingly narrow; and 3) Eastern, characterized by a dune field, tidal wetlands and beach ridges (Dadalto et al., 2022).
[image: Figure 1]FIGURE 1 | Marambaia barrier island location. SCE, shoreline change envelope; NSM, net shoreline movement; LRR, linear regression rate. Landsat 8 satellite imagery from 05/Jun/2021, 4R3G2B composition.
Based on the Köppen classification, Alvares et al. (2013) state that there are two types of climate in this region: tropical without dry season (Af) and tropical monsoon (Am), characterized by annual mean temperature between 22°C and 24°C and annual rainfall between 1,300 and 1,600 mm. The South Atlantic Subtropical Anticyclone (SASA) affects the area, which, in the face of frontal systems, causes increased cloud cover and strong winds (Dereczynski and Menezes, 2015).
The wave climate in the Rio de Janeiro littoral is characterized by fair-weather short-period waves from northeast and eastern directions and storm waves from S and SSW, with higher amplitudes and longer periods (Parente et al., 2015; Carvalho et al., 2021).
Marambaia barrier island partially isolates Sepetiba bay from the Atlantic Ocean, strongly influencing its circulation, which is affected by river discharge in its northern and eastern sectors (Fragoso, 1999). The coastal region is under a microtidal regime, with tide heights varying between 0.3 and 1.2 m (Criado-Sudau et al., 2019) and with tidal propagation from east to west (Harari and Camargo, 1994).
2.2 Landsat imagery
Landsat satellite imagery has been globally applied for environmental studies, including shoreline monitoring (Zakaria et al., 2006; Misra and Balaji, 2015; Ozturk et al., 2015; Konlechner et al., 2020; Sánchez-García et al., 2020; McAllister et al., 2022). These images are extensively used since they have global coverage and are freely distributed (Young et al., 2017). For this work, using the Google Earth Engine (GEE) platform (Gorelick et al., 2017), the TM, ETM+, and OLI sensors images were imported from the Landsat Tier 1 collection (Supplementary Figure S1) calibrated top-of-atmosphere (TOA) reflectance, encompassing the period between 1985 and 2021, with a cloud coverage of less than 10% of the scene. One hundred thirty-four scenes, with orbit/point 217/76, were used to map the Marambaia barrier island. The atmospheric correction was done using the Dark Object Subtraction (DOS) model (Chavez, 1988) to obtain surface reflectance. This model is widely used for mapping change detection, enabling reliable surface reflectance values (Kawakubo et al., 2011; Cui et al., 2014; Nazeer et al., 2014; Pacheco et al., 2015; Phan and Stive, 2022).
2.3 Shoreline detection and analysis
Shoreline delineation was performed on the GEE platform by applying the Normalized Difference Water Index (NDWI) (McFeeters, 1996) (Eq. 1), and the output rasters were converted to vector polygons.
[image: image]
In the Landsat 5 and 7 series, the green and near-infrared (NIR) bands correspond to bands 2 and 4, respectively, while in the Landsat 8 series, they represent bands 3 and 5, respectively.
Afterward, the quantification of the barrier island area and its central sector’s width were conducted in the QGIS 3.16 program. Marambaia peak was excluded from the computation of the barrier area. The width of the central sector was computed at a location close to photography #3, shown in Figure 1 (between coordinates 43° 44′31.43″ W, 23° 3′30.04″ S and 43° 44′30.66″ W, 23° 3′34.30″ S). With the computed values, it was possible to estimate the annual average and median barrier island area and central sector width, as well as their seasonality.
The rates of change in the position of the shorelines facing the Atlantic Ocean, Sepetiba Bay, and Marambaia Bay were calculated in the Digital Shoreline Analysis System (DSAS) program (Himmelstoss et al., 2021) for ArcMap™ 10.8. For that, the polygons were converted into polylines, representing the shorelines for each image. Five hundred and seventy-four transversal transects, equispaced 150 m, were used to compute the Shoreline Change Envelope (SCE), the Net Shoreline Movement (NSM), and the Linear Regression Rate (LRR) (Himmelstoss et al., 2021).
The SCE is obtained by calculating the largest distance among all shorelines on each transect, representing the total variation in shoreline position, and is not related to the dates of the images (Himmelstoss et al., 2021). Conversely, the NSM is the difference between the oldest and the most recent shoreline position in each transect. The LRR is obtained from a line of best fit, calculated using the least squares method, with all shoreline positions in each transect (Dolan et al., 1991), reflecting rates that indicate erosion, accretion, or stability of the coastline.
DSAS considers information on the uncertainty and horizontal accuracy of the shoreline mapping in the calculations of standard errors and confidence intervals (Ruggiero et al., 2013). In the case of using satellite imagery for determining shoreline position, these uncertainties consider data quality (pixel error, Ep), georeferencing error (Eg), high tide level uncertainty (Ev), and shoreline digitization error (Ed), compiled as a total error (Et) (Hapke et al., 2016; Nassar et al., 2019). For the mapping presented in this manuscript, the annualized Et was ±3.2 m/year, and the estimated uncertainty (UR) of the shoreline change rate was 0.2 m/year, with values similar to those reported by Carvalho et al. (2020), where the authors analyzed the Marambaia barrier island shoreline facing the Atlantic Ocean. So, when analyzing the values expressed as LRR, rates above 0.2 m/year indicate accretion, between −0.2 and 0.2 m/year indicate stability, and below −0.2 m/year indicate erosion.
3 RESULTS
3.1 Barrier island area and central sector width variability
From 1985 to 2021, the barrier island area varied between 51.3 and 57.7 km2, averaging 53.3 ± 1.2 km2 (Figure 2A). The lowest average area was recorded in 1986 (52.1 ± 0.6 km2), while the largest was recorded in 1998 (55.0 ± 2.1 km2). The central sector width, one of the lowest regions of the barrier island, varied between 121.7 and 372.3 m, with an average of 168.4 ± 34.9 m (Figure 2B). The smallest average width was determined for 1986 (141.6 ± 16.7 m), while the largest was observed in 2020 (204.0 ± 60.2 m).
[image: Figure 2]FIGURE 2 | Marambaia barrier island variability (1985–2021): annual averages and medians of (A) total area and (B) central section width; and monthly variation of (C) total area and (D) central section width.
The barrier island’s total area and the central sector’s width presented significant seasonal variability, maximum between May and August, that corresponds to the austral fall and winter seasons (Figures 2C, D). November is the month when the barrier island presents the smallest average area (52.6 ± 0.4 km2), while the largest value occurred in July (54.3 ± 1.6 km2). About the width of the central area, the lowest monthly average was found in November (151.8 ± 0.2 m), whereas the highest monthly average was observed in August (178.4 ± 57.4 m).
3.2 Shoreline change metrics and rates (SCE, NSM, and LRR)
In Figure 1 are spatialized the shoreline change envelope (SCE), net shoreline movement (NSM), and the linear regression rate (LRR). Regarding the shoreline facing the open ocean, the beach envelope varied between 30 and 277 m (SCE), ranging from −62 m to +115 m (NSM), resulting in a rate of change between −1.1 and +1.0 m/year (LRR) (Figure 3A; Table 1). The eastern sector shows higher variability (maximum SCE of 277 m) and erosive tendency (maximum NSM retreat of −61.5 m and maximum LRR retreat of −1.1 m/year), representing 10% of the whole shoreline under erosion, especially near Barra de Guaratiba. The central area shows some stability (∼20% of the whole shoreline), since areas under erosion (26%) and under accretion (53%) alternate along this sector (panel NSM on Figure 1), culminating in average rates of −0.04 m/year. The western sector is the most stable, making up 34% of the shoreline with an average LRR of 0.09 m/year (Table 1).
[image: Figure 3]FIGURE 3 | Shoreline change rates (1985–2021): (A) facing the open ocean; (B) back-barrier; (C) facing marambaia bay.
TABLE 1 | Statistical parameters of the metrics and rates of barrier island each sector.
[image: Table 1]On the back-barrier shoreline, the beach envelope (SCE) varied between 95 and 894 m, ranging between −61 m and +185 m (NSM), showing a rate of change between −2.7 and +5.5 m/year (LRR) (Figure 3B; Table 1). Similarly to the coastline facing the open ocean, the eastern sector of the shoreline facing Sepetiba Bay exhibits the highest erosion rate (mean LRR of −0.6 m/year), comprising 31% of the backbarrier shoreline that is eroding. The central sector also shows erosional trends (mean LRR of −0.2 m/year), although most of this sector is stable (∼10% of the entire back-barrier coastline). The western sector is the most stable (mean LRR of 0 m/year), where almost 60% of this sector (∼6% of this shoreline) is stable (Table 1).
Finally, on the coastline facing Marambaia Bay, the beach envelope (SCE) oscillated between 0 and 320 m, ranging from −68 m to +88 m (NSM), with a rate of change between −2.6 and +3.3 m/year (LRR) (Figure 3C; Table 1). This shoreline is more stable (average NSM of 0.05 m) and exhibits the highest accretion rates on the barrier island (38%), with an average LRR of 0.2 m/year (Table 1).
4 DISCUSSION
The Marambaia barrier island morphometric and shoreline behavior suggest that the intrannual variability is the primary driver of barrier island remodeling, intensified by interannual changes and geological control. As for the seasonal variations of the barrier island area, they occur during a period of low rainfall (Supplementary Figure S2), more energetic waves (Parente et al., 2015; Carvalho et al., 2020), and most significant mean sea level variation (Carvalho et al., 2023). This combination is conducive to sediment transport conditions that favor the maintenance of overwash zones observed in the barrier island (Photo #3 in Figure 1).
In general, the back-barrier shore presented a broader envelope of shoreline change compared to the shores facing Marambaia Bay and the open ocean. In this region are observed striking rhythmic features, classified as elongated transverse finger bars (Gomes et al., 2019). The highest average number of NE-SW oriented bars, determined by satellite imagery, occurs in August, reaching 11 bars/km (Gomes et al., 2019). Thus, it is suggested that these features influence shoreline variability. Ashton and Murray (2006); Murray et al. (2014) associated these rhythmic patterns with sediment erosion and accretion on the coastline.
The eastern sector of the back-barrier shore presents the highest shoreline change envelope (SCE >240 m) determined in the present study. This might be a consequence of its proximity to the mouth of rivers debouching into the bay and intermittent channels that drain wetlands (Photo #5 in Figure 1) present in the barrier (Dadalto et al., 2022). For example, the Piraquê river, near the eastern sector, is one of the main tributaries of Sepetiba bay, with an average discharge of 2.5 m3/s (Cunha et al., 2006). Furthermore, in the satellite images and aerial photographs is possible to observe the presence of intermittent channels that induce the formation of spur-like features (Photo #4 in Figure 1) of variable sizes.
Although the coastline is more stable along the Marambaia Bay shore, there is an erosional trend in its southwestern sector and a prograding trend in the northeastern sector (Photo #1 in Figure 1). These sediment transport trends are evidenced by morphological features and grain size trend analysis (Carvalho and Guerra, 2020). On the open-ocean shore, the Barra de Guaratiba tidal channels influence the erosional trend observed in the far eastern sector, which had been previously noted (Carvalho et al., 2020).
Regarding the width of the central sector of the barrier island, Oliveira et al. (2008), using Landsat and CBERS satellite images from 1975 to 2004, documented a variation from 158 m (in 1975) to 100 m (in 2004). In our study, which encompasses a larger temporal scale, the width increased from 151 m to 180 m. Also, between 1984 and 2004, Oliveira et al. (2008) documented a reduction of 58 m in the central sector width, while we observed a slight increase (+29 m). Using aerial photographs and GeoEye satellite images, Bahiense et al. (2014) verified that between 1975 and 2011, there was an alternation of areas of accretion and erosion on both sides of the barrier island’s central sector, with rates ranging between −0.30 and 0.15 m/yr.
The seasonality of shoreline change is a common trend observed in other sandy shorelines studied in other parts of the world. Still, the reasons for this seasonality differ regionally. For example, Bishop-Taylor et al. (2021) found that 16% of Australia’s shoreline retreated or progressed at rates greater than 0.5 m/year, indicating that these may be extreme coastal change hot spots. On the Calabrian coast (southern Italy), Foti et al. (2022) studied the evolution of the coastline at different time scales. They noted that eroding areas prevailed over accreting ones when analyzed over long and medium-term time scales, while accretion prevailed over short-term time scales. Therefore, the authors emphasize the importance of jointly analyzing human pressures and natural processes to understand shoreline dynamics. In this regard, Bamunawala et al. (2021), in assessing projections of worldwide shoreline changes near tidal inlets, emphasized that several impacts of climate change can severely modify the morphological dynamics of the shoreline. They mention, for instance, changes in mean sea level and suppression of sediment supply in coastal areas. Thus, it is apparent the importance of understanding the processes subjacent to the changes in the position of the coastline in its different temporal and spatial scales, taking into account the natural and anthropic influences.
Despite the geomorphological complexity observed on the Marambaia barrier island, using Landsat satellite images enabled us to quantify the morphological changes over the last 35 years. Remote sensing is a powerful tool in places of difficult access, such as the study area, associated with the scarcity of financial and human resources to monitor the coastline. The observed trends demonstrated the importance of the seasonality of coastal processes, reinforcing the need to fully understand these systems to cope with the changes they will undergo in scenarios of sea level rise and an increased number of storm events.
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