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Abstract

Coastal formations, such as sandbars, play a vital role in shaping the environment and maintaining
local and regional coastal morphology. This study deals with two noteworthy sandbars, namely
Aguada and Reis Magos which are in the Mandovi estuary of the Goa region in the central west coast
of India. They have attracted great attention because of their dynamics and their role in shaping the
adjoining coast. This study employs a comprehensive approach, incorporating in-situ observations and
remote sensing methods, to investigate the mechanisms underlying the emergence and dissipation of
these sandbars and their linkage with adjoining navigational channels and coastline. During the intense
wave conditions of the southwest monsoon (June to September), these sandbars undergo a temporary
phase of dispersion. This phenomenon results in the accumulation of sand from both the sandbars and
the neighbouring Miramar beach within the navigational channel. As a consequence, it obstructs mar-
itime traffic and forms a unified shallow bar, obstructing maritime navigation in the area. However,
following the attenuation of monsoon waves in October to November, the sandbar and beach initiate
a gradual replenishment process, aimed at compensating for the sediment loss incurred during the
monsoon season. This recurring trend has demonstrated persistent characteristics over an extended
period. The presence of the sandbar may pose navigational challenges for large barges, cruise ships,
and fishing boats but on the other hand, it serves as an effective barrier against incoming high-energy
waves into the inner parts of the Mandovi estuary. Results revealed notable variations in the extent of
the sandbar over the study period. The maximum recorded extent of the sandbar was 82.48 ha and
32.59 ha on May 04, 2021, while the minimum extent was measured at 36.68 ha and 7.14 ha on Feb-
ruary 14, 2019, for Reis Magos and Aguada bar respectively. The sandbar promotes a calm environ-
ment along the shoreline and reduces erosion susceptibility by dissipating the wave energy before
reaching the riverbanks. The absence of this protective sandbar would have significantly impacted the
parts of the Goa region. Notably, the maximum erosion of 107 m was observed at the right bank of the
estuary, while the maximum accretion of 141 m was recorded in the Caranzalem from 1975 to 2023.
This study contributes valuable insights into the formation, dissipation, and environmental implica-
tions of sandbars within the estuary in Goa. The integration of in-situ observations and remote sensing
data affords a comprehensive understanding of sandbar dynamics, highlighting the essential role that
they play in coastal protection, navigation and the preservation of the local environment.
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Highlights

1. Seasonal variability of sandbar formation reveals its dispersion during the SW monsoon season
and subsequent regeneration afterwards.



Sediment accumulation in the channel leads to the formation of a consolidated unified shallow
bar and imposing a transportation ban due to shallow waters.

Natural dredging processes separate the consolidated bar into two distinct bars, restoring nav-
igational functionality after the SW monsoon.

The stability and efficacy of sandbars are in danger due to sea level rise and rising storm activity
brought on by climate change, which puts coastal towns at risk of floods and erosion.

. Anunderstanding of Mandovi estuary sandbar dynamics is essential for better coastal manage-
ment, sustainable development, and the preservation of coastal infrastructure and assets.



1 Introduction

Estuarine sandbars are dynamic geomorphological features that occur within the complex and ever-
changing environments of estuaries, where rivers flow into the sea, resulting in a unique blend of fresh
and saltwater (Pritchard 1967). These transitional zones are characterized by fluctuating tidal flows,
sediment transport, and the interplay of various natural processes. Sandbars, specifically formed within
estuaries, are significant landforms shaped by the intricate interactions between riverine inputs, tidal
forces, and wave action (Oertel 1972). They are made up of loose materials like sand and gravel that
are continually influenced by the flow of water and external influences. Sandbars possess a multi-year
lifespan and may manifest either individually or as part of a system of multiple bars, depending upon
wave patterns and currents. These configurations of sandbars undergo perpetual transformations, in-
termittently disappearing and reappearing (Price et al. 2014). Estuarine sandbars serve multiple func-
tions and play a crucial role in maintaining the estuarine ecosystem's overall balance and stability.
They act as natural barriers, protecting the surrounding areas from the full force of oceanic waves,
storm surges, and erosion (Gallagher et al. 1998; Melito et al. 2020; Ruessink and Terwindt 2000;
Sassa and Watabe 2009). By absorbing and dissipating wave energy, sandbars help to reduce coastal
erosion and provide a measure of protection to adjacent habitats, including marshes, wetlands, and
shoreline communities. These sandbars also contribute to the intricate hydrodynamic processes occur-
ring within the estuary, they play a role in altering water movement by reducing river flow velocity
and enhancing flow distribution diversity, contributing to river channel stability (Maryono et al. 2023),
altering tidal patterns, and sediment distribution. Sandbars modify the flow dynamics, creating diverse
habitats and fostering the accumulation of organic matter and nutrients, which are essential for the
estuarine food web. The formation and evolution of these sandbars are influenced by many factors,

including tidal range, river discharge, sediment availability, wave energy, and local geomorphology.

During high-energy wave occurrences, sand is carried seaward and accumulates in submerged sand-
bars (Gallagher et al. 1998; Parlagreco et al. 2019). Subsequently, during calmer periods, these sand-
bars gradually migrate back towards the shore, potentially merging with the shoreline to restore their
pre-storm width and morphology (Hoefel and Elgar 2003; Parlagreco et al. 2019). The mechanisms
driving onshore sandbar migration remain a topic of debate (Dubarbier et al. 2015; Fernandez-Mora
et al. 2015; Vidal-Ruiz and Ruiz de Alegria-Arzaburu 2019). However, it is generally agreed that the
movement of sandbars towards the sea is linked to vigorous offshore currents generated by high-energy
waves during breaking(Sallenger et al. 1985; Short 1999; Vidal-Ruiz and Ruiz de Alegria-Arzaburu
2019). Conversely, migration towards the shore is associated with weak or non-breaking waves and

is influenced by wave asymmetry (Hoefel and Elgar 2003; Vidal-Ruiz and Ruiz de Alegria-Arzaburu



2019). These factors vary significantly between estuaries, leading to unique sandbar characteristics
and behaviours in each system. Understanding the dynamics of these sandbars is crucial for various
stakeholders, including coastal managers, ecologists, and local communities. Understanding their cre-
ation, migration patterns, and stability can help to identify possible dangers. It also helps to manage
the effects of human activities, sea level rise, and climate change in estuarine environments. In recent
times, the impact of climate change, such as rising sea levels and changing wave patterns, has made
beach protection a critical concern. To address this, shoreface nourishment techniques are often em-
ployed. This involves depositing sediment with similar properties onto the intertidal shoreface to create
Submerged Artificial Sandbars. Research has shown that these artificial sandbars are effective in mit-
igating beach erosion (Cooke et al. 2012; Li et al. 2022; B. Liu et al. 2019; G. Liu et al. 2019). Similar
to natural sandbars, these artificial structures help protect beaches by reducing wave energy, leading
to decreased sediment concentration and transport capacity on the lee side. Additionally, they play a
vital role in supplementing sand supply to existing beaches (Li et al. 2022), sandbars have been ob-
served to aid in the rapid recovery of shorelines over periods spanning days to weeks, with rates meas-
ured in meters per day (List et al. 2006; M. S. Phillips et al. 2017). Research encompassing broader
spatial coverage has explained that spatial variability in the rates of shoreline recovery can manifest
alongshore and between various locations due to site-specific characteristics such as nearshore wave
exposure, rip persistence, coastal structure, and proximity to estuary entrances (Corbella and Stretch
2012; List et al. 2006; M. S. Phillips et al. 2017; Yu et al. 2013). However, studies have been con-
strained in scope, often limited to monitoring shoreline recovery following individual storms and lack-
ing sufficient survey frequency to capture continuous variability over longer periods (Corbella and
Stretch 2012; M. Phillips et al. 2015; M. S. Phillips et al. 2017).

This study focuses on the sandbars present in the Mandovi estuary in Goa located on the central west
coast of India, which holds immense importance to the region. The confluence of the Mandovi and
Zuari rivers forms the Mormugao harbor, while the state capital, Panaji, resides on the left bank of the
Mandovi River. The estuary exhibits characteristics of a coastal plain estuary as described by Pritchard,
remaining vertically homogeneous for approximately eight months and moderately stratified during
three to four months of the year (Pritchard 1952). The Mandovi-Zuari estuarine system aligns with
these criteria, transitioning to stratification during the southwest monsoon, becoming well-mixed in
the pre-monsoon period, and demonstrating moderate mixing post-monsoon. Tidal influence predom-
inantly affects the shallow rivers, although substantial longitudinal salinity fluctuations occur from the
river's mouth upstream, likely due to advective flux. The Mandovi-Zuari estuarine system represents

a tide-dominated coastal plain estuary, characterized by vertical homogeneity, lateral salinity variation,



and the formation of a salt wedge. Geomorphologically these rivers are classified as drowned river
valley estuaries (Murty et al. 1976). These estuaries have been subject to extensive research since
1970, with numerous studies examining various aspects of their environmental conditions (S. R.
Shetye et al. 2007), tides, sea level variability (S. Shetye et al. 2007), salt mixing processes and intru-
sion(S. R. Shetye et al. 2003), nutrient distribution (Nasnolkar et al. 1996; Sardessai and Sundar 2007),
phytoplankton and zooplankton diversity (Parab et al. 2007; Retnamma and Madhu 2014), benthic
macrofauna (Ansari et al. 2007), pollutant distribution (Ramaiah et al. 2007), and water quality.

In this study, the specific area of interest is to get insights into Aguada and Reis Magos, two sandbars
located within the Mandovi Estuary on either side of the navigational channel. Historical records dating
back to the 17th and 18th centuries maps from Manuel de from 1610 (Penrose 1960) (Fig 1(a)) and
James from 1812 (Fig 1(b)) depict the presence of these sandbars, Aguada bar denoted as "Barra de
Agoada" in Portuguese hydrographic maps and as "Aguada bar" in more recent hydrographic charts
(Pathak et al. 1991; Sila Tripati et al. 2014) sandbars have been there with minimal changes observed
over several centuries. During the fair-weather period which approximately extends nine months of
the year, these two sandbars i.e. Aguada and Reis Magos, occur separately as two sandbar systems but
during the monsoon season, the presence of heavy swells and violent wave actions results in sediment
dispersion from these sandbars and adjacent beach and leads to the formation of the unified shoal in
the adjacent channel rendering the river unsafe for cruising and transportation, necessitating its closure
to maritime traffic for three months every year (Notice 2017, 2022, 2023) while the calm season facil-
itates the restoration of the sediment to its previous state. This annual cycle was consistently observed
in the past (Murty et al. 1976; Qasim and Gupta 1981) but morpho dynamic and geospatial analysis of
these sandbars and their linkage with river channels was missing. We could not find much literature
on these sandbars and the processes involved, hence an attempt was made to explore the sandbar dy-
namics over the last four decades and establish their relation with navigational channels and adjacent

Miramar beach.

In this study, we employed a remote sensing approach in conjunction with in-situ observations to val-
idate our findings. The primary objectives of this study are to gain insights into the developmental
cycle of sandbars and their relationship with the adjacent sandy beach, specifically Miramar Beach
and how this interaction is affecting the navigational channel of Mandovi estuary on a seasonal basis

and coastal communities residing on its banks.
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Fig. 1 (a) Map of Goa,1610 (modified from Goa-Queen of the East), (b) Map of Goa published by
James Horsburgh, 1812.



2 Study Area

The study area, situated on the central west coast of India, encompasses the Mandovi River Estuary,
including the sandy beaches of Miramar and Caranzalem, with coordinates ranging from latitude
15°27'0” N to 15°30'0” N, and longitude 73°45'0” E to 73°48'0” E (Fig 2). The Mandovi River, fed by
a catchment area of 1150 km? from the Western Ghats, experiences an average annual rainfall of ap-
proximately 3000 mm during the South West Monsoon (Qasim and Gupta 1981). Consequently, the
monsoon period significantly influences the concentration of suspended particulate matter (SPM) in
the Mandovi River, ranging from 3 mg/l to 158 mg/Il. Notably, the peak of high SPM coincides with
the peak of intense rainfall, which can vary from 50 mm/day to 225 mm/day within the river basin(Rao
et al. 2011). The mouth of the estuary widens to 3.2 km and gradually narrows upstream to 0.25 km
with an average depth of about 5 m over an 11 km length until Diwar Island which divides the Mandovi
River into two channels further upstream (Qasim and Gupta 1981). The tidal regime in the study area
follows a pattern, with Spring and neap tides with tidal ranges of approximately 2.3 m and 1.0 m,
respectively (Manoj and Unnikrishnan 2009). During the ebb phase of the tide, the flow is directed
southward and southwestward, while during the flood phase, it shifts towards the north and northeast.
The occurrence of high and low tides, along with the maximum current, typically exhibits a time dif-

ference of one to two hours (Nayak and Chandramohan 1989).

During the South West Monsoon, the wind, waves, and swells entering the estuary undergo substantial
changes compared to the fair-weather season. The monsoon phase is characterized by powerful wind
waves originating from the west-southwest, while the subsequent period features low swells from the
west-northwest (Murty et al. 1976). Wind direction exhibits two primary patterns: northwest during
the fair-weather period (October to May) and west during the monsoon season. Average wind speeds
tend to reach approximately 20 km/h under fair-weather conditions, increasing to 35 km/h during the
southwest monsoon. These variables ultimately govern the shoreline processes within the study area
(Kumar et al. 2006).

Offshore, in the Goa region, significant wave heights range from 0.8 to 5.1 m, with an average of 1.81
m, and wave directions vary seasonally. The primary direction of incoming waves, measured relative
to the North, extends from 170° to 320°. During the Southwest Monsoon, the waves generated in
deeper waters show variations ranging from 230° to 270°, which indicates a shift in wave direction

associated with the monsoonal conditions (Kumar et al. 2014).

Within the estuary, wave conditions change noticeably between monsoon and fair-weather seasons,

impacting wave-breaking heights. In calm weather conditions from October to May, the average wave-



breaking height ranges from 0.5 m to 1.5 m, while during the monsoon season, this height increases to

the range of 1.2 m to 2.5 m (Nayak and Chandramohan 1989). Off Miramar Beach, the currents typi-

cally have an average speed of around 0.25 m/s, with localized areas experiencing higher velocities of

up to 0.44 m/s. These currents predominantly flow in a south-southeast direction (Nayak and

Chandramohan 1989; Yadhunath et al. 2014). These variables ultimately govern the coastal processes

within the study area.
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3 Material and methods

3.1 Satellite observation

Fig. 2 Study area

The investigation into shoreline change, sandbar formation cycles, and the presence of unified sand-
bars employed Landsat (1-5 TM & 8 OLI), Sentinel 2A, and ALOS PALSAR images, accessible from

https://earthexplorer.usgs.gov/,
tasets/daac/alos-palsar/, respective

https://dataspace.copernicus.eu/,

ly.

and https://asf.alaska.edu/da-


https://earthexplorer.usgs.gov/
https://dataspace.copernicus.eu/
https://asf.alaska.edu/datasets/daac/alos-palsar/
https://asf.alaska.edu/datasets/daac/alos-palsar/

Shoreline change analysis utilized Landsat (1-5 MSI & 8 OLI) and Sentinel-2 satellite imagery for the
fair-weather season (January to May) spanning from 1975 to 2023, with detailed specifications out-
lined in Table 1. These satellites are renowned for their high-resolution imagery, frequent revisit cy-
cles, and specialized spectral band designations, as detailed in Table 2. Over the past decades, numer-
ous studies have been conducted by various researchers using satellite data to derive shorelines. These
derived shorelines have been applied to study various aspects of coastal geomorphology, such as
coastal monitoring, shoreline evolution and dynamics, shoreline management and planning, and
coastal vulnerability assessments. (Biswas et al. 2024; Hossain and Saha 2024; Jiang et al. 2021;
Palanisamy et al. 2024; Rahbani and Ghaderi 2024; Xu 2018; Xu and Gong 2018).

Preprocessing and layer stacking procedures were applied to the acquired satellite images to develop
false color composites (Red, Blue, Green, and Infrared bands) using ERDAS Imagine 2014 software.
This involved stacking specific bands for each satellite — bands 4, 5, 6 for Landsat 1, bands 1, 2, 3, 4
for Landsat 5, bands 2, 3, 4, 5 for Landsat 8 OLI, and bands 2, 3, 4, 8 for Sentinel 2A — to delineate
the shoreline, i.e., the land-water interface at the time of image capture. Tidal conditions were kept
consistent by selecting satellite images corresponding to a mean tide level of 0.49 + 0.1 m, with a
maximum of 0.56 m and a minimum of 0.36 m (Table 1). Shorelines were manually digitized from
satellite imagery acquired during this tidal range, coinciding with the satellite's overpass at approxi-
mately 11:00 AM IST. All satellite images selected were during the fair weather season on the central

west coast of India, spanning from January to May (pre-monsoon period).

To assess shoreline changes, digitized shorelines were analyzed alongside landward baselines and
transects established at 50 m intervals, utilizing the Digital Shoreline Analysis System (DSAS), an
ArcGIS extension dedicated to geospatial analysis. Net Shoreline Movement (NSM) was calculated
using DSAS to quantify shoreline dynamics by calculating the distance between the oldest and young-
est shorelines.

Additionally, as part of the areal change analysis, polygons were manually digitized for both sandbars
and adjacent beaches, specifically focusing on Miramar beach, for various years ranging from 1975 to
2021. This process allowed for the examination of the relationship between the sandbar area and the

beach area to comprehend variations over time.

Subsequently, The ALOS PALSAR microwave image was utilized to identify sandbars during the
monsoon season to overcome cloud cover limitations. The tide condition was consistent with those
used for optical imagery. The image underwent preprocessing steps, which included radiometric cali-
bration, geometric correction, and speckle filtering. These procedures were implemented to enhance



the quality and accuracy of the image data. SAR intensity values, typically depicted in a linear scale,
were then converted to a logarithmic scale represented as 60 (dB), reflecting the radar backscatter
coefficient. These 60 values served as essential indicators for identifying wave breaks, which helped

identify the closure of channels within the studied area and the presence of a submerged shoal.

Table 1 Details of the data set used

Satellite Date of pass| Tide during the| Spatial resolution | Temporal resolution
satellite pass (m) (m) (Days)

Landsat 1 20-03-1975 0.37 80 18
18-03-1990 0.50 30
03-04-1990 0.48 30
08-04-1992 0.47 30
Landsats TM 154041902 053 30
11-04-1993 0.47 30
27-04-1993 0.53 30
30-04-1994 0.43 30
21-04-2014 0.47 30

10-05-2015 0.53 30 16
29-01-2019 0.52 30
14-02-2019 0.46 30
Handsat 8 0Ll o 032020 051 30
22-02-2022 0.50 30
25-02-2023 0.47 30
13-03-2023 0.54 30
24-02-2018 0.36 10
26-03-2018 0.54 10
Sentinel 2A 15012019 0.54 10
25-04-2019 0.56 10

15-03-2020 0.37 10 S
14-04-2020 0.41 10
03-02-2021 0.54 10
04-05-2021 0.48 10

ALOS PALSAR | 07-09-2010 0.48 20 46
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Table 2 Band details for the dataset used.

Satellite Band details Wavelength Resolution Polarization
(mm) (m)
Landsat 1 Band 4- Green 0.5-0.6 80
Band 5- Red 0.6-0.7 80
Band 6- NIR 0.7-0.8 80
Landsat5 TM Band 1-Blue 0.45-0.52 30
Band 2- Green 0.52-0.60 30
Band 3- Red 0.63-0.69 30
Band 4- NIR 0.76-0.90 30
Landsat 8 OLI Band 2-Blue 0.450-0.51 30
Band 3- Green 0.53-0.59 30 -
Band 4-Red 0.64-0.67 30
Band 5- NIR 0.85-0.88 30
Sentinel 2A Band 2- Blue 0.490 10
Band 3- Green 0.560 10
Band 4-Red 0.665 10
Band 8- NIR 0.842 10
ALOS PALSAR L- Band 23.5¢cm 20 HH+HV

*TM- thematic Mapper, OLI-Operational Land Imager, NIR-Near Infrared

3.2 In-Situ Observation

For volumetric analysis, we utilized beach profile data for selected transects sourced from the CSIR-
National Institute of Oceanography's data archives for the year 1999, spanning from February to De-
cember. Data was collected using an auto-level and a levelling staff to measure the elevation of the
shore at regular 5 m intervals during the low tide of the respective month. The measurements for two
specific locations, M4 (15° 28.970'N, 73° 48.480'E) and M5 (15° 28.820'N, 73° 48.480'E) as shown
in Figure 4(a). These profiles were augmented with satellite observations to enhance accuracy and

coverage.

Additionally, three bathymetry surveys were conducted in January (post-monsoon), May (pre-mon-
soon) and September (monsoon) 2023 using a CEESCOPE echo sounder to evaluate changes in ba-

thymetry along the periphery of the sandbars and cross-cutting channel. The bathymetry data collected

11



during these surveys was exported as point data in comma-separated value (.csv) format. Subsequently,
this data underwent tidal correction using the Mike 21 tool -Tidal prediction of heights specifically for
Mandovi estuary. Tide-corrected bathymetry values were imported and interpolated in ArcGIS into a
triangular irregular network (TIN), and the resulting interpolated datasets for January, May and Sep-

tember were compared to analyze variations over time.
4 Results
4.1 Geospatial analysis of sandbars

Geospatial analysis is used to analyse spatial data for examining patterns, trends and relationships
between geographic information, this study spanned forty-six years, from 1975 to 2021, during which
we meticulously examined satellite images displaying both the sandbars simultaneously. To ensure
accuracy, we selected images captured during similar low tide conditions, minimizing the influence of
tidal fluctuations. Using ArcGIS software, polygons were manually digitized for different years, de-

picting sandbars and beach areas (Fig 3(a)) starting from 1975.

The results unveiled significant variations in sandbar extent throughout the study period. On May 4,
2021, the sandbars reached their maximum recorded size, covering 82.48 ha and 32.59 ha for Reis
Magos and Aguada bars respectively, whereas, on February 14, 2019, the sandbars

were at their smallest, measuring 36.68 ha and 7.14 ha respectively (Table 3). These findings shed
light on the dynamic nature of sandbar formations and their fluctuating sizes, Although the sandbars
exhibit fluctuations in their area, there has been no significant change in their geospatial location, as
illustrated in Fig. 1(b) showing a map of Goa from 1812 and Fig. 3(a), where the sandbars are repre-
sented by differently colored lines from 1975 to 2021. The sandbars have remained in the same location

over this period.

Further insights into the relationship between sandbars and adjacent beach areas were gained through
areal analysis. We established the 1975 beach and sandbar areas as a baseline, setting them at zero for

comparison purposes. By comparing subsequent measurements to the 1975

baseline, we could determine whether these areas expanded or contracted over time to identify any

patterns or trends.

Our findings showed that when the sandbars were bigger, the beach area was smaller, and vice versa.
This relationship establishes a strong link between beach erosion and sandbar growth. When the sand-

bars decreased in size, the beach expanded as depicted in Fig 3(b) and Table 3.
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These findings underscore the complex interplay between sandbar formation and changes in shoreline

morphology i.e. Miramar Beach.
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Fig. 3 (a) Spatial variations of the sand bar occurrence in the Mandovi Estuary, (b) Relation between
sandbar area and adjacent beach area.

Table 3 Changes in sandbar area vs adjoining beach area (ha).

Date Reis Magos Difference w.r.t. | Aguada Sand- | Difference w.r.t. Beach
Sandbar area 1975 (RMS) bar area 1975 (AS) area(ha)
(ha) (ha)

20/03/1975 45.57 0 19.85 0 0
18/03/1990 64.65 19.08 22.75 2.9 -2.14
08/04/1992 77.85 32.28 26.01 6.16 -0.86
14/02/2019 36.68 -8.89 7.14 -12.71 2.65
15/03/2020 54.94 9.37 18.18 -1.67 -1.52
14/04/2020 70.67 25.1 23.58 -3.73 -0.29
04/05/2021 82.48 36.91 32.59 12.74 -0.65
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4.2 Relationship between sandbars, Miramar beach and navigational channel

Geospatial analysis in section 4.1 indicates that after the monsoon season, two sandbars typically
merge and reach their largest size just before the next monsoon begins. This pattern is observed during
fair weather periods, and there's an interesting inverse relationship between the sandbars and the
Miramar beach area nearby.

While optical imagery during the monsoon doesn't show the sandbars above the water, microwave
imagery from ALOS PALSAR helped to identify wave breaks near the channel mouth, hinting at a
shoal's presence as depicted in Figure 4(a). These wave breakers result from wave interaction with
shallow areas (Oertel 1972) creating a noticeable line of breaking waves near the bar during the mon-
soon season (Pathak et al. 1991). This suggests that the channel becomes shallower during the monsoon
due to sediment which is transported from Reis Magos and Aguada sandbar along with eroded material

from Miramar beach.

To investigate sediment movement, we conducted bathymetry surveys in 2023 using a CEESCOPE
echosounder in January (post-monsoon), May (pre-monsoon), and September (monsoon). The surveys
showed that sediment volume in the channel begins to increase from May onwards. The channel be-
comes shallower, reaching its shallowest point in September. This progression is illustrated in Figures
4(b) to 4(d). After the monsoon retreats and the channel starts to deepen naturally by the river, sediment
deposited in the channel is transported back to Reis Magos and Aguada sandbar and also on Miramar

beach, replenishing them to pre-monsoon state.
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Fig. 4 (a) Unified sandbar as visible on 7th September 2010, (b) Bathymetry for January, (c) Ba-
thymetry for May, (d) Bathymetry for September

Five transects (T-1 to T-5) were taken across the channel to understand the process and it was found
that, during May, all transects indicated gradual shallowing. However, transects 4 and 5 revealed that
by September, the channel was extremely shallow, leading to high wave turbulence and wave breaking
in the study area. This shallow condition made the September survey challenging, as the channel was
too shallow for the boat to proceed, hence survey area was restricted as compared to January and May.
Nonetheless, the data showed that the surveyed region had gained sediment compared to the previous

survey, as depicted in Figures 4 (b) to (d) and 5.
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Fig. 5 Transect profiles for the Mandovi River channel.

In-situ beach profile data for two transects M4 and M5 for Miramar beach was collected from the
CSIR-National Institute of Oceanography’s data repository and was used to support the abovemen-
tioned statement i.e sediment from the channel is replenishing beach during the pre-monsoon period
and sediment from the beach is participating in the formation of the shallow bar during the monsoon
period. Data was collected involving an auto-level and levelling staff to measure shore elevation at
regular 5 mintervals during low tide each month at specific locations, M4 (15° 28.970'N, 73° 48.480'E)
and M5 (15° 28.820'N, 73° 48.480'E) as depicted in Figure 6(a). These measurements were plotted
(Figure 6 (b) and (c)) and analyzed, the plotted profiles indicate an increase in beach volume from
February to July, followed by erosion from July to September and a replenishment process post-mon-
soon, gradually returning the beach to its original state, similar to its condition during the pre-monsoon
season. This in-situ observation supported the hypothesis that sediment from both sandbars and
Miramar beach erodes and gets deposited into adjoining navigational channel. These findings are con-
sistent with observations made in 1969 and 1970 by scientists from the CSIR-National Institute of
Oceanography, as published in 1976 (Murty et al. 1976). However, they remained uncertain about the
destination and processes responsible for transporting materials from the beach. This study has brought

out those uncertainties.

Hence it is concluded that, during the monsoon season, characterized by high wave turbulence, sedi-
ment redistribution occurs, as sediment gradually shifts from the beach and gets incorporated into
sandbars. It is observed that when the beach is eroding, sandbars are increasing in areal extent and
ultimately this material gets deposited in the channel forming the unified submerged shoal in the chan-

nel. Consequently, a transportation ban is imposed on the channel for the barges and vessels from May
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to September by the Captain of Ports, Government of Goa, due to the increased risk of grounding.
After the monsoon retreats, the channel gradually regains its stream energy and undergoes natural
dredging processes, resulting in the separation of the consolidated bar into two distinct sandbars and
replenishing the Miramar beach to its original state, thus restoring navigational functionality to the
channel. This study has brought out a clear understanding of the linkage between the two sandbars,
Miramar Beach, and the Mandovi River channel by combining beach profile data, bathymetry and

satellite imagery.
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Fig. 6 (a) Benchmark locations. (b) Beach profiles for station M4, (c) Beach profiles for station M5.

4.3 Effect of sandbars on the adjacent coastline

Sandbars present on the coastline act as nature’s defence against natural extremities. They help to
dampen the high-energy waves and refract their energy. For the study area, Figures 7 (a) and (b) pro-
vide robust evidence supporting the pivotal role of sandbars in shaping wave dynamics within coastal
environments. These natural formations act as primary sites for wave breaking, a process that plays a
crucial role in inducing wave refraction and dissipating wave energy as waves encounter shallow re-
gions and deviate from their original paths into the estuary. The significance of sandbars is vividly
illustrated in Figure 7 (b) which was taken by an author of this manuscript on 11" June 2023 (SW
Monsoon period) from Reis Magos fort. It can be observed that waves from the open ocean undergo
refraction towards the Reis Magos cliff after breaking on the stoss side of the Reis Magos sandbar. A
similar wave breaking happens on the Aguada sandbar also. This refraction process leads to the crea-

tion of a more tranquil environment on the lee side of the bar.
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The presence of the sandbars in this scenario carries critical importance, as its absence would leave
the river bank vulnerable to the direct impact of high-energy waves. Without the protective barrier
provided by the sandbar, the potential consequences would include the loss of valuable land and prop-

erty encompassing Panaji City on the left bank of the estuary.
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Fig. 7 (a) Impact of the sandbar on the adjacent coastline. (b) Field photo of wave refraction near Reis
Magos and Aguada bar on 10 June 2023 (Monsoon).

A detailed shoreline study was performed spanning a period of forty-eight years, from 1975 to 2023
to understand the role of these sandbars in protecting coastlines. The cumulative shoreline analysis
(Fig 8) provides valuable and interesting insights into the dynamics of the shoreline. The findings
demonstrate a consistent pattern of substantial erosion in the Campal region, while Miramar beach
experiences relatively stable conditions over time, with the amount of sand eroded during the monsoon
season replenishing in the post-monsoon period (also visible in in-situ data in Fig 6). Additionally, the
Caranzalem beach area exhibits an overall trend of accretion, indicating a net gain of sediment in this
location. These results are quite interesting as these sandbars act as natural barriers for the coast and
do not allow high energy waves to reach the coastline, but here we observed 107 m erosion on the lee
side of the sandbar which is unusual. Hence, a secondary analysis was carried out to examine the
erosion occurring in the Campal area and to understand the causes of this erosion. The study focused
on two distinct periods: 1973-1977 and 1977-1990 (Fig 9 (a) & (b)). Surprisingly, the findings revealed
that until 1977, the Campal region experienced an accretion, which means the shoreline was gaining

land. There was a maximum gain of 63 m during this time. However, between 1977 and 1990, erosion
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was triggered, resulting in a net loss of 67 m. These results indicate that a sandbar had been protecting
the coastline as evidenced by the land gain until 1977. However, a sudden shift occurred in the 1980s,
leading to erosion. This erosion could be attributed to human activities during that period. Specifically,
the construction of a wall along the Mandovi River bank played a significant role. The presence of the
wall prevented the formation of a protective sand patch, as the waves struck the structure and reflected
with greater strength. As a consequence, a small strip of beach completely vanished by 2000, although
the specific causes of this disappearance remain unknown (Reddy 2006). The erosion in the Campal
region began in the late 1980s, but still uncertain whether the eroded sand was transported upstream

or downstream from the area (Mascarenhas 2016).

These findings emphasize the indispensable role played by sandbars in safeguarding coastal areas from
the erosive forces exerted by the ocean. By acting as natural buffers, sandbars contribute significantly
to the preservation of valuable assets and infrastructure along the coastline. Understanding and appre-
ciating the contributions of these natural features can inform coastal management strategies and aid in

the sustainable development and preservation of valuable coastal assets and infrastructure.
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Fig. 8 Shoreline change (1975-2023).
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4.4 Impact of Sea Level Variation on Mandovi sandbars

Sea-level rise is a critical factor driving the transformation of coastal landforms and processes (Fitz-
Gerald et al. 2008; Xu 2018), along with other significant contributors such as storms, cyclones, and
wave activity. During the 20th century, global mean sea levels rose by 11-16 cm (Dangendorf et al.
2017; Hay et al. 2015; Kulp and Strauss 2019). Even with immediate and substantial reductions in
carbon emissions, sea levels are projected to rise by an additional 0.5 m by the end of this century
(Bakker et al. 2017; Jackson and Jevrejeva 2016; Jevrejeva et al. 2012; R. Kopp et al. 2017; R. E. Kopp
et al. 2014; Kulp and Strauss 2019; Le Bars et al. 2017; Nauels, Meinshausen, et al. 2017; Nauels,
Rogelj, et al. 2017; Stocker n.d.; Wong et al. 2017). Under high-emission scenarios, this rise could
exceed 2 m, primarily driven by the potential instability of the Antarctic ice sheet (Bakker et al. 2017,
R. E. Kopp et al. 2014; Kulp and Strauss 2019; Nauels, Meinshausen, et al. 2017; Nauels, Rogelj, et
al. 2017; Wong et al. 2017). The sea-level trend for Goa was derived from the Permanent Service for
Mean Sea Level (PSMSL) database for Mormugao port (Fig. 10). The data indicate a significant and
accelerating rise in sea levels, with an increase of approximately 222 mm over the past 52 years. Rising
sea levels are also affecting ocean wave dynamics, as wave power is influenced by both sea level
increases and fluctuations. Coastal regions are already experiencing enhanced wave power and inten-

sified longshore currents, which are accelerating coastal erosion (Sreelakshmi and Bhaskaran 2023).
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This phenomenon is likely contributing to the long-term erosion of sandbars which have persisted in
the estuary for over 200 years. These sandbars may eventually disappear, leaving the city increasingly

vulnerable to high-energy monsoonal and storm-driven waves.
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Fig. 10 Observed annual sea level at Mormuao port, Goa

5 Discussion
5.1 Morpho-dynamic Interaction of Sandbars and Adjacent Shoreline

Geospatial analysis reveals valuable insights into the dynamic nature of sandbars and adjacent beach.
The comparison between sandbar areas and beach areas establishes a strong inverse correlation be-
tween beach erosion and sandbar growth. The findings indicate that the sandbar area increases when
the beach area decreases, and vice versa. These observations highlight the intricate interplay between
sandbar formation and changes in shoreline morphology and emphasize the significance of under-

standing the dynamics at other similar locations.

The shoreline changes spanning forty-eight years have revealed interesting patterns of erosion along
the left bank of the Mandovi River. It became evident that erosion in this area began to occur around
the 1980s. Prior to that, the region was experiencing accretion, this was largely due to the protective
nature of the sandbar which had safeguarded the area. However, the erosion phenomena marked a
significant shift in this pattern. One contributing factor to the erosion in the Campal area appears to be
the presence of a wall along the Mandovi river bank. This man-made structure has likely played a role
in triggering the erosion process. These contrasting shoreline changes observed during different peri-

ods highlight the importance of ongoing monitoring and research efforts.

21



5.2 Interplay Between Sandbars and Mandovi Navigational Channel

These sandbars in Goa hold great significance for the state's tourism and economy as well. On one
hand, they serve as natural barriers that indirectly protect coastal structures and contribute to the safety
of tourism and the coastline. On the other hand, they pose serious risks to fishing boats, tourist cruise
ships, barges, and vessels transporting oil, iron, and manganese ores during monsoon season. Sedi-
ments from these sandbars along with eroded material from Miramar beach get deposited in the navi-
gational channel forming a unified shallow shoal leaving the channel unfit for navigation until mon-
soon retreats. The area serves as a vital maritime route for heavy barges transporting iron and manga-
nese ores to the nearby port, as well as for fishing boats. Historical records indicate that numerous
ships have been wrecked while crossing the sandbars in the Mandovi River. During the Portuguese
period, Aguada Bay served as a shelter and refuelling stop for ships, travelling to Old Goa and Portugal
(Sila Tripati et al. 2014). Even in the present day, the Malim Jetty continues to serve as a shelter for a
considerable number of fishing trawlers, highlighting the need to study these sandbars. This area is
utilized for fishing, commercial, and leisure tourism purposes. Unfortunately, recent incidents involv-
ing the grounding of fishing trawlers and cruise ships have resulted in oil spills and the accumulation
of debris on beaches. These unfortunate occurrences have had detrimental effects on tourism and the
transportation of vessels carrying iron and manganese ores through the channel. It's important to men-
tion that mining is a highly profitable industry in Goa, making a substantial contribution to the state's
gross GDP. In the year 2013-14 alone, the mining industry accounted for an approximate value of Rs.
2,03,482 lakhs (Ministry of Micro Small & Medium Enterprises. 2015). These sandbars pose a serious
threat to these barges carrying ores during monsoon. Consequently, this issue poses a substantial chal-
lenge that needs to be addressed urgently. In this regard, a better understanding of the morphological
seasonal dynamics of these sand bars has great value as it directly throws better light on the under-
standing of local coastal processes.

5.3 Societal Relevance of Mandovi Sandbars in Changing Climate

The study provides comprehensive insights into the seasonal variability, geospatial dynamics, shore-
line changes, and impacts of sandbars on coastal navigation and environments. The findings highlight
the importance of understanding sandbar formation and their roles in coastal protection as with in-
creasing population coastal regions are under stress. Communities with unorganized human activities
are encroaching on the extremely fragile coastal stretches. In today's world, with climate change hap-
pening all around us, even natural features like these aren't immune to its effects. Scientists have been

studying different areas in India extensively to understand the impact of climate change (INCCA 2010;
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IPCC 2004; Murali et al. 2013; AS Unnikrishnan et al. 2010). These studies have focused on under-
standing the changes in climate and their consequences for different regions. Along the Indian coast,
researchers have specifically examined the alterations in shorelines and the vulnerability of coastal
areas (Murali et al. 2009, 2010, 2013; Murali and Dineshkumar 2014). With climate change, there is
an increased likelihood of more frequent tropical cyclones, which pose a significant threat to coastal
communities. During these cyclonic events, surges and sea levels are expected to rise with a 1.29 mm/y
average regional sea level rise (Unnikrishnan and Shankar, 2007), exacerbating the potential damage
and risks faced by these regions (Murali and Dineshkumar 2014; A Unnikrishnan et al. 2006). The
sandbars along the coastline play a critical defensive function for the coastal communities and the
surrounding environment in the face of these threats. By serving as barriers, these two geographical
features lessen the effects of risks brought on by climate change. Sandbars help to lessen the intensity
of storm surges by dispersing the energy of approaching waves while also protecting coastal towns
from erosion and flooding. The durability and efficiency of these sandbars are threatened by the chang-
ing climate, though. With an observed sea level rise of 222 mm over the past 52 years, these natural
barriers face the risk of erosion and degradation, exacerbated by increasing storm activity and evolving
coastal processes. Therefore, coastal communities would be more susceptible to the effects of climate
change, including increased risks of floods, coastal erosion, and habitat loss in future. Hence, in the
context of climate change also, it is essential to understand sandbar’s dynamic nature and their im-

portance to the coastal environment.

The knowledge gained from this study can contribute to effective coastal management, sustainable
development, and the preservation of valuable coastal assets and infrastructure in other parts of the
Indian coast. Hence, continued monitoring and research are necessary to enhance our understanding

of sandbar dynamics and their implications for coastal ecosystems, dynamics and human activities.
6 Conclusions

This study, spanning 46 years (1975-2021), revealed significant fluctuations in sandbar size within
the Mandovi River estuary, with maximum extents of 82.48 ha and 32.59 ha for Reis Magos and
Aguada sandbars, respectively. Despite these size variations, their geospatial locations remained sta-
ble. By analyzing satellite images and in-situ data, it was observed that sandbars undergo dispersion
and regeneration during the monsoon and post-monsoon season respectively, influencing sediment
transport and navigational safety. An inverse relationship was observed between sandbar and beach
area, where sandbar growth correlated with beach erosion and vice versa. Bathymetric surveys in 2023

confirmed sediment accumulation in the navigational channel during the monsoon, with post-monsoon
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sediment replenishing the sandbars and Miramar Beach. Additionally, the study underscores the criti-
cal function of sandbars in coastal protection, particularly in the face of climate change-induced threats.
Rising sea levels, with an observed increase of 222 mm over the past 52 years, pose a further threat to
sandbar stability, accelerating erosion. Understanding sandbar dynamics is crucial for effective coastal
management and the preservation of valuable assets and infrastructure. Continued research is essential
to address the challenges posed by climate change and ensure the sustainability of coastal ecosystems

and human activities.
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