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Abstract  

The coastal region of Augusta, Eastern Sicily, Italy, is a densely populated 

zone, where human pressures profoundly shaped the coastal and land 

dynamics. So far, understanding the interaction between natural and 

human processes in modelling coastal geomorphology is still quite 

challenging. However, coastal and environmental monitoring poses the 

bases for managing coastal areas properly. Therefore, this research aim 

was first to understand the medium-term shoreline changes along Augusta 

Bay between 1972 and 2021, and then assess the main local coastal 

modifications determined by the increasing coastal armouring. To do so, 

the shorelines dataset was extracted from Landsat and Sentinel-2 satellite 

imageries using the NDWI and mNDWI methods and then statistical 

parameters were computed using Digital Shoreline Analysis System 

(DSAS). Results show that this coastal fringe experienced significant 

shoreline recession over the studied time interval. Negative shoreline shifts 

are higher in correspondence with torrent deltas, as a result of the 

increasing human and natural forces insisting on the land and coastal 

environments. Since 1970s, Augusta Bay registered a significant increase 

in artificial coastal length and a coastal armouring index of Maximal level 

was today reached.  

Keywords:  WLR, coastal armouring index, DSAS, shoreline change, 

Augusta 

 

1. INTRODUCTION 
Around 60% of the world’s population that lives in coastal areas is 

vulnerable to erosional phenomena (Cai et al., 2009; Wang et al., 2021; 
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Zhang et al., 2021). Coastal morphology is modeled by the interaction 

between sediment budget and physical oceanographic conditions(Cao et 
al., 2020; Distefano & Gamberi, 2022; Laksono et al., 2022a; Todd et al., 

2019). However, in recent times, the extensive man-made modifications of 

coasts and lands, i.e. ports, coastal defence structures, and human 

settlements, become key factors in triggering coastal dynamic changes 

(Chu et al., 2020; Di Stefano et al., 2013; Fletcher et al., 2012). As such, 

many studies on shoreline changes throughout the world have been carried 

out over the last few years (Bacino et al., 2020; Borzì et al., 2021; Quang 

et al., 2021a; Aladwani, 2022). Shoreline change analysis methods that 

have been applied worldwide comprise the use of video images introduced 
by Holman et al. (1993), Plant and Holman (1997), and Lippmann and 

Holman (1989), numerical modeling by applying continuity equation in 

LITPACK software (Rezaee et al., 2019), and computation of End Point Rate 

(EPR), Linear Regression Rate (LRR), and Weighted Linear Regression Rate 
(WLR) statistical parameters from image analysis utilizing Digital Shoreline 

Analysis System (DSAS) software (Johnston et al., 2023; Laksono et al., 

2022b; Santos et al., 2021).  
 
In the Mediterranean area, the long- and medium-term coastal retreat 

emerged to be the result of persistent sediment budget alterations, as 
response mainly to riverine sediment discharge decrease and longshore 

transport changes due to the harbours or coastal defence structures 

emplacement (Borzì et al., 2021). The Augusta Bay is one of the primary 

harbour and oil refineries areas in Italy and significantly contributes to the 
Italian economy (Margheriti, 2021; Selvaggi et al., 2018). Thus, this study 

area represents a good example of highly urbanized coastal areas to be 
assessed from a coastal change perspective. This research presents a 

novelty, an integrated approach to studying the Augusta coastal area that 
is based on data integration between assessments of shoreline change 

rates, coastal armoring, and marine climate characterization through 

literature reviews. Hence, this study coupled the shoreline evolution of 
Augusta Bay (Eastern Sicily, Italy, Fig. 1) within a 50-year interval (1972 

– 2021) with the coastal armouring index (Aybulatov & Artyukhin, 1993) in 

order to detect the main coastal changes over a longer temporal period and 
to provide a useful tool for coastal management and shoreline prediction 

process. 

2. Study Area: The Augusta Bay (Southern Italy) 

2.1 Geological setting 
The Augusta coastal area represents the northern edge of the Hyblean 
Plateau (Ben-Avraham & Grasso, 1991; Ben‐Avraham & Ginzburg, 1990), 

which belongs to the submerged Pelagian Block (Burollet et al., 1978) and 
represents part of the emerged Africa foreland domain (Firetto et al., 

2013). The Hyblean Plateau is tectonically controlled by the convergence 

between the African and European plates, which affected both the on- and 
off-shore setting of the southeastern coast of Sicily. In fact, the large-scale 

ongoing geological processes control the morpho-structural pattern of the 
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Hyblean Plateau (Maniscalco et al., 2022), and also reflect the submerged 

areas (Carbone et al., 1987; Distefano et al., 2018; Distefano et al., 2019a; 
Distefano et al., 2019b, 2021a; Distefano et al., 2021b; Firetto et al., 2013; 

Gamberi et al., 2019; Maniscalco et al., 2022; Pirrotta et al., 2013).  

 

The off-shore N-S directed fault, the Malta Escarpment Fault (MEF), splits 

the Hyblean Plateau to the East from the Ionian Basin. Onshore strands of 

the MEF detected along the Ionian coast of SE Sicily give rise to incipient 

pull-apart grabens (Augusta and Anapo Grabens) of the Late Pliocene-

Early-Pleistocene age (Carbone et al., 2011). The Augusta Basin represents 

a tectonic depression in the eastern part of the Hyblean Plateau and is 
mostly controlled by two NW–SE oriented fault lines, the NW-dipping Mt. 

Climiti Fault that splits the Augusta Basin from the Magnisi–St. Panagia 

ridge and the Mt. Tauro Fault fall within the Mt. Tauro Horst at the northern 

part of the basin (Bianca et al., 1999; Catalano et al., 2010). This tectonic 
setting is responsible for an overall regional uplift that involves the study 

area, with values of about 2 mm/yr in the north decreasing southward 

(Carbone et al., 1982; Firetto et al., 2013; Scicchitano & Monaco, 2006; 
Spampinato et al., 2011). Other archeological studies show minor uplift 
rates in the proximity of the Augusta Basin (about 0.30 mm/yr), suggesting 

that the area is undergoing differential displacements upon a regional, long-
term uplift process (Scicchitano et al., 2008). 

 

The Augusta Basin stratigraphy is made of a Mesozoic-Cenozoic shallow-

water succession covered by a basin carbonate sedimentary succession, 
intercalated by volcanic rocks (Carbone et al., 2011). In detail, Lower 

Pleistocene calcarenites sands move upward to blue silty clays and 
unconformably lie on an Upper Cretaceous–Miocene succession composed 

of carbonates (Upper Cretaceous–Oligocene), calcarenites and rhodolites of 
the Mt. Climiti Fm. (Early–Middle Miocene), superimposed by the Mt. 

Carrubba Fm. (Late Miocene) and intercalated by coeval submarine volcanic 

rocks. The recent-most deposits are represented by the Upper Pleistocene 
sand, calcarenites, and conglomerates of the Panchina Fm. Auct. and by 

the Holocene alluvial deposits and beaches (Carbone et al., 2011) (Fig. 2. 

2.2 Physical oceanographic conditions 
The Augusta Bay is a semi-enclosed marine area where two main inlets 

establish connections with the open sea (Salvagio et al., 2016; Sprovieri et 

al., 2011), the Levantine and Scirocco inlets. The water circulation in the 

Levantine inlet can be mostly described by a northward tidal flowing with a 
mean velocity of 18 cm/s at the surface and 7 cm/s at the bottom. In the 

Scirocco inlet, a flowing parallel to the coast is present with a moderate 

velocity (8 cm/s at the surface and 4 cm/s at the bottom) at the southern 
part of the bay. Scarce active currents are observed in the northern part of 

the Augusta Bay. Even though the off-shore water circulation of the Ionian 

Sea is mostly NNE-directed, the nearshore zone is subjected to locally SW-
migrating waves and a SW-directed sediment transport is produced 

(Longhitano & Colella, 2007). Many studies on the wave regime of the 
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Ionian Sea revealed that a strong seasonal oscillation of the wave 

amplitudes predominantly characterized this coastal tract, and the highest 
wave amplitudes are recorded during winter months, as December and 

January, and lowest during the period between June and August; indeed, 

the hydrodynamic conditions are of low or moderate energy and storm with 

wave height higher than 5 m are very rare (Ganea et al., 2017; Ghionis et 

al., 2015; Moschella et al., 2020).  

 

3. METHODS  

3.1 Dataset and shorelines extraction 

The shorelines dataset included Landsat and Sentinel-2 imageries from 
1972 to 2021 (Fig. 3), with a 10–year interval guaranteed to estimate the 

shoreline change rates. Only satellite images with a cloud cover percentage 

below 20% were used (Nassar et al., 2019; Quang et al., 2021a). The 

Landsat image bands selected are band 6/Short Wave Infrared 1 (SWIR 1) 
and band 3 (Green). In Sentinel-2 band 11 as SWIR and band 3 as Green 

were adopted. In 1991, 2001, and 2011 Landsat images, the Normalized 

Difference Water Index (NDWI) method was implemented because the 
Landsat images we used are of band 4 (NIR) and band 2 (green) on Landsat 
4-5 TM and Landsat 7 ETM+. We employed band 5 (NIR) and band 3 

(Green) of Landsat 8-9 OLI/TIRS in the NDWI analysis. The modified 
Normalized Difference Water Index (mNDWI), the Normalized Difference 

Water Index (NDWI), and the Normalized Difference Vegetation Index 

(NDVI) were employed to extract shoreline from each satellite image. All 

these indexes undertake a stable performance in distinguishing between 
water bodies and land and reducing built-up land noises (Xu, 2006; Feyisa 

et al., 2014; Fisher et al., 2016). Water pixel values were prescribed using 
a positive threshold in order to classify water bodies and land boundaries. 

The optimum threshold was 0 for all land–water classes (Xu & Gong, 2018; 
Cao et al., 2020). An annual coastline was created from the calculated 

Water Frequency Index (WFI) to identify shoreline changes. The formula 

for the WFI can be found in equation 1.  
 

                                                                       WFI = 
Nwater

Nwater+Nland
                                        (1) 

 

The symbols Nwater and Nland were the number of pixels classified as water 

body and land within each year (Fisher et al., 2016; Xu, 2018). This method 

reduced the impact of sea-level changes on short-term and seasonal 

changes in sediment supply (Quang et al., 2021b; Xu, 2018). Water bodies 
and land in the 1972 and 1981 Landsat images were distinguished by 

adopting the Normalized Difference Vegetation Index (NDVI) method. In 

the NDVI method, the Landsat 1-3 images selected are band 6 (NIR) and 

5 (red). In Landsat 4-5, we retrieved band 3 (NIR 1) and band 2 (Red). The 

formulas used for each of the mNDWI, NDWI, and NDVI methods can be 
seen in equations 2, 3, and 4 below (Chen et al., 2020; Liu et al., 2021): 
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                                                           MNDWI = 
(Green −  SWIR 1)

(Green + SWIR 1)
                               (2) 

 

                                              NDWI= 
(Green-NIR)

(Green+NIR)
                                              (3) 

   
 

                                        NDVI = 
(NIR-Red)

(NIR + Red)
                                            (4) 

 

Where:  
MNDWI : the modified normalized difference water index 

Green : band 2 of Landsat 4-5 TM, Landsat 7 ETM+, and Sentinel-2   

images; band 3 in Landsat 8-9 OLI/TIRS 
SWIR 1 : band 6 of Landsat image and band 11 of Sentinel-2 image 

NDWI  : the normalized difference water index 

NIR : band 4 of Landsat 4-5 TM and Landsat 7 ETM+, band 5 in 
Landsat 8-9 OLI/TIRS, band 6 in Landsat 1-3 MSS, and band 

3 in Landsat 4-5 MSS 
NDVI  : the normalized difference vegetation index 

Red  : band 5 of Landsat image 1-3 and band 2 in Landsat 4-5 MSS 
 
There were three classes for each mNDW, NDWI, and NDVI, namely 0 for 

land, 1 for water description, and no data demonstrating locations covered 

by clouds and shadows. There were two ranges of WFI values: WFI ≥ 0.5 
illustrated the annual water level, and WFI<0.5 implied the annual land 

surface. A description of the characteristics of each Landsat and Sentinel-2 
imagery can be seen in Table 1. A Sentinel-2 image has the highest 
number of bands and the most detailed resolution compared to Landsat 

imageries. 
 

3.2 Shoreline change rates and Digital Shoreline Analysis System  
The coastal fringe under study was split into two segments using the 

Magnisi Peninsula as feature edge (Fig. 2). Segment 1 extends from the 

Mt. Tauro Cape to Magnisi Peninsula, Segment 2 is from the Magnisi 
Peninsula to the St. Panagia Cape and includes the longer sandy coastal 

tract. Shoreline change rates computation was then applied only to sandy 

coastlines and the statistical elaboration was run through the Digital 

Shoreline Analysis System (DSAS) v5.0 integrated with ArcGIS 10.8.1. 
Shoreline shift was so assessed by using the Net Shoreline Movement 

(NSM; equation 5), the Shoreline Change Envelope (SCE; equation 6), and 

the Weighted Linear Regression (WLR; equation 7). For the rate-of-change 
statistics calculation, the DSAS tool requires to set an uncertainty value 

which should include both positional and measurement errors (Himmelstoss 

et al., 2021). In the present study, the uncertainty value related to each 
image was computed according to Manno et al. (2017) and Virdis et al. 
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(2012) (Table in Supplementary Materials). The DSAS transect spacing and 

confidence interval were set at 25 m and 95%, respectively (Fig. 4).  
 
        NSM = distance (m) between oldest and youngest shoreline              (5)   

 
      SCE = greatest distance(m) between all shorelines                           (6) 

 

                                w=1 e2⁄                                                                                                  (7) 

Where: 

w : the weight of the variance function in measurement uncertainty and 

e : the shoreline uncertainty value. 

 

3.3 Coefficient of Coastal Armouring 

The Coefficient of Coastal Armouring (K) is an index used to assess the 
grade of artificial coast. The K index is computed as the ratio between the 

total length (l) of all emerged and visible submerged maritime structures 

(groins, moles, seawalls, revetments, breakwaters, etc.) and the entire 
length (L) of the coast under study (Aybulatov & Artyukhin, 1993). The 
level of coastal armouring is qualitatively expressed in four classes, 

“Minimal” at K = 0.0001–0.1, “Average” when K = 0.11–0.5, “Maximal” at 
K = 0.51–1.0 and “Extreme” if K > 1.0.  

 
 

4. RESULTS  

4.1 Augusta Bay Shoreline Evolution 

 
The medium-term shoreline change analysis of Augusta Bay was run using 

six shorelines covering a 49-year time interval (1972-2021). The shoreline 
evolution analysis was performed through the DSAS application and rate-

of-change statistics were computed for 180 transects. As such, 157 
transects recorded shoreline landward migration with WLR<0 and only 23 

registered shoreline seaward shift with WLR>0. The WLR index ranged 

between a maximum value of 0.4 m/year, detected in correspondence of 
the Marcellino River mouth within Segment 1, in correspondence of the long 

sandy beach, and a minimum value of -1.4 m/year, found at the northern 
part of the Segment 2. However, both segments experienced negative 

shoreline movements with an average WLR values of -0.34 m/year and -

0.69 m/year found in Segment 1 and Segment 2, respectively. As shown 
by the mean WLR, Segment 1 experienced a slighter shoreline recession 

than Segment 2, and the area of Porto Xifonio Bay and the Marcellino River 

mouth showed mainly a stable or accretional tendency. Segment 2 

experienced a high variability and significant coastal retreat (Fig.  ). 
 

The Net Shoreline Movement (NSM) and the Shoreline Change Envelope 

(SCE) were used to assess the spatial variability along the coast and in 

correspondence of each transect. The NSM reflects the distance between 

the oldest (1972) and youngest (2021) shorelines, without accounting the 
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real spatial shoreline movement. The SCE expressed the measure of the 

total change in shoreline movement considering all available shoreline 
positions. The comparison between the two indexes shows that the 

erosional phenomena seemed to be constant over time along most of the 

coastal area (Fig. 6). Indeed, the Porto Xifonio Bay experienced slight 

seaward shoreline shift between 1972 and 1991, but intensive erosional 

phenomena were instead detected between 1991 and 2021. Similar trend 

was found southward the Marcellino River mouth, where beach accretion 

occurred between 1972 and 1991, then shoreline faced retreats till 2021. 

Constant shoreline landward movements were detected in correspondence 

with Segment 2 beach, where erosional phenomena already occurred from 
1972 to 1991, but the tendency significantly decreased, and negative 

shoreline shifts of small entities were detected between 1991 and 2021. 

 

4.2 Artificial coastline vs Natural coastline 
 

The K index of Augusta Bay showed a significant increase from 0.40 to 0.70 

between 1972 and 2021 (Table 2). Within Segment 1, artificial coastal 
structures were significantly implemented over last decades and the coastal 

armouring index increased by about 10%, passing from 0.53 registered in 
1972 to 0.60 recorded in 2021. As such, the Segment 1 K index falls within 

the “Maximal” class range.  
 

 

 

Segment 2 has a lower grade of coastal armouring than Segment 1, and 
the K index ranged from 0.10 to 0.12 between 1972 and 2021, so varying 

from the Minimal to Average class. However, the highest K index increase 
was recorded within Segment 2, and about 20% of natural coasts were 

here replaced by coastal structures in 49 years (Fig. 7). 
 

 
 

5. DISCUSSION  

5.1 Augusta Bay under human and natural forcings 

 

Since the early 1950s, Augusta Bay faced increasing human pressures once 
the oil refinery was set up within this area. The new need to get access to 

the oil industries gave life to the effective implementation of transport 

infrastructures and urbanization. The Augusta port became a large-scale 
industrial harbour, and many coastal interventions were carried on during 

the time between the 1960s and the 1970s (Argnani et al., 2012; De Martini 

et al., 2012; Lentini et al., 2019; Smedile et al., 2012; Zaniboni et al., 

2019). As such, the statistical shoreline changes analysis reveals that the 

recession is constant over the last 50 years. Indeed, the NSM and SCE 

indices showed that about 90% of the coast under study faced erosion, and 
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only 10% of the analysed transects recorded a stability trend or slight 

sediment deposition.  
 

The local wave regime is predominantly characterized by low or moderate 

energy events and not significantly affect the shoreline displacements. Most 

of the erosional phenomena were instead found in the correspondence of 

the torrent deltas, which are sites quite sensitive to sediment budget 

changes (Amrouni et al., 2019; Molina et al., 2019; Rosskopf et al., 2018). 

One of the explanations for these negative shoreline displacements could 

be the increasing number of hydraulic works (i.e. dams, fluvial barrages, 

artificial embankments) insisting along the waterways of the drainage 
basins, which triggered a reduction in the amount of water discharge and 

sediment load in the estuary (Amore & Giuffrida, 1985; Longhitano & 

Colella, 2007). Indeed, Di Stefano et al. (2013) pointed out how the Simeto 

drainage basin (30 Km N of Augusta) was anthropogenically modified with 
hydraulic conditions changes resulting in significant negative shoreline 

shifts at the Catania coastal plain area. However, subsidence phenomena 

of significant entity were detected within the Augusta Bay, indeed an 
average rate of -2 mm/yr, determined a constant shoreline landward 
migration (Polcari et al., 2018). The subsidence phenomenon exacerbated 

by marine extreme events such as seasonal and major storms (Medicane 
Qendresa, Medicane Zorbas, and Medicane Ianos) in 2014, 2018, and 2020 

resulted in erosional processes tending to be more dominant than 

accretionary (Scicchitano et al., 2021).  

 
5.2 Artificial coasts impact and shoreline response 

 
The high level of artificial coasts seems to be a pivotal factor in increasing 

the coastal vulnerability to natural hazards (Jana & Bhattacharya, 2013). 
The Coastal Armouring Index (K) analysis applied to the coastal fringe of 

Augusta Bay showed a high level of artificial coast within the entire area 

since 1972. However, the increasing emplacement of coastal works was not 
constant throughout the entire coast. Indeed, Segment 1, extending 

between the Mt. Tauro Cape and the Magnisi Peninsula, was highly 

armoured since the beginning of the 1970s and registered a slower increase 
of the K index, varying from K = 0.53 to K = 0.60. Instead, Segment-2 

revealed a minimal coastal armoured level in 1972 (K = 0.10), but the 

coastal armouring K passed from the Minimal class to the Average one with 

a value of 0.12, registering a percentage increase of the 20%. Despite the 
lower level of armouring, Segment 2 experienced significant erosional 

phenomena over the time between 1972 and 2021, and more than 97% of 

the coast faced landward shift (Fig. 8 . Depositional phenomena were 
instead observed in correspondence with shore-normal coastal structures, 

as detected within Segment 2, where two small groins were placed. 

However, a few meters from the shore-normal structures erosional 
phenomena occurred and this trend is commonly detected within the 

Mediterranean coastal area (Anfuso et al., 2012, 2013; Molina et al., 2019). 
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However, the Augusta Bay sediment longshore drift and coastal sediment 

dynamic was highly modified by the increasing coastal armouring, as shown 
by the computation of the K coefficient, and water and sediment exchange 

with the open sea is guaranteed only by the two inlets (Salvagio et al., 

2016). 

 
 

The high level of artificial coasts seems to be a pivotal factor in increasing 

the coastal vulnerability to natural hazards (Jana & Bhattacharya, 2013). 
As such, the higher average erosion velocity results compared to accretion 

can generally be interpreted to mean that the negative correlation between 

shoreline curvature and longshore current, such as residential and 

industrial development, has a more significant influence than the 
construction of coastal structures to prevent coastal erosion. These insights 

should push administrations to wisely plan coastal land use, the watershed 

management and to adopt more environmental and ecological measures to 

better face coastal hazards. Indeed, recent research showed how nature-

based solutions are valuable, effective and low-cost works to prevent or 

reduce coastal erosion risk (Duarte et al., 2013; Gracia et al., 2018; 
O’Leary et al., 2023). When possible, restoring dune systems vegetation or 

submerged seafloor vegetation (i.e. Posidonia seagrasses) is demonstrated 
to be a winning strategy in counteracting the increasing human and natural 

pressing on coastal ecosystems, especially in light of future sea-level rise 
scenarios (Fernández-Montblanc et al., 2020; Van Rooijen et al., 2016; 

Vuik et al., 2016). For these reasons, a more detailed study regarding the 
influence of marine natural hazards and human activities on coastline 

changes in the east of Sicily also requires to be carried out to determine 
the right solution in anticipating the worst events that can cause casualties 

and economic losses. These study results are the first step in revealing 
shoreline changes with a more comprehensive and detailed method. In the 
future, the implication simulation of tsunamis, storms, sediment supply, 

sea–level changes, and human activities on shoreline changes is essential 
to be conducted. 

 
5. CONCLUSIONS 

The Augusta Bay is a coastal densely populated area playing an economic 

key-role within Italy. The shoreline evolution of Augusta Bay was 
investigated over the time between 1972 and 2021. The analysis showed 

that most of the coast faced severe landward migration and significant 

coastal armoring was recorded since the 1970s. Within Segment 1 (Mt. 
Tauro Cape-Magnisi Peninsula) shoreline changes are dominated by erosion 

with an average rate of –0.34 m/year. Segment 2 (Magnisi Peninsula-St. 

Panagia Cape) has a higher erosion rate than Segment 1 with a value of –

0.69 m/year. The coastal strip is highly armoured, and the coastal 

armouring of Segment 1 is Maximal and any significant changes emerged 

from the analysis. Segment 2 coastal armouring index passed from the 

Minimal class to the Average one with a percentage increase of 20%. What 
emerged so far is that Augusta Bay is experiencing significant retreating; 
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on one hand, the low riverine sediment load, the significant subsidance rate 

and the longshore drift led the shoreline moving landward, while the high 
level of artificial coast altered the sediment transport and affect the local 

coastal dynamic. However, this research is the first step in the 

comprehension of the evolution of Augusta Bay, a strategic infrastructural 

area within Southern Sicily, but further research is needed to better 

understand the drainage basin regime and the coastal human pressure on 

the littoral changes of this coastal strip. 
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Fig. 1 - a) The study area is in Southern Italy and falls within the region of Sicily; b) 
the study area is southern the town of Catania, facing the Ionian Sea; c) the Augusta 

Bay coastal sector extended from the Mt. Tauro Cape to the Panagia Cape; the coastal 
area is split by the Magnisi Peninsula. The yellow line is the coastal tract studied in 

the present paper. 
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Fig. 2 - a) Structural and b) geological sketch-map of the Augusta Bay. The study area 

falls within the Eastern part of the Hyblean Plateau, where a Mesozoic-Cenozoic shallow-
water to basin carbonate sedimentary succession outcrops. MEF = Malta Escarpment Fault; 

MTF = Mt. Tauro Fault; MCF = Mt. Climiti Fault. 
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Fig. 3 The number of Landsat and Sentinel-2 image series from 1972 to 2021 was used 
in this study. For analysis of shoreline changes in 1972 and 1981, we used Landsat 1–

5 MSS. Landsat 7 ETM+, Landsat 8 OLI/TIRS, and Sentinel–2 are applied for shoreline 
delineation in 2021. 
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Fig. 4 Illustration of transect delineation for shoreline analysis in Augusta using DSAS 5.0. 
The transect spacing was 25 m. Basemap was acquired from U.S. Geological Survey.  
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Fig.  5 The shoreline evolution of Augusta Bay. The shoreline shift is expressed as WLR 

and classes intervals were set according to natural breaks. Segment 1, which extends from 
the Mt. Tauro Cape to Magnisi Peninsula, experienced significant landward migration, up 

to -1.4 m/year, even though slower retreats were detected in correspondence with the 

Marcellino River mouth. Segment 2 corresponds with the longer coastal sandy beach tract 
and counts a higher number of transects that registered negative WLR values (97). Trs = 

Transects; WLR = Weighted Linear Regression Rate. 
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Fig. 6 The Net Shoreline Movement (NSM) and the Shoreline Change Envelope (SCE) 

plots. The shoreline evolution of Augusta Bay was mainly negative, but the NSM index 
showed that the shoreline migration was not constant over time.  
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Fig. 7 The coastal morphology types of Augusta Bay in 2021. Most of the coast is highly 
armoured.  
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Fig. 8 Augusta Bay shoreline evolution coupled with Coastal Armouring Index (K). The 
black line represents the shoreline distance from the baseline registered for each year. 

The orange dot is the K index value obtained for the 1972 and the 2021. 
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Table 1 Characteristics of Landsat and Sentinel-2 images include sensor 

type, spatial resolution, number of bands, near-infrared (NIR), and repeat 
cycle (Cao et al., 2020; Quang et al., 2021a). 
Satellite 

Image 

Resolution 

(m) 

Year Sensors Number 

of bands 

Current 

Status 

Green 

Band  

NIR Revisit 

Time 
(Days) 

Landsat 

1–5 

60–80 1972, 

1981, 
and 

1991 

MSS 4 Ended 1992 Band 4 

for 
Landsat 

MSS 1-3 
spectral 

bands. 
Band 1 

for 

Landsat 
MSS 4-5 

spectral 
bands 

Band 6 

and for 
Landsat 

MSS 1-
3. Band 

3 for 
Landsat 

MSS 4-5 

spectral 
bands 

18 

Landsat 
4–5 

30–120 1991, 
2001, 

and 
2011 

TM 7 Ended in 
2013 

Band 2 Band 4 16 

Landsat 7 15–60 2001, 

2011, 
and 

2021 

ETM + 7 Operational Band 2 Band 4 16 

Landsat 

8-9 

30–100 2021 OLI and 

TIRS 

11 Operational Band 3 Band 5 16 

Sentinel-

2 

10–60 2021 MSI 13 Operational Band 3 Band 8 10 
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Table 2 The coefficient of coastal armouring K computed for each segment for the 1972 
and the 2021. The total length of the shoreline (L) and the armoured coast length (l) per 

year are shown. All measures are expressed in meters (m).  

  Segment 1 Segment 2 

Year L l K L l K 

1972 43761.9 23119.7 0.53 13175.5 1352.15 0.10 

2021 58584.1 35232.8 0.60 17488.2 2058.04 0.12 
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