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Abstract 

Local and regional climatic pressures influence coastal geomorphic systems on different spatial and 

temporal scales. Within these zones of variation, systems and environmental processes interact. They 

can recreate sediment movement patterns and anticipate environmental evolution. This study utilises 

a non-parametric end-member modelling analysis (EMMA) as a deterministic approach for unmixing 

grain sizes into geologically relevant populations. The aim is to characterise seasonal grain size 

distribution variation and link seasonal end members to proximal sources. A five-year analysis of 

seasonal data from 19 open-coast beaches is adopted in the North and South Goa coastal area. End-

members (EMs) are assigned based on grain size modal classes of 32 – 63 µm (EM1), 63 – 125 µm 

(EM2), 125 – 250 µm (EM3), and 250 –500 µm (EM4), corresponding to coarse silt, very fine sand, 

fine sand, and, medium sand respectively. In response to the current hydrodynamic forcings, it is 

projected that the surface sediments analysed have been reworked, sorted, and redistributed.   While 

the spatial trend of EM distribution indicates an abundance of EM2 and EM3 along the coast, the 

variability in EMs across seasons shows that the Southwest and Northeast monsoons significantly 

influence the distributions of sediments along the Goa coast, and the underlying EMs in the 

sediments bear the imprint of the interaction of these two seasons' dominant forces. 
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1. Introduction 

A thorough understanding of coastal sediments' intrinsic properties, provenance, and transport 

history is crucial due to the complexities of energy transfer in fundamental coastal processes (Blott 

and Pye 2001; Goudie 1991; Merkus 2009; Ramsey 1999). Examining the present geographical and 

temporal fluctuation of sediment characteristics within the context of known environmental factors 

(climate, tectonics, and human activities) is a requirement for extracting signals from sediments and 

reconstructing signal-related process parameters from the past (Diekmann and Kuhn 1999; McLaren 

et al. 2007; Orpin and Woolfe 1999). Sediment sorting involves the mechanical deterioration of 

grains and dynamic entrainment, transport, or deposition of grains with defined sizes, shapes, and 

densities and can be modelled as continuous fractionation processes (Le Roux and Rojas 2007). In 

earlier studies, sediments were statistically classed using parameter terms like median, mean, sorting, 

skewness, and kurtosis (Folk and Ward 1957; Friedman 1967; Passega 1964; Poizot et al. 2008; Sahu 

1964). Despite their probabilistic nature, these parameters' spatial patterns exhibit predictable 

tendencies that reveal their dependence on a particular set of energy circumstances as a function of 

time and location (Alharbi et al., 2016; Fitch et al., 2015; Parthasarathy et al., 2016; Titocan et al. 

2018). Consequently, they have been used to deduce patterns in fluvio-marine interactions in coastal 

locations (Angusamy and Rajamanickam 2006; Bhat et al. 2002; Trivedi et al. 2012). However, the 

variations in grain size statistical measures cannot fully represent sediment transport and deposition 

without considering the dynamic environment (Dietze et al., 2012; Hartmann, 2007).  

Within a sedimentary environment, diverse sediments formed inside a sediment sink indicate 

sedimentation's primary driving forces and orientations. In order to analyse these process-related 

data, individual archive characteristics are insufficient, necessitating the separation of linked 

attributes. As a result, controlling the uncertainty associated with concepts, methods, and scales is 

necessary, which might result in random fluctuations (Hartmann 2007). One of the quantifiable 

attributes is sediment particle size, which characterises sediment qualities and the processes 

connected with them (i.e., geomorphological, sedimentological, hydrological). 

End-Member Modelling Analysis (EMMA) analysis is an essential tool in sedimentology for 

detecting subpopulations within sediment grain size distributions (GSDs) that are not readily 

apparent in individual sample GSDs. End-members (EM) are sediment grain size classes associated 

with various origins and transport mechanisms (Weltje and Prins 2007; Yu et al. 2016). Therefore, 

this method is widely employed to discretise their entrainment to learn more about selected 

sediments' origin, sedimentary environment, and climatic conditions (Dietze et al., 2013; Prins et al., 

2002, 2007; Prins and Weltje, 1999). A few examples of end-member modelling approaches for 



unmixing GSDs include EMMA (Weltje 1997), AnalySize (Paterson and Heslop 2015), BEMMA 

(Yu et al. 2016), and DRS-unmixer (Heslop et al. 2007). This method has been employed in 

provenance analysis (Prins et al. 2000; Shang et al. 2016), evaluating monsoonal influence (Dietze et 

al., 2013; Hamann et al., 2008), and estimating the effects of near-bottom currents, turbidity flow, 

and storm floods (Dietze et al. 2014; Dietze et al. 2013; Hamann et al. 2008; Van Der Lubbe et al. 

2015; Zhang et al. 2013). 

The Goa coast, a 130-kilometre-long coastal plain that runs between the Western Ghats and the 

Arabian Sea, is the northernmost extension of the Western Coastal Plains of India (Kunte et al. 

2014a; Nadaf, 2019). It is divided into fundamental morphological units, including a vast stretch of 

lowlands adjacent to the coastal plain, low dissected denudational hills and tablelands to the east, and 

severely dissected high Western Ghats denudational hills that span the district's easternmost half 

(Kunte et al. 2014a). The rocks below define the drainage system with a characteristic dendritic 

pattern (Central Ground Water Board (CGWB), 2013).  

Geologically, Goa comprises Precambrian and Cuddapah rocks, Sahyadri high plateaus and the 

Dharwars (quartzites, meta-greywackes, and banded hematite quartzite (Wagle 1993). The Cuddapah 

period's non-fossiliferous meta-sediments are heavily intruded by basic dykes. The Deccan Traps in 

the northeast comprise an ancient crystalline formation. The Sahyadri high plateaus, which define the 

coastline, are predominantly made up of reddish-brown sand and lateritic soil of the Quaternary age 

(Wagle 1993; Wilson et al. 2014;  Nadaf, 2019) and is marked by a notable sand-dune belt with mild 

slopes broken by crusts and troughs formed by wind and wave action (Aparna et al. 2005). Ahmed 

(1972) categorised the coastline of Goa as a "submerged rocky, indented shoreline." The geomorphic 

features of the coastline, including sandy beaches, rocky beaches, sea caves, estuaries, mangroves, 

bays, headlands, cliffs, hills, corals, ports, harbours, and coastlines, are indicative of the marine 

erosional and depositional processes that occur there (Nadaf 2019).  

Oceanographic changes on the central west coast of India occur seasonally: the Southwest monsoon 

(SWM; June–September) and Northeast monsoon (NEM; October–January) monsoons and Pre-

monsoon (PRM; February–May) (Kumar et al. 2006; Dwarakish et al. 2009; Anoop et al. 2015; 

Fernandes et al. 2018). Wind and wave patterns vary substantially by season, with a humid tropical 

environment marked by abundant rainfall (about 87%), high humidity, and massive river runoff 

during the southwest monsoon (Chempalayil et al. 2014). Zuari (ZR) and Mandovi (MDV) estuaries, 

as well as Baga, Chapora and Sal rivers, are vital drainage systems along the Goa coast with high 

monsoonal discharge (Shetye et al. 2007; Manoj et al. 2009; Kessarkar et al. 2010).  



The wind blows in the southwest direction during the SWM, and the waves are swells with periods 

ranging from 8 to 10 seconds (Shanas & Sanil Kumar, 2014). The MDV and ZR rivers flow roughly 

around 20 m3/s in the NE monsoon, which is minuscule compared to the 400 m3/s discharge during 

the SWM (Niraj et al. 2015). Their neap and spring tide amplitudes range from 0.25 to 2.3 metres 

(Chandramohan et al. 1998; Sundar and Shetye 2005). River mouths complicate sediment 

interaction. As a result, there is a significant influx of terrigenous sediment to the coast via runoff 

from these rivers (Suprit and Shankar 2008). Shah et al. (2020) reported that river-derived clays 

dominate the nearshore areas (mean annual sedimentation rate of 0.26 cm) up to 30 m, 20 kilometres 

from the coast. Additionally, headland erosion (wave energy convergence) and offshore (sea 

transgression, particularly during storm waves and other episodic events such as cyclones) also 

constitute sediment sources along this coast (Loveson et al., 2014). Longshore currents along this 

coast alternate between NE and SW monsoons (Seelam et al. 2014). The  SW, which is the more 

energetic, prevails over longshore sediment transport; hence, before and during the NE monsoon, 

longshore sediment movement trends southwards, but during the SW monsoon, it trends northward 

(Jayakumar et al. 2001).  

Numerous aspects, such as seasonal fluctuations in beach profiles, longshore sediment transport, and 

hydrodynamics, have been meticulously investigated on the tropical beaches of India's central west 

coast (Jayakumar et al., 2001, 2002; Seelam et al., 2014; Wilson et al., 2014). According to reports, 

the significantly enlarged SWM is the driving force behind coastal dynamics in this region; hence the 

beaches along this coastline experience sediment dynamics as a result of locally generated and 

monsoon-generated wind waves (Amrutha et al., 2015; Anithamary et al., 2011; Chandramohan et 

al., 1992; Shetye et al., 2007). Wave refraction (Veerayya et al. 1981a), remote sensing, 

geomorphologic indicators (Kunte 1994; Dholakia et al. 1995; Orzech 1997; Jayakumar et al. 2001), 

numerical modelling (Prakash et al. 2021), and descriptive sedimentological techniques have all been 

used to study sediment transport along this coastline (Loveson et al., 2014; Veerayya, 1972; 

Veerayya & Varadachari, 1975; Wilson et al., 2014). Veerayya (1972) investigated the textural 

properties of sediments, changes in beach topography, and sediment transport and distribution along 

and across Calangute beach. Similarly, Veerayya & Varadachari (1975) explained sediment transport 

along the coast based on grain size data, environmental factors influencing beach deposits, and 

Calangute beach dune sediments. The investigation revealed the significance of the grain size 

criterion in the definition of beach zones. The observed variation in grain size features of the 

sediments (medium to coarse sands) can be related to the prevalent transport, erosion, and deposition 

processes in the studied area.  



Veerayya et al. (1981a) conducted wave refraction measurements for waves striking Colva beach at 

various times. As a result of the influence of the major currents and the related circulation pattern in 

the surf zone, most of the sediments of Colva Beach were recirculated between the two 

promontories. Calangute and Colva beaches have also witnessed annual cyclical morphological 

changes (Veerayya et al., 1981b). These beaches reach their maximum sediment storage capacity 

during PRM, at which point the onset of the SWM winds and wave conditions produces a rapid pace 

of erosion, followed by a slower rate for the remainder of the monsoon season. Until August, when 

the beaches have the least amount of silt deposition, erosion occurs. Due to the wave climate, the 

beaches progressively recover during the NEM and winter months. These results are upheld in a 

similar study by Wilson et al. (2014). Kunte (1994) utilised topographic maps, aerial photographs, 

and Landsat images of the Goa coast to analyse the direction, size, and behaviour of longshore drift 

to distinguish between erodible and non-erodible coastal areas. According to his findings, accretion 

occurs throughout the NEM and PRM seasons, while deterioration occurs during the SWM season. 

In their examination of beach dynamics and coastal oscillations along Miramar beach, Loveson et al. 

(2014) also noticed a significant contribution from MDV derived from headland erosion of Cabo Raj 

and Aguada, offshore sources, and the hinterland. 

Generally, these findings suggested a seasonal effect on beach morphology. However, while these 

previous studies have reported on bulk sediment distributions based on descriptive statistics from a 

few beaches along the Goa coastline and adjacent areas, the provenance of these sediments has not 

been well developed. These studies have also not considered the flow-substrate (fluid-sediment) 

interaction which defines the region's hydrodynamic controls on coastal sediment dynamics.  

In this study, we incorporate EMMA into analysing the modern surface sediment dataset of the north 

and south Goa open coast beaches by examining the significance of the juxtaposition of regional 

climates on the heterogeneity of grain size distributions on the beach sediment along the Goa coast, 

central West of India over five years. We illustrate the spatial and seasonal signatures in sediment 

properties by decomposing reported GSDs into data-specific end members and categorising and 

interpreting them genetically using non-parametric goodness of fit methods in EMMA. The EMs are 

further evaluated for source assessment given proximal sources based on the average sediment grain 

size classes of the neighbouring rivers and nearshore areas. The validity of the EMMA results is 

assessed based on numerical and geological feasibilities. The study will provide index information to 

aid improved coastline management strategies. 



2. Materials And Methods 

This study covers the open coast beaches between Baga and Sinquerium in North Goa (NG) and 

Velsao to Mobor in South Goa (SG). In the region's transitional coastal-plain context, the sampling 

sites were chosen to achieve adequate geographic coverage and identify a broad selection of 

representative beaches (Fig 1; Table 1).  

The NG coastline (Baga to Sinquerim) is steep and broad, with expansive dunes around it 

(Mascarenhas 1998a; Wilson et al. 2014b). Candolim's backshore is more developed, and its berm is 

greater than Calangute Beach's. Compared to Calangute's expansive coastline, Baga beach has a 

narrow backshore with a steep shoreline (Murty et al. 1982)  

Fig 1 

— Map showing the study region in Goa (left) and the study sites along the North Goa and South 

Goa coast (right). Right: Sampling stations for North Goa (NG 1 – 8); South Goa (SG 1 – 11); 

Nearshore North Goa (NS-NG, 10m water depth); Nearshore South Goa (NS-SG, 10m water depth); 

Mandovi Upper, Middle and Lower (MDV-U, MDV-M, MDV-L); Zuari Upper, Middle and Lower 

(ZR-U, ZR-M, ZR-L).  

The SG beaches (Velsao to the Mobor Peninsula) are bounded to the north by the Zuari Estuary and 

to the south by the River Sal and are the most prominent and longest dunes belt along the coast. 

Velsao is home to modest dunes of sand. The Arossim - Mobor coastline zone contains vast 3-10 m 

high sand dunes with associated vegetation (Mascarenhas 1998). An annual hydrodynamic feature at 

Colva is an ephemeral beachfront lagoon. Degraded berms indicate that construction and sand 



mining threaten most of the shoreline along this stretch. The NG and SG coastlines are renowned for 

water sports, amusements, and beach resorts, making a study on coastal and sediment dynamics 

beneficial for public safety. 

 Table 1 — Sampling stations for North Goa (NG 1 – 8); South Goa (SG 1 – 11) 

 

Hydrodynamics 

A hindcast of ECMWF Reanalysis V5 (ERA5) data provides the Arabian Sea bulk wind fields and 

wave parameters (significant wave height (Hs), wave period (Tp), and mean wave direction). While 

ERA-Interim wind and wave data have considerable temporal variability, they perform well with 

measured counterparts (Glejin et al. 2013; Shanas and Sanil Kumar 2014a). This study estimated 

hourly averages of the bulk characteristics, using ERA5 data to characterise process-driven sediment 

distribution and correlate with regional climate and meteorology for three studied seasons across five 

years (2016-2020). for MDV and ZR rivers, river discharge rates were extracted from India Water 

Resources Information System (https://indiawris.gov.in/wris/). 

Sediment Sampling and Analysis 

Surficial sediment sampling along the Goa coast beaches was conducted between 2016 and 2020 in 

April, July and November (except in April 2018 and Nov 2020). Samples were obtained during 

spring low tide at the beach face to support Bascom's (1951) concept of a zone of active sediment 

dynamics (i.e., sampling along the high tide line, mid-tide line, and low tide line). Two sets of 

nearshore samples (NS-NG and NS-SG; taken at 10m water depth) and six riverine (MDV-U, MDV-

M, MDV-L, ZR-U, ZR-M, ZR-L) samples were obtained in April 2019 using a Van Veen grab 

sampler. 
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The beach sediment samples were homogenised and quartered to 100 g in the laboratory for sieve 

analysis. The samples were desalinated by repeatedly washing them in deionised water. The samples 

were then disaggregated with 10% hexametaphosphate, treated with 30% hydrogen peroxide to 

eliminate organic content, and dried at 65°C.  

Intermittent sieving of beach samples was carried out using a mechanical sieve shaker for 15 minutes 

with seven ASTM sieves No. 10, 18, 35, 60, 120, 230, 450 with corresponding mesh sizes of 2mm, 

1mm, 500µm, 250µm, 125µm, 62.5µm and 31.25µm. The results from this analysis were used as 

input bins for the end member modelling analysis. Even though the EMMA method requires as many 

grain-size classes as there are likely numerous end-members in a data set, it is essential to specify the 

end-member grain-size distributions by the number of grain-size classes that must be suitably 

recognised (Paterson and Heslop 2015). 

Sediment samples obtained from the riverine and nearshore areas were predominantly mud. Hence, 

the standard analytical protocol for laser particle analysis following Konert & Vandenberghe (1997), 

using the Malvern Mastersizer 2000 (measurement range of 0.02–2000 μm), was adopted. These 

results were not subjected to EM analysis to avoid conflict in experimental procedures and were 

reported based on bulk descriptive statistics.  

Bulk descriptive statistics for all analysed datasets were interpreted after Folk and Ward's (1957) 

geometric (modified) graphic measures (Blott and Pye 2001). 

Algorithm for End Member Modelling Analysis (EMMA) 

End-member modelling allows investigations into the causes of grain size variability over time and 

space that are difficult to establish using univariate grain-size data alone (Dietze et al. 2012, 2013, 

2014; Dietze and Dietze 2019). The analysis satisfies all requirements for non-negative and unit-sum 

distributions. The assessment of the geological viability of end members was performed by multi-

statistical approaches and field data to highlight the inherent variability of end members. A 

succession of GSDs from the identical depositional sequences was used to identify the EM  shape 

following Weltje and Prins (2007). To solve the mixing problem, non-parametric end member 

unmixing methods are applied thus: 

 

Where S is a matrix containing GSD end members, C is the weighting of the end members in each 

sample, and E is a matrix containing random errors, Y is the input grain-size distribution dataset, 

which consists of n grain-size distributions written as vectors of volumetric percentages increasing to 

100% (Weltje, 1997).  



This research utilised AnalySize Version 1.1.0 (Paterson and Heslop, 2015). Since AnalySize 

provides the most precise analysis, it is used to extract sediment grain size data (van Hateren et al. 

2018). Utilising a non-negative matrix factorisation (akin to principal component analysis), the EM 

distributions and their abundances are generated periodically. Individual GSD is used to estimate the 

number of EMs based on the results of EM modelling (van Hateren et al. 2018).  

3. Results  

Coastal Hydrodynamics  

For the five years in focus, the average significant wave height (Hs), wave period (Tp), and wind 

speed for the NG (SG)  coastal region were predicted to be 1.49 m (1.42 m) and 7.87 s (7.94 s), 

respectively (Fig 2). PRM and NEM months have a calmer wave climate than SWM months. The 

coastal region had more significant Hs (2.2 - 3 m) during the SWM, while the NEM and PRM had 

lower Hs (0.7-0.9 m). The wave period ranged between 6.5 and 7.7 seconds in PRM, 8.9 and 9.3 

seconds in SWM, and 6.8 and 8.6 seconds in NEM. 

Winds in the region are predominantly southwesterly, northeasterly, and north-westerly in July, 

November, and April (Fig 2).  NG and SG had stronger winds of 6–8 m/s and 5–7 m/s during the SW 

monsoon. NG experienced winds within the range of 3–5 m/s in PRM and NEM, while SG had 2–4 

m/s during NEM (Fig 2).  

Additionally, significant peaks in wind speed and Hs were observed in June 2019 (orange circle) and 

October 2019 (purple circle) (Fig 2), depicting tropical cyclones Vayu and Kyarr are a representation 

of episodic events typical of the west coast of India. 

From 2016 to 2018, the MDV and ZR rivers discharged at high rates during the SW Monsoon 

(238.67 m3/s and 24.82 m3/s) and lower rates during the NE Monsoon (13.524 m3/s and 1.553 m3/s; 

data extracted from India Water Resources Information System database). 



Fig 2 —2016 – 2020 hydrodynamic trend for the coastal region of Goa. Left: Significant wave height 

(Hs), Wave period (Tp), and Wind speed (m/s). Dashed lines: blue (SWM), green (PRM) and orange 

(NEM). Circles (orange: cyclone Vayu;  purple: cyclone Kyarr). Right: Average wind direction (°) 

for the SWM, NEM and PRM 

 

End Member modelling of Grain Size Distributions  

Estimating End Members 

Goa's coast sediments for all seasons are characterised by a wide range of particle sizes, between 

31.25 μm to 2mm, indicating a medium-grained, sandy to silty texture (Fig. 3a, 4a, 5a). As a result of 

the variable size classes, the GSD datasets are processed using EMMA. We used the AnalySize 

Software following Paterson and Heslop's (2015) definition of a good fit to calculate the coefficient 

of determination (R2) and the angular distance in degrees (Theta) based on the grain size data (i.e., if 

the R2 value is high and theta is low, then the fit is good). The goodness-of-fit statistics show a better 

fit (increasing R2) between the raw GSD spectrum and the EMs as the number of EMs increases 

(Table 2). We utilised a model with four EMs, which together explained 100% of the observed 

GSDs, to represent the entire data set. Mean modal size classes for these EMs are 32 – 63 μm (EM1), 

63 – 125 μm (EM2), 125 – 250 μm (EM3), 250 – 500 μm (EM4), (Fig. 3b, 4b, 5b). Seasonal and 

spatial fluctuations in decomposed EMs collected from sediment data sets are illustrated in Figures 

3–6. 



Seasonal Distribution of End Members 

SW Monsoon 

The EMMA of grain sizes of surface sediment samples (n = 95) during the SWM depicted a 

polymodal distribution (Fig 3a). The goodness-of-fit statistics and linear correlation is utilised to 

optimise the one to six EM model (Fig. 3b). The mean coefficient of determination for the one to six 

models is 0.99 (explaining 100% of the variance in the sample population) with angular deviation > 

0.8° for one to six EMs (Table 2; Fig. 3c, 3d). Given the opposing demands of parsimony (few EMs) 

and repeatability, the goodness-of-fit statistics suggest a four-end-member model. The EM structure 

with four-end-member loadings - EM1, EM2, EM3 and EM4, with dominant modes of 62.07 µm, 

87.78 µm, 190.34 µm and 426.32 µm, and D50 of 61.31 µm, 93.42 µm, 185.62 µm, and 466.29 µm, 

respectively, was retrieved after the analysis to comprehend the grain-size variations better. The 

corresponding size classes for the derive. EMs are represented by coarse silt, very fine sand, fine 

sand, and medium sand for EM1, EM2, EM3 and EM4. 

 

Table 2 —End-member statistics for the Goa beach stations for SWM, NEM, and PRM 
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           -  80.2
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       - 
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Fig 3 –EMMA results of grain-size data from the north and south Goa beaches during SWM (a) 

multiple grain size frequency distribution. (b) Densities of the modelled EMs (c) Coefficients of 

determination (R2) for each size class of models with 1 to 6 EMs. (d) Angular differences (in 

degrees) between the modelled and observed data for 1 to 6 EMs.  

NE Monsoon 

Surface sediment samples during the NEM season (n=75) revealed a polymodal distribution (Fig. 

4a). The goodness-of-fit statistics for this season show an overlapping 3-EM model (Fig. 4b). The 

average coefficient of determination is 0.99 (i.e., 99.9 % accounting for total sediment population 

variance) with an angular deviation of 1.1° for a one to six EM model (Table 2; Fig. 4c, 4d). The 

retrieved EMs – EM2, EM3, and EM4, corresponding to very fine sand, fine sand and medium sand 

classes have dominant mean modes of 80.21 µm, 190.34 µm, 482.97 µm, with the corresponding 

D50 of 84.35 µm, 167.51 µm and 495.93 µm. 



 

Fig 4 —EMMA results of grain-size data from the north and south Goa beaches during NEM (a) 

multiple grain size frequency distribution. (b) Densities of the modelled EMs (c) Coefficients of 

determination (R2) for each size class of models with 1 to 6 EMs. (d) Angular differences (in 

degrees) between the modelled and observed data for 1 to 6 EMs.  

Pre-Monsoon 

In PRM, the surface sediments (n=57) revealed a polymodal distribution (Fig. 5a). The discretised 

EMs for this season - EM2 (very fine sand) and EM3 (fine sand) (Fig. 5b) have dominant mean 

modes of 86.77 µm and 165.32 µm and corresponding median diameters (D50) of 92.07 µm EMs 

170.03 µm. The goodness-of-fit statistics derived for the season from one to six end-member models 

(R2 > 0.9, angular deviation > 0.2°; Table 2; Fig. 5c, 5d).   



 

Fig 5 —EMMA results of grain-size data from the north and south Goa beaches during PRM (a) 

multiple grain size frequency distribution. (b) Densities of the modelled EMs (c) Coefficients of 

determination (R2) for each size class of models with 1 to 6 EMs. (d) Angular differences (in 

degrees) between the modelled and observed data for 1 to 6 EMs.  

Spatial Distribution of End Members along Goa Coast 

The spatial distribution of sediment EMs illustrated in Fig. 6 and Table 3 shows the spatial 

distributions of the relative abundance (%) of the four decomposed EMs. SG beach sediments (VEL-

MOB) are finer than NG beach sediments (BAGA-SINQ). The relative concentrations of EM2 and 

EM3 are the most abundant on all the beaches. 

The largest concentrations of EM1 occur between SG 1 and SG 11, ranging from 3.6% to 30.56%, 

with notable peaks at SG 6, SG 8, and SG 11, ranging from 26.16 % to 30%. NG (1, 2) and NG (7, 8)  

exhibited the lowest relative EM1 concentration (<2%; range: 0.4-1.8 %). The most prevalent EM 

along the coast is EM2. Relative contents between NG (1, 2) and NG (7, 8)  depict a decreasing 

southward trend, with NG (1, 2)  having 75.6% and NG (7, 8) at 29.3%. Except for SG 6 and SG 11, 

which have lower relative contents of 38.9 and 49.2 %, the distribution of SG beaches is relatively 

uniform, ranging between 53.9% and 74.6%. 



EM3 exhibits significant availability along the coast of Goa. The relative concentrations of NG (1, 2) 

and NG (7, 8)   exhibit an increasing southward trend within the range of 21.6 and 47.1%, with NG 

(5, 6) and NG (7, 8) exhibiting high peaks. In contrast, the SG sector had relative contents ranging 

from 10.2 to 35.3%, with a peak distribution in SG 11 (35.3 %). EM4 is the rarest EM along the 

coast. The NG stretch of beaches depicts an increasing southward trend from 1.6% to 23.6%, with a 

maximum in NG ( 7, 8). In contrast, the SG beaches exhibit a negligible distribution of this EM, with 

peaks at SG 1 and SG 3 (0.3% -6.8%; average content: ~6.75 %). 

Table 3 –Relative abundance (%) of the four EMs of the beach sediments along the Goa coast. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Beach Sample Stations EM1  

(Coarse Silt) 

EM2  

(Very Fine Sand) 

EM3  

(Fine Sand) 

EM4  

(Medium Sand) 

BAGA NG 1&2 1.2 75.6 21.6 1.6 

CAL NG 3&4 1.5 56.4 30.3 11.8 

CAND NG 5&6 1.8 29.8 47.1 21.4 

SINQ NG 7&8 0.4 29.3 46.7 23.6 

VEL SG 1 3.6 54.3 35.3 6.8 

ARO SG 2 6.0 70.6 22.2 1.2 

MAJ SG 3 8.6 71.5 13.1 6.7 

BET SG 4 10.6 70.6 17.5 1.2 

COL SG 5 12.9 72.8 10.2 4.1 

BEN SG 6 30.5 38.9 26.4 4.1 

VAR SG 7 12.5 67.2 18.7 1.6 

FATR SG 8 26.6 53.9 18.6 0.9 

CAR SG 9  8.7 74.6 16.4 0.3 

CAV SG 10 10.8 66.0 22.7 0.5 

MOB SG 11 26.1 49.2 24.0 0.7 



Fig 6 —Spatial distributions of the relative abundance of (a0 of the beach sediments along the north 

and south Goa coast. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4. Discussion  

Spatio-temporal trends in EM distribution 

 

The AnalySize algorithm identifies the number of subpopulations that may contribute to sediment 

GSDs to derive unimodal EMs (subpopulations) employing genetic data from GSDs (Paterson and 

Heslop, 2015). The variations in EMs correlate to alternative mechanisms that systematically affect 

the grain-size distribution as sediment is transported and deposited from its source region (Boulay et 

al., 2007; Prins et al., 2002). 

Along the coast of Goa, we examine the impact of EM spatiotemporal signatures and EM 

subpopulation distribution on NG and SG beaches. The divergent tendencies of the derived EMs on 

the beaches of the Goa coast indicate that distinct processes influence their movement. The nearshore 

wave environment on India's central west coast is seasonal, resulting in seasonal fluctuations in mean 

grain size during the SWM (Neetu et al. 2006; Shetty and Jayappa 2020; Vethamony et al. 2009). 

Significant wave height contributes to coastal erosion by accelerating the transport of coastal 

sediment (Kunte et al. 2014a; Kumar et al. 2003). As a result, the amount of beach material eroded 

varies with wave height (Doukakis 2005). Fig 2 shows consistent wave heights and periods, with 

peak values during the SWM. These findings support ERA5 wave height (Hs) and period (Tp) 



statistics showing that the NEM had lower values than the SWM. The Goa coastline is categorised as 

moderate risk (Kumar et al. 2006) since the tidal range is relatively stable throughout the year, except 

during the SWM, the primary and significant winds blow onshore, generating cyclonic disturbances, 

which in turn modifies the coastline (Veerayya,1972; Shanas and Kumar, 2014). Van Rijn et al. 

(2001) assert that waves regulate sediment processes on sandy beaches. 

In Figs. 3b, 4b, and 5b, the surface distributions of the four-grain size derived EMs resulting from 

clastic sediment populations are represented for the SWM, NEM and PRM. Similarly, Figs. 6a – d 

and Table 3 depict the spatial distribution on the beaches along the Goa coast. These plots 

demonstrate significant spatio-temporal trends that can be interpreted to reflect recent climatic 

changes along the central west coast of India, specifically in the Goa region. 

Significantly, the observed temporal variation in SWM demonstrates an overall strong relationship 

with the reported history of morphodynamic and hydrodynamic interactions along the coast of Goa 

(Kunte et al., 2014a; Loveson et al., 2014; Shetty & Jayappa, 2020; Wilson et al., 2014). Due to the 

enhanced wind and wave regime of SWM (Kumar et al. 2017), the relative abundance of coarse silt 

(EM1) in the record along the coast, particularly in the SG region (Fig. 6a), generally follows the 

deposition via sediment turbulent flows characteristic of this season. The highest EM1 abundances 

are found at the SG beaches, with values up to ~26% following a gradual southward increasing trend 

(Fig. 6a). While this trend may not support the coastal transport pathway of the SWM season 

(Jayakumar et al. 2001), we infer that this EM proxy is likely from distal sources, most probably the 

southern Sal river which lies adjacent to the SG 11 beach (with EM1 abundance = ~26 %; Table 3). 

However, there is a rapid decrease in EM1, with negligible proportions between NG 1 and NG 8 

(below 2%; Table 3). We interpret this variable trend as resulting from transport due to the 

interaction between tidal currents and other coastal processes that define selective sorting, 

winnowing, and conveying material along the Goa coast, indicating estuary-beach sediment 

exchange via overland runoff (Oyedotun, 2016) and other viable sources including eroded materials 

from the adjacent coastal area. This is synonymous with the hydrodynamic condition during SWM 

(Fig 2). Karlekar (2015) reports a narrow beach width in SWM, accompanied by variable sediment 

sizes owing to a complex hydrodynamic regime. According to Kumar et al. (2012), an increase in 

wave height, particularly in SWM, leads to increased wave energy, resulting in increased shoreline 

erosion. Kunte et al. (2014a) have described this coastline's erosional risk, highlighting the erosion-

prone zones to support this view. Their study revealed that NG beaches have a gentle slope (0.1° - 

0.3°) and have a medium erosional risk. Similarly, they reported southern part of SG beaches (SG 4 



to SG 11), with a steeper slope (>0.3°), had a significant erosional risk, while the northern part of SG 

beaches is vulnerable to storm and sea level rise due to low coastal slopes (<0.1°). 

Considering the distinct patterns of temporal variation found in the other clastic EMs (Figs. 4b and 

5), the SWM mechanism appears to have solely influenced the silts of EM1. We hypothesise that the 

influence of SWM on the influx of these particle populations and their final delivery to the beaches 

was outweighed by the high energy controls characteristic of this season. The SWM impacts 

significantly in this environment are evident by high energy levels and increased river discharge 

compared with NEM and PRM. Studies by Sahu (1964) and other earlier studies have assumed a 

widely accepted analogy that fine sediments are winnowed during high-energy events leaving behind 

coarser materials. However, this view does not support the presence of EM 1 (coarse silt), the finest 

grain size class of the extracted EMs. Hence the actual source of this EM cannot be solely linked to 

river discharge, as we can also assume a contribution from headland weathering and erosion or 

deposition from distal sources. The latter may be likely considering the decreasing trend of the EM 

from NG (5, 6) to NG (1, 2). We can explain that with the Sinquerim Fort at NG 8, deposition of 

likely weathered EM1 is not favoured, and these materials are thereby deposited via currents 

northward to the adjacent NG beaches. The low occurrence of this EM suggests that the coastline is 

susceptible to erosion by climatic and coastal processes.  

EM2 and EM3 are dominant EMs found in all seasons and reach their peak percent-abundance 

proportions during SWM (Fig. 3b, 4b, 5b) and across all the studied beaches (Fig. 6b, 6c). We 

interpret The abundance of EM2 and EM3 in the three seasons to indicate the contemporary nature of 

the sediments, probably the interaction of the paleo-shoreline (Sahu 1964) with modern sediments 

deposited from proximal sources ( including river discharge) through the action of swash and 

backwash and associated currents along the beaches. This implies that these detrital sediments from 

variable sources likely represent changes in the prevalence of estuarine runoff transport  (Ganesh et 

al., 2013; Hegde et al., 2004; Niraj et al., 2015; Shetye et al., 2007) or processes of post-depositional 

sediment redistribution within the coast and are however not subject to seasonal climatic influences. 

Mascarenhas (1998) states that most preserved sediments along the beaches result from collapsed 

dune materials following increased eco-tourism and human activities along the south Goa region. 

The SG stretch of beaches is semi-embayed between headlands. The beaches are primarily low-

angled with a history of sand-dune morphology (Mascarenhas, 1998b, 1999). Hence, this semi-

protected geomorphic structure also gives credence to preserving the fine sand EMs (EM1, EM2, and 

EM3) in the SG sector. 



Different mechanisms might control changes in the (relative) quantity of EMs along the coast. First, 

SWM may accelerate the influx of fine sand sediment from estuarine runoff, followed by coastal 

erosion along the southern axis of the beach and deposition in the northern direction. (Jayakumar et 

al. 2001; Seelam et al. 2014). This is because strong winds can resuspend the bottom material, and 

the current speed is adequate to carry the sandy particles by saltation and suspension (Lamy et al., 

2015; McCave and Andrews, 2019; McCave and Hall, 2006; Chen et al., 2013). Inversely, during 

NEM, eroded materials are transported and redeposited southwards (Jayakumar et al. 2002). The 

absence of the finer EM1 indicates winnowing and subsequent erosion at the onset of NEM, leaving 

EM2, EM3, and EM4 (Fig. 4b). The continuous erosion during NEM, as inferred from the rapid and 

prominent decline in EM4 abundance shortly after the start of the PRM (Fig. 5b). Hence, we can 

surmise that EM 2 and EM 3 which are prevalent during PRM represent the fractions that climatic 

drivers do not influence. This view is supported by the spatial prevalence on all the beaches (Fig 6b 

and 6c). These episodes of synchronous erosion, redistribution, and redeposition are evident in the 

preservation of the EM2 and EM3 in the coast's sediments in an entire climatic cycle. As  Dietze & 

Dietze (2019) and  Joevivek & Chandrasekar (2017) note, the insufficient separation of the two 

respective source populations of fine and very fine fractions by the EM modelling may also 

contribute to the similarity with trends in EM 2 and EM3 across the seasonal cycle. 

The coarse-grained EM4 fraction is the least abundant of the four clastic EM fractions (Fig. 6d). To 

explain the occurrence of this EM, we examine two likely scenarios:  (i) a reflection of erosional 

input from the headlands during SWM. (ii) a representation of the prevalence of coarser fractions as 

a response to an erosional setting that washes away the fine and very fine sands fractions due to an 

increase of energy in waves and wind regime of the SWM and redistribution during NEM. EM4 

proxy distribution in the first scenario is consistent with Karlekar's (2015) views suggesting a 

possible contribution of weathered headland material to the coastal beaches of Goa during intense 

wave activities in SWM. As seen in Fig 6d, it is observed that though this EM proxy is found in low 

concentrations along the coast (table 3), it has significant peaks in NG (7, 8) and SG 1, which are 

close to the adjacent headlands. However, the highest proportions of EM4 occur during NEM, which 

can be attributed to when redistribution occurs after erosional activities characteristic of SWM (Fig 

4b). These findings, however, contrast with past assumptions suggesting an extensive SWM erosion 

and NEM deposition. For example, a study by Rajasekaran et al. (2014) showed that beaches in Goa 

erode during the SWM and accrete during the non-monsoon (PRM and NEM). Their research also 

found that morphological changes in NG (3, 4) and SG 5 have an annual cycle with the most 

significant sediment deposit in PRM. The researchers suggest that low-energy wave regimes during 



the NEM and PRM help slow down beach erosion induced by the SWM. In contradiction to their 

views, the spatio-temporal distribution of retrieved EMs in this study reveals the interchangeable 

erosion and deposition events in both SWM and NEM. Studies by Jayakumar et al. (2001, 2002), 

Seelam et al. (2014), and Kunte et al. (2014a) give credence to these views with insight into 

longshore transport pathways along this coast. It is, however, not conclusive, using only grain size to 

attribute primary sources without information on their mineral composition. Hence, this study is an 

index study to guide more extensive research and trace a proper sediment transport pathway for this 

region. 

Source sediment contributions 

Modern sedimentary patterns, which Weltje & Prins (2007) termed dynamic populations, result from 

sedimentary sources and hydrodynamics; hence geologists compare the grain size of EMs to 

proximal sources(van Hateren et al. 2018). Although grain sizes vary between provenance regions, 

Due to dynamic environmental conditions, GSDs can be detected in numerous sedimentary sources 

with overlapping ranges, making it hard to identify origin based on grain size(Yu et al. 2016; van 

Hateren et al. 2018; Meyer et al. 2020; de Mahiques et al. 2021; Liu et al. 2021). 

EMMA can reflect a variety of sedimentary and hydrodynamic sources and settings to recover grain 

size information for sediments produced and influenced by varied dynamic populations. In order to 

gain a better understanding of the physical significance of the dynamic populations of unique EMs, 

this data includes information about the local dynamic sedimentary environment rather than relying 

on the broad descriptive assessments typically used when investigating dynamic sedimentary 

environments. As an alternative to clay-silt-sand triangulation diagrams, EMs distributions can more 

accurately portray distinct sediment ranges within sedimentary regions. This technique works well 

for the Goa coast because decomposed EM proportions can accurately characterise MDV and ZR 

estuary ranges and variations; thus, this methodology is selected for analysing provenance and 

sedimentary processes. 

The estuaries MDV and ZR, which are bounded at the mouth by prominent headlands, drain about 

69% of Goa's geographic area and significantly influence the beach platform, sediment transport and 

morphodynamics (Karlekar 2015). Annually, the MDV and ZR estuaries discharge detritus 

transported along the coast by longshore currents (Shah et al. 2020). The MDV and ZR rivers have 

significant discharge rates of  238.67 m3/s and 13.524 m3/s during the SWM and NEM. The 

considerable rainfall and heavy discharge that facilitates quick transport of weathered materials from 

these estuaries and other rivers along the central west coast of India during SWM has constantly 



supplied sediments to India's central west coast (Murty et al. 1982; Sundar and Shetye 2005; Shetye 

et al. 2007). Aeolian inputs are reported to have a negligible effect on the sediment of the Goa coast 

(Shah et al. 2020). Granulometric variations in the MDV and ZR estuaries indicate the presence of 

the estuary's diverse flow pattern (Yasin et al. 2016). The differential sorting process of sediment 

transit as a result of fluctuating mean discharge, flow velocity, and seasonal variation, which results 

in polymodal grain distributions, can be employed to explain the variation in mixed sediment particle 

size in the deposited along the coast (Yasin et al. 2016; Kumar et al. 2017; Pradhan et al. 

2022). Shetye et al. (2007) reported strong winds (4-7 ms-1) and wave periods (8 secs – 10 secs) and 

tidal currents (⁓2.5 ms-1), and heavy swells during SWM as the significant flocculation drivers for 

resuspension of sediments in MDV and ZR, which are transported to the coast and nearshore areas 

due to high discharge rate (Kessarkar et al. 2010; Fernandes et al. 2018). 

In this regard, recent sediment samples in this coastal area were taken from 10 m depth in the 

nearshore sections of NG and SG and the MDV and ZR river estuaries for source assessment with 

average EM abundances from the three seasons. Due to few samples, we opted not to perform a 

separate end-member investigation on them. Table 4 summarises particle size distributions from 

these sources.  

According to Fig. 7a, a potential sediment exchange interaction exists between EM1 (~62µm)  and 

MDV-L (~52 µm ) estuary mouth sediments, both of which belong to the coarse silt grain size class. 

Similarly, the primary mode of the bimodal MDV-M (~125µm) is closely related to the modal class 

of EM3 within the fine sand range (190µm). While MDV-M may be located at a more active part of 

the estuary, favouring fine sand (125um), the occurrence of this size class represented by EM3 

cannot be conclusively said to be from this source. This is because the abundance of finer sediments 

at MDV-L may not allow for the outflow of this EM to the coast; hence the source of this EM can 

only be verified through geochemical analysis and provenance analysis. 

Table 4 —Particle size distribution of nearshore and estuarine sediment sources to the Goa coast 

 D50 (µm) Mean (µm) Sorting  Skewness  Kurtosis  

MDV-U* 12.24 14.03 3.93 0.11 0.98 

MDV-M 237.81 125.01 4.61 -0.64 1.99 

MDV-L 59.95 51.79 3.95 -0.18 1.01 

ZR-U 13.70 15.72 3.63 0.08 0.79 

ZR-M 42.72 45.18 6.98 -0.02 0.65 

ZR-L 76.26 65.27 4.24 -0.21 0.93 

NS-NG 4.35 4.93 - - - 

NS-SG 4.42 5.12 - - - 



* Mandovi upper -MDV-U; Mandovi middle - MDV-M; Mandovi lower - MDV-L; Zuari upper - 

ZR-U; Zuari middle ZR-M; Mandovi lower - ZR-L; Nearshore North Goa - NS-NG; Nearshore 

South Goa - NS-SG 

The EM dispersion is unaffected by MDV-U sediments. There is a correlation between the average 

mean modes of the EM2 (85 µm) and ZR-L (65 µm) deposits, which are composed of very fine sand, 

as shown in Fig. 7b. The bimodal ZR-M coarse silt mode correlates similarly with the lower EM1 

mode, as is the case with the nearshore sediments (~ 5µm) depicted in Figure 7c, which performed 

poorly compared to the prescribed EMs around the coast. EM3 adequately represents the fine-

grained bimodal subpopulations of the ZR-U and ZR-M sediments. 

As shown by the grain size frequency curves (Fig. 3a, 4a, 5a), sediments are distributed over a broad 

spectrum of medium sands to coarse silt, and the selected end members depict this with 

representative peaks within this spectrum. Similarly, the bimodal populations discovered in MDV 

and ZR samples replicate the complicated sediment exchange between marine and estuarine 

environments (Lee et al. 2011). Figures 7a, b, and c demonstrate that the varied sediment sources are 

linked to riverine/inland and offshore sources. The relationship between EM1, EM2, and EM3 to 

MDV and ZR lower estuary deposits can be attributed to the SWM's enhanced ebb-tidal discharge, 

which transports a vast proportion of sand-sized materials combined with weathered sediments from 

the river drainage basin to the coast as unconsolidated sediments (Shetye et al. 2007; Kessarkar et al. 

2010; Fernandes et al. 2018). 

 

 

 

 

 

 

 

 

 

 

 



Fig. 7 —Overlay plot of the grain-size distributions (GSDs) of representative source sediments (a) 

MDV sediments (n =3) (b) ZR sediments (n =3) (c) Nearshore sediments (n =2). The plot of all 

observed GSDs (dotted lines) of the source sediments overlain with the three-season average of the 

four retained EMs (coloured straight lines), explaining 99.9% of the variance in the beach sediment 

datasets.  

Deepti et al. (2007) reported considerable monsoonal deposition of fines (clay and silt) from the 

MDV and ZR rivers due to the prevailing ebb tidal asymmetry of the river. Previous research 

suggests that the net longshore drift, which is northerly during SWM, and southerly in NEM, is 

responsible for transporting these EMs along the coast (Neetu et al. 2006; Seelam et al., 2014; 

Shanas & Sanil Kumar, 2014b). However, there is a paucity of information regarding net longshore 

trends along this coast during PRM.  

EM4, the coarser end of the represented size classes, can be linked to weathering of the headlands 

(Karlekar, 2015; Wilson et al., 2014) and short-distance travel from the source to the coastline 

through combined wave refraction and longshore current. Their prevalence along the beaches, 

particularly in NG (7, 8) and SG 1 attributed to their proximity to headlands (Fig. 6d). Consequently, 

it can be inferred that these EMs reflect changes in the transport capacity of inflowing rivers as well 

as hydrologic events related to wind/wave erosion or an increase in the vicinity of the sediment 

source. The EM distributions further corroborate the concept that the sedimentary regime along this 

coast is controlled by the sediment transport capacity of inflowing streams due to their increased 

velocity and discharge. 

It is important to note that beach slope changes can transport sediment from nearshore bottom areas 

(where most discharged materials settle first) to the coast. The occurrence of such beach slope 

alterations has been recorded by Loveson et al. (2014), who also related the alteration of the beach 

slope to seasonal variations. This occurrence is not included in the present discussion because the 

clay-like sediments from the nearshore (NS-NG and NS-SG) did not correspond with the derived 

EMs (Fig 7c). However, if the nearshore area is considered a temporary source during SWM or at the 

peak of episodic events, such as cyclones, perhaps EM1 can be seen as a product of the mixing of 

nearshore mud with beach sands 

Erosional and depositional evidence abounds for SWM and NEM in the distribution of EMs. The 

study suggests that the transportation and depositional processes of the surface sediments along the 

coast are controlled by the hydrodynamic process operating in these sub-environments. This 

investigation generated well-resolved EM seasonal and spatial limits, and the results are more 



reasonable and reliable than classifications based on sediment type or sediment content from 

previous research. 

Since the bulk of sediments deposited on these beaches cannot be conclusively attributed to 

discharged materials from the rivers, considering that most of the transported material may be 

deposited in pocket beaches surrounding the headlands. Hence we suggest a contribution of 

deposited material from distal sources via longshore transport, with more evidence from geochemical 

studies, which can be applied to different coastal settings over varied regional scales. 

5. Conclusion 

The surface sediment component of a five-year record of Goa's coast gives valuable information on 

process-driven environmental changes. This study aims to understand better ocean–coastal–

fluvial/hinterland interactions in India's Central West coast. The southwest monsoon controls rainfall 

in the sediment source region, driven by climate variability. 

We provide a non-parametric end-member algorithm. By merging several EMMA iterations with 

similar probabilities, we identified resilient sediment components from an existing detrital system on 

the Goa coast. In each statistically robust EM, a discrete particle population linked with a particular 

sort of contemporary source material is shown. EMMA detected four substantial grain-size EMs 

indicating the coarse silt (EM1), very fine sand (EM2), fine sand (EM3), and medium sand (EM4) 

classes.  

The highest variability of the beach sediments is evident during stormy coastal conditions in SWM 

when beaches receive sediment from waves of high steepness and significant river drainage from 

MDV and ZR. The occurrence of EM4 in NEM suggests that this season's calm coastal conditions do 

not support the resuspension of fines or winnowing activities but are likely indicative of erosion of 

fine and very fine sand at the NG beach arch during SWM, with no recovery of fine sediment 

materials during NEM. Similarly, the absence of EM1 and EM4 during PRM suggests a period of no 

deposition and erosion. The prevalence of sediment variability within the decomposed EMs suggests 

continuous reworking, depicting the flow characteristics and high-energy environment. Only two 

components of our beach system remain constant, namely the very fine sand and fine sand EMs, 

inferred to be contemporary beach sediments.  

This study shows that EMMA can identify diverse EMs that directly represent sedimentary sources 

and infer spatiotemporal patterns compared to standard approaches to investigating dynamic 

environments that rely on sediment grain size-types or contents. EMs with stronger connections to 

sedimentary sources can more precisely depict local and regional sedimentary settings and have 



significant theoretical and practical implications. These results give a quantitative measure for 

evaluating the response of sediment particle size to sediment provenance and sedimentary 

environment dynamics. It also lays a foundation for more detailed long-term data collection with a 

deeper look into the geochemical constituents in the source samples and EMs. Hence, to further 

improve EM modelling, adding grain-size components and geochemical data for specific grain-size 

fractions will aid in understanding sediment dynamics and defining sediment proxies for tracing a 

proper interseasonal sediment transport pathway. Understanding sediment along Goa's coast will 

help develop coastal management strategies.  
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