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Abstract
The Gross Domestic Production (GDP) of Sri Lanka is based on the agricultural sector, and it is approximately 8.36%. Therefore, the degradation of productive agricultural lands due to various reasons is a major critical problem for the economy of a developing country like Sri Lanka. Saltwater intrusion is one of the major causes of land degradation along the coastal belt of Sri Lanka. Benthara lowland corridor is affected by high levels of salinity intrusion and about 80 percent (2279 ha) of productive agricultural lands have been abandoned due to this issue. This analysis is important in the prediction of future land degradation areas due to tidal rise, rainfall, river discharge, and Salinity. Future salinity transportation along the river needs to be analyzed to develop future salinity management strategies. Therefore, the purpose of this study is to analyze the salinity data and identify the saltwater intrusion along the Benthara River and propose suitable engineering solutions to mitigate future salinity intrusion in Benthara low land area. Salinity intrusion data more than 10 km along the Benthara River and the Rainfall of the area is analyzed. The results of the analysis are obtained graphically.
Keywords: Benthara River, Tidal Rise, Salinity Intrusion, Climate Change
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1.0    Chapter 1: Introduction
1.1
Background of the Study
Salinity intrusion is a major critical problem which faces by most countries around the world. Coastal ecosystems are among the most economically productive areas and densely populated regions in the world (Lau et al., 2019). The coastal ecosystem is the most vulnerable area due to global climate change. Major economic and environmental consequences of saltwater intrusion into freshwater aquifers and drainage basins include the degradation of natural ecosystems and the contamination of municipal, industrial, and agricultural water supplies (Barlow and Reichard, 2010). Saltwater flows towards the inlands along with the river through the process of infiltration and leaking into the soils and groundwater sources adjacent to the river making its salinity levels are high. Salt-affected soils are characterized by high concentrations of soluble salts and low organic matter and tent (Lodhi et al., 2009). Therefore, the lands adjacent to the river are vulnerable to saline deposition and failure of optimum production which will lead to land degradation.
Sri Lanka has also faced this problem for decades. Changes in the climatic conditions affect badly on the coastal zone in Sri Lanka. The estimated coastal salinity affected area of Sri Lanka is 0.112 million ha (Perera et al., 2018). Saltwater intrusion into freshwater coastal rivers and aquifers has been and continues to be one of the most significant global challenges to coastal water resource management (Dhar and Datta, 2009). Many factors can influence the dynamic equilibrium between fresh water and seawater and contribute to saltwater intrusion in a coastal aquifer (Carretero et al., 2013). Natural and human causes are the effect of saltwater intrusion. A change in the hydraulic head difference between fresh water and seawater is the principal driver for the movement of the transition zone (Liu et al., 2019). Saline water comes inland of the country through water sources like rivers. Saltwater flows towards the inland along with the river through the process of infiltration and leak into the soils and groundwater sources adjacent to the river making its salinity levels are high. Salinity intrusion is being studied worldwide using various techniques. Rainfall was first suspected as a source of salinity (Hughes, Crosbie and Van, 2008). 

The amount of salt deposited with rainfall is highly dependent on the distance from the ocean. Up to 250 kg/ha/year of salt is deposited on the coast, reducing to approximately 35 kg/ha/year 150 kilometers inland approximately (Hughes, Crosbie and Ven, 2008). Benthara River starts from the Hiniduma area and is 68 km long. It has a 629 km2 catchment area. High tides can be seen in the first four kilometers along the Benthara River. The estuary of the Benthara River is situated in Bentota. 25km along the River is already affected by the seawater intrusion and around 2km distance inside from both left and right banks are affected by this problem. The total paddy land area of the Benthara river basin is 4530 acres. Out of the total paddy land area of 4530 acres, 1660 ha are situated on the left bank of the river while 965 ha are situated on the right bank of the river (Piyadasa, Ranasinghe and Herath, 2018). The total economic loss due to the risk of salinity water intrusion of the Benthara area is estimated at 7,529,689.5 USD/year (Perera et al., 2018). 

Seawater intrusion and its impact on livelihood is the main problem in most river basins in Sri Lanka. It had been converted most of the fertile paddy lands into non-arable lands due to this scenario and destroys cultivated areas inundated by high tides. It also can be impacted to drinking water sources and irrigation systems in that area (Piyadasa and Wijesundara, 2012). Figures 1.1 and 1.2 represent the Study area of the Benthara River and sea outfall respectively.
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1.2    Problem Identification

          Agriculture is one of the main economical sources in Sri Lanka. Land degradation due to different factors badly affects agricultural production. In the Benthara river basin area, around 80% of land area has been abandoned due to salinity intrusion and most of the paddy lands have been converted into marshy and grasslands (Perera et al., 2018) . It was observed that there was a large land area which has been abandoned due to salinity intrusion and most of the paddy fields were logged with water. Also, it was mentioned that the surface and natural water resources have been contaminated with saline water (Perera et al., 2018).

It was mentioned that the sand accumulation at sea outfalls discontinued the saline water with the river. Also, there are more than 11 (Saline Water Extrusion) SWE Structures that are maintained by the Irrigation department and most of them are malfunctioning. It was observed that the crest of the dam was not enough to retain the river water during floods and the total area is inundated during high flood levels. It was identified that there was no clear understanding about the cause of the Salinity of the affected area by farmers and the Irrigation department. Several types of research (Perera, Ranasinghe and Piyadasa, no date; Piyadasa, 2009, 2009; Piyadasa and Chandani, 2010; Piyadasa and Wijesundara, 2012; Paddy and Lanka, 2018; Perera et al., 2018; Piyadasa, Ranasinghe and Herath, 2018; Ranasinghe and Piyadasa, 2019; Ranasinghe, Piyadasa and Herath, 2019) have been done in this area regarding the salinity intrusion. However, still there are no solutions, proposed for these issues at an engineering level. Therefore, this study covers the research gap while trying to propose ultimate migratory measures to develop an engineering solution. 
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1.3    Aim of the study
This study aims to analyze the effect of salinity intrusion and assist a path to propose an engineering solution to mitigate salinity intrusion in the Benthara river lowland corridor.

1.4   Objectives of the study
· To analyze and interpret the hydrology and topography of the affected area.
· To carry out field measurements to analyze salinity intrusion.
· To access relationship between Rainfall, Tides, pH, Discharge with salinity intrusion.
2.0 Chapter 2: Literature Review
2.1
Importance of Water


Water is the most widely distributed substance on our planet. Water resources occupy a special place among other natural resources (Kılıç, 2020). Humans depend on freshwater environments such as lakes, rivers, and streams for public health and domestic activities, commercial and agricultural purposes. It plays a vital role in both the environment and human life. Water and water resources are very important for maintaining an adequate food supply and a productive environment for all living organisms (Shiklomanov, 1998). As human populations and economic growth, global freshwater demand has been increasing rapidly. In addition to threatening the human food supply, water shortages severely reduce biodiversity in both aquatic and terrestrial ecosystems.

2.2     Surface Water

           Surface water is any body of water above ground, including streams, rivers, lakes, wetlands, reservoirs, and creeks (Precious, 2018). Seawater is also considered surface water. Surface water participates in the hydrologic cycle which involves the movement of water to and from the Earth’s surface. Surface water bodies are fed by surface water runoff and precipitation. Rivers are one of the major types of surface water. This fresh surface water sustains ecological systems and provides habitat for many plants and animal species and is also important for human uses, including drinking water, irrigation, wastewater treatment, livestock, industrial uses, hydropower, and recreation.

The Environmental Protection Agency (EPA) has been recorded that approximately 68 percent of water provided to communities comes from surface water (Fresh Surface Water | US EPA).  In water-use reports, surface water is considered freshwater when it contains less than 1,000 milligrams per liter (mg/l) of dissolved solids (Surface-Water Use | U.S. Geological Survey).

2.3    Surface Water Contamination

           The deterioration of the natural composition of water resources is called water pollution because the substances in the natural composition of water resources (streams, groundwater, lake, river) rise above the ideal concentration values as a result of human activities (Ritter et al., 2011). Pollution of surface water is mostly caused by human activities and deterioration of the natural balance of ecosystems. One of the causes of surface water contamination is the mixing of saline water with fresh water.

2.4    Saltwater Intrusion

          Generally, salinization is the increase of the concentration of salts in water or soils. Salinity intrusion is the displacement of fresh groundwater by seawater or it is the increase of the salinity of groundwater, which may or may not be in direct hydraulic contact with the sea. It is the result of flow processes by which the ambient groundwater is being displaced by or mixed with seawater or of the migration of solutes from seawater into fresher groundwater under stagnant conditions (Bruington, 1972). Saltwater cannot be used to irrigate crops or for the consumption of people. Saltwater intrusion is a critical problem to the coastal communities that rely on fresh groundwater supplies for their day-to-day life. The cause of salinity intrusion can be natural or anthropogenic. The impacts of salinity can affect native plants and animals, aquatic and terrestrial ecosystems, crops, and drinking water supplies. The most common natural causes include a decrease in groundwater recharge or an increase of relative sea level and inundation of land by seawater. 

Typical anthropogenic causes include abstraction of groundwater from wells, a decrease in recharge due to land-use change, which both lead to a lowering of groundwater levels or the disposal of seawater used in industrial processes. These changes occur at a range of timescales, typically from months to centuries, or even more. Seawater can intrude further upstream in estuaries and rivers as runoff decreases, or if the river is deepened, either by natural erosion or by anthropogenic activities, such as an example when bottom materials are removed during dredging operations (Parker and Ferguson, 1955). The connectivity between the aquifer and a saline surface water body thereby will become greater, thus enhancing the exchange of water between the aquifer and surface water. This increases the susceptibility of the aquifer to seawater intrusion. Salinity intrusion factors are sorted into groups as long-term factors and short-term factors. Long-term factors include climate change and global sea-level rise while the short-term factors include the local precipitation changes, changes in a tidal current, etc.
2.4.1   Modes of Salinity Intrusion

              Salinity intrusion can occur in different forms as a stable wedge in equilibrium with a steady water table, multiple wedges in a multi-layered aquifer system, active horizontal seawater intrusion caused by pumping, up-coning beneath a pumping well, down-coning caused by the abstraction of groundwater beneath a saltwater aquifer, inter-aquifer leakage of saltwater by borehole flow, seawater intrusion via estuaries or canals, tides and wave-driven seawater circulation between law and high tidal marks, density-driven downward seawater intrusion during flooding and diffusion of dissolved solids (Jiao and Post, 2019). 
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2.4.2     Causes of Salinity Intrusion

             There are several causes for salinity intrusion. Some of them are due to tides, the formation of the sand bar at sea outfall, river discharge, rainfall, human activities, etc.

2.4.3 Effect of Tides on Salinity Intrusion

               Salinity intrusion is closely associated with the tidal motion in an estuary. The tides are the primary source of energy for the turbulent mixing of freshwater with saltwater. In addition, large convective motions are associated with the great length of tidal waves. According to Rivers and Haav (1977), the increased turbulent mixing of saline water with freshwater associated with increased tidal currents during spring tides causes the shift from a stratified to a well-mixed water column and also decreased turbulent mixing during neap tides permits the remaking of stratification through the influx of higher salinity water along the bottom of the estuary. Water levels rise to their highest point of the day and fall to their lowest point every 12.5 hours.

In Sri Lanka mainly semi-diurnal to mixed semi-diurnal as the form factor varying from 0.2 to 0.5 m and the tidal range around the country is varying between 0.4 to 0.6 m and large tidal range observed at Colombo region and lowest was found at Kalpitiya (Prasanna et al., 2019). The net upstream or inland transport of salt during one or more tidal cycles is due to a combination of convective circulation and movement of salt via advection, turbulent or effective diffusion, or a combination of the two processes. According to the study of Miranda et al. (1998), during the neap tide, the advection and diffusion processes are each responsible for 50% of the net upstream salt transport; and during the spring tide period, turbulent diffusion is responsible for 90% of the upstream salt transport.

2.4.5   Effect of Sandbar Formation at Sea outfall on Salinity Intrusion

             A sandbar is a deposit of sand along the shore of a river. Sandbar, also called Offshore Bar, submerged or partly exposed ridge of sand or coarse sediment that is built by waves offshore from a beach (how does a sandbar form - Lisbdnet.com, 2021). The swirling turbulence of waves breaking off a beach excavates a trough in the sandy bottom. Some of this sand is carried forward onto the beach and the rest is deposited on the offshore flank of the trough. Sandbars begin forming underwater. As waves break, this pulls material from the shoreline, migrating further into the ocean. During heavy storms, large waves can build sandbars far from shore, until they rise above the water's surface.




Nelson et al. (2013) describe when the sandbar is present, freshwater/seawater mixing is reduced, tidal sandbar forms in the estuary during periods of low discharge, and it typically develops at a bedload convergence zone. Nelson et al. (2013) also describe sequential satellite images, aerial photographs, overflights, and ground observations that can be used to study the geomorphology of the tidal sandbar and its formations, removal, and subsequent reappearance in response to long-term variations in river discharge.
2.4.6   Effect of River discharge and Rainfall on Salinity Intrusion

Seawater intrusion in an estuary is a wedge-shaped bottom layer that mixes with the overlying freshwater layer. The estuarine salinity structures are largely controlled by the buoyancy flux from riverine inflow, energetic turbulence generated by tidal oscillations, rough bathymetry, tributary inflow, and the density gradient between the ocean and river waters (Dyer, 1997).

As runoff increases, the tidal effect of the open sea area reduces, and bottom salinity decreases. According to Shaha, Cho and Kim (2013), when the rainfall is high, the flow of the river also increases at the same time due to the river flow velocity also higher, the salinity flux flushes towards the Sea. Therefore, high rainfall increases the river discharge and decreases the salinity intrusion while low rainfalls and river discharges accelerate the salinity intrusion.

2.4.7   Impacts of Human Activities on Salinity Intrusion

              Due to the increase of sand demand for construction purposes in Sri Lanka in recent years, high demand for sand led to a major increase in sand mining in many areas. Due to the extraction of sand from the riverbed and riverbank, sand deposits have decreased. River sand mining activities have been disrupted the natural equilibrium and have been caused adverse effects on the environment. The excessive extraction of sand from river channels results in wide-ranging impacts including the intrusion of seawater into the river, collapse of the riverbank, and loss of riparian land (Piyadasa, 2009). 

Increases in human activities, such as population, vehicle use, and agricultural land would result in increased water consumption and, as a result, increased groundwater extraction. Precipitation, evaporation, and hydraulic1conditions are fundamental aspects of the climate and aquifer, regulating human activities may be the only way to maintain groundwater recharge. Incorporating human activities into saltwater intrusion estimates could lead to a better understanding of how human influences alter the hydrogeological balance during the saltwater intrusion, allowing for more effective water management planning (Deng et al., 2016).

2.5     Impacts of Salinity Intrusion

        Groundwater bodies below the coastline form an interface between freshwater and seawater called saltwater wedge. This interface is quite dynamic in wet seasons with increased freshwater recharge, the freshwater aquifers can push the saltwater wedge towards the sea. Conversely, when groundwater is extracted for irrigation and other human uses, the pressure of the freshwater aquifer on the saltwater wedge lessens and the wedge moves landwards (Roth, Lawson and Cavanagh, 2002).
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The more groundwater is extracted, the more the seawater wedge will move inwards towards the extraction bores. Hence water quality degradation, or even loss of ground water resources due to seawater intrusion, is a major issue affecting the use of the water for irrigation purposes. The areas under most threat of seawater intrusion are those closest to the shoreline or adjacent to tidal estuaries. Not only that seawater interface extends kilometres inland, due to the effect of tides (Ground Water in Freshwater-Saltwater Environments of the Atlantic Coast, 2016). Salinity intrusion is adverse effects on the community, agriculture, coastal ecosystems etc.
2.5.1   Impact on Community

Seawater intrusion is a critical issue in coastal aquifers worldwide. Surface water resources such as rivers and canals are severely affected by the intrusion of saline water. Climate change is liable for intensifying this problem, which also has adverse health consequences, such as a greater prevalence of hypertension and diseases like cardiovascular. The effects of threats to the water quality and security, as well as the health of coastal communities (Vineis, Chan and Khan, 2011). Water contamination occurs by varying degrees of salinity from rising sea levels, cyclone and storm surges, and upstream withdrawal of freshwater.

Higher salt intake is a major risk factor for increased blood pressure. Anthropogenic causes such as upstream freshwater removal, and biophysical factors such as cyclones that originate outside the topographical frontier of the coastal area, contribute to the cumulative increase (Vineis, Chan and Khan, 2011). In addition, millions of people in the coastal regions of Southeast Asia experience a cumulative concentration of sodium in their sources of potable water, which is partly influenced by climate change. The long-term population health effects of consumption of substantial amounts of sodium remain in drinking water. It has been found that increased dietary sodium ingestion contributes to the risk of hypertension (Jabed et al., 2018). A recently published study showed that Na+ consumption has immunological effects on intestinal microbiology, skin tissue, and other organs, as well as cardiovascular disease, inflammation, infection, and autoimmunity. Sodium in drinking water is a critical source of daily sodium intake and a hypertension hazard to populations in salinity-affected zones. according to the study of the World Health Organization (WHO) and the Food and Agriculture Organization (FAO) joint expert consultation, the prescribed nutritional sodium ingestion is 2 g/day (<85 ml/day) (Nishida et al., 2004).

2.5.2   Effect on Agriculture

              Coastal areas are usually highly populated and productive agricultural areas. Coastal zones around the world are facing dynamic changes mainly driven by sea level rise and human activities that modify the catchment characteristics of deltas' such as deforestation, large-scale hydraulic development, and land-use conversion. Changes in land use pattern can impact the stability of the coastal zones and global and regional climates through alteration of carbon cycles, soil degradation, declines of biodiversity, and changes in the provision of ecosystem services (Vineis, Chan and Khan, 2011). In the coastal areas, salinity intrusion which is only partially induced by sea-level rise is a major threat to agricultural production. During the dry season, also to low river discharges, tides bring saltwater far inland causing heavy crop losses and damages.

2.6 Water Quality Standards

      Electrical conductivity is measured in micro siemens per centimeter (μS/cm). Freshwater is usually between 0 and 1,500 μS/cm. Typical seawater has a conductivity value of about 50,000 μS/cm. Low levels of salts are found naturally in waterways and are important for plants and animals to grow. When salts reach high levels in freshwater it can cause problems for aquatic ecosystems and complicated human uses (Saline Water and Salinity | U.S. Geological Survey, 2018).

	Table 2.1 – Water Quality 
Salinity Level (μS/cm)
	Use

	0 - 800
	• Good drinking water for humans 

• Generally good for irrigation, though above 300μS/cm some care must be, particularly with overhead sprinklers, which may cause leaf, scorch on some salt-sensitive plants.

 • Suitable for all livestock

	800 - 2500
	• Can be consumed by humans 

• When used for irrigation, requires special management including suitable soils, good drainage, and consideration of salt tolerance of plants 

• Suitable for all livestock

	2500 -10,000
	• Not recommended for human consumption

• Not normally suitable for irrigation, although water up to 6000 μS/cm can be used on very salt-tolerant crops with very special management techniques. Over 6000 μS/cm, an occasional emergency may be possible with care 

• When used for drinking water by poultry and pigs, the salinity should be limited to about 6000 μS/cm. Most other livestock can use water up to 10000 μS/cm

	≥ 10,000
	• Not suitable for human consumption or irrigation

 • Water up to 50000 μS/cm (the salinity of the sea) 


Table 2.2 – Classification of water as a function of salinity
	Type
	EC  (μS/cm)

	Non saline or fresh water
	<800

	Slightly saline
	800 - 2000

	Moderately saline
	2000 - 10000

	Highly saline
	10000 - 25000

	Very highly saline
	25000 - 45000

	Brine
	>45000


2.6   Salinity Intrusion Analysis

        Salinity intrusion characteristic analysis downstream of Geum River which is
situated in Korea used numerical model (EFDC Model) according to this study high
salinity concentration has seen near the estuary barrage and salinity concentration less
away from the estuary barrage. When the water gates were completely opened, the
numerical simulation was used to investigate the impact range for salinity intrusion.
As well as they showed maximum influence rate for the salinity intrusion during
different flow; drought flow, low flow, normal flow, and flood flow were 42.10 km, 46.56,46.56, and 50.72 km respectively (Jeong et al., 2010).

Over the last two decades, the Yangtze River has been one of China's most populated
regions. This region contains an industrial and commercial center, with the Yangtze
River as its primary source of fresh water. Since the 1970s, saltwater intrusion has had a
major impact on freshwater supply. The Yangtze River discharges and external tidal
level have the greatest impact on salinity intrusion into the Yangtze River estuary. To detect saltwater intrusion, there are three key research methods. Material analysis,
empirical correlation, and numerical simulation technology are the three methods. The Wangyu river outlet, which is about 180 kilometers from the Yangtze river's mouth,
has been found to contain extremely saline water (An et al., 2008).


Salinity intrusion dynamic characteristic analysis of Shiziyang which is situated in
China based on the fixed-point prototype observation in the dry season. This research
paper summarizes the following characteristics based on analysis salinity
measurement data. The salty fresh water upstream of Shiziyang is completely mixed,
while the saltwater downstream is partially mixed. Saltwater is layered visibly during
the neap tide, and the stratified coefficient is the smallest during the moderate tide,
resulting in the best mixing effect (Yuan, Lu and Yang, 2020).

2.7   Salinity Intrusion Analysis in Sri Lanka

          Case study which was done in “Kalu ganga” river estuary, Sri Lanka focused on
relationship between river sand mining and salinity intrusion. That showed significant
saltwater intrusion seen in middle stretch which was the deepest. Not only that study
tried to find out hydrographic effects on the river sand’s quality, and most
hydrographic effect was found in dry period. Maximum electrical conductivity value
got in dry period is 2307 μS/cm and it reduced to 61 μS/cm during wet season. The pH
values in sea water supply during wet period (6.3) is less than dry period (7.3).
The highest potential saline water intrusion1along the coastal rivers and estuaries is
created by decoupling1a spring tide1with a dry period (low fresh water supply) as
well as the effects of seasonal salinity intrusion on aggregate1sand sediments in the
“Kalu ganga” river estuary are investigated in this report. As a precautionary measure,
sand mining laws should be enacted after a detailed scientific1and technical review on
a case-by-case basis (Ratnayake, Silva and Kumara, 2012).


In terms of total annual rainfall, the Maha Oya river basin is the third largest in Sri
Lanka. The Maha Oya riverine system has suffered from urbanization and industrialization in recent decades. The 1.2 million people who live along the river have experienced a difficult environment because as the river's water quality has deteriorated and its morphology has changed due1to erosion. As a result of human activities on the river, salinity intrusion into the river appears to be rising. Sand mining is one of the most serious issues wreaking on the river system. There is also a risk of saltwater contaminating groundwater. Manually recorded salinity measurements along the river at the sampling points. Based on the available information and facilities, sampling points were set up at about 250 meters apart and fixed with local GPS coordinates. Starting at the inlet, measurements were taken along the river until they reached a sampling point upstream where no salinity was found. From each collecting point, three water depth samples were obtained from three levels: surface, midstream, and deeper. The sampler was close to the Bacon Bomb Sampler. Experimental & theoretical studies of salinity intrusion are dependent on sea water exchange processes and mixing conditions (Weerakkody, 2012). 

River salinization has been identified as the most vulnerable river in Sri Lanka, is the Nilwala River in southern province. During the rainy season, the upper catchment area supplies fresh water to the river, which flows to the sea. Owing to seasonal tidal waves, river flow decreases, and seawater intrusion occurs during dry seasons. As a result, saltwater quickly infiltrates the riverbanks’ permeable1aquifers. The flow characteristics1of groundwater in the Nilwala river basin were demonstrated through groundwater level monitoring during the study period. A close association can be seen between hydro-isograph and topographic maps. Groundwater levels1are clearly higher in higher elevation areas and
lower in low-lying areas. Electrical conductivity1(EC) values in the Nilwala river
basin groundwater ranges from 38.48 to 11100 μS/cm. Electrical conductivity values in
the southern part of the region exceeds 1000 S/cm due to seawater intrusion through the
river. The majority of the Nilwala basin falls below the recognized Sri Lankan
drinking water levels (1500 S/cm). Salinity levels in the sample region vary from 0 to
0.5%. This is due to the fact that river sand mining must be managed and supervised
through public engagement and the incorporation of research findings into policy
formulation that adheres to legal frameworks (Piyadasa, 2009).
3.0 Chapter 3: Methodology
3.1 Identifying the terrain Benthara river lowland corridor
Lidar data which was collected from shoreline management center. Data is processed by using arc GIS.
3.2 Identifying factors affecting salinity of the study area
There are several factors affecting the salinity intrusion for different locations but here we are concentrating on the following factors only. These factors were chosen because of several site visit & focusing on irrigation.
· Sand bar formation

· Salinity with river depth and pH

· Rainfall and river discharge

· Tidal heights
· Functionality of SWE structures

· Overtopping of the bund crest level

3.3     Identifying the Behavior of sand bar at sea outfall
            Sand bar behavior was observed using the Historical imagery by Google earth pro. This was done by zooming the sea outfall location and monitoring the same location from 2012 to 2021 by maintain the same scale. Snapshots were saved for the years and comparison was done in a unique frame.
3.4    Collection of water Samples
           Salinity data for 10 locations from sea outfall to upstream of the Benthara River was collected from the Irrigation Department and for the verification, those data were randomly checked. Locations were selected from 3km intervals and the river surface, middle and bottom salinity were recorded to check the exact salinity intrusion mode. Coordinates of the locations have been recorded by using handheld GPS equipment.
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3.4.1 Electrical Conductivity (EC) and pH Measurements
             During the sample collecting two locations were identified for the analysis, because those data have been collected in different time frames. So that it was quite a very difficult activity to analyze the 10 locations with different time frames, so that two locations were selected from very closer to sea outfall (Dedduwa) and one from very far away from sea outfall (Haburugala).

EC (in Micro siemens per centimeter) for three consequent years were considered for the analysis which started from 2019 and up to 2021.The previous data was collected by the department of irrigation including aforesaid two loactions and jointly taken the EC values and pH values in the month of September in 2021 for the entire 10 locations to study the behavior of the salinity along the river. Data collection was started at 8.00 am and it was consumed around 8 hours to travel from sea outfall to upstream within a day. Sampling was done with the use of an underwater salinity sample collector and it can be used to measure the EC values throughout the depth of the river in a point. In here the river surface, middle and bottom depths were measured. For each constituent, data was obtained from water quality samples tested at monthly frequencies at Dedduwa & Haburugala intake between year 2019 and 2021.

.

3.5 Rainfall data 
Monthly Rainfall data was obtained from the Rice Research Centre at Benthara and the rain gauges were established in Meegama and Dedduwa which are the nearest location for Haburugala and Dedduwa.
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3.6    River discharge data
             Decreased rainfall in the upstream during the dry period mainly reduces freshwater discharge. When river flow becomes poor, sea water flows through the river. Decrease in water capacity of river in dry period is an impetus for saline water intrusion. Tide penetration and river discharge can be used to show the intrinsic link between climate change and salinity intrusion.
3.7    Tidal wave data 
         Tidal wave data was obtained from the Hawaii sea level center and the monthly variation of tidal levels were obtained by the nearest gauge location to the study area which is in Colombo. The next step is to graphically represent the data for year 2021 for analysis. The tide in the sea around Sri Lanka is semi diurnal. As a result, there are two flood periods and two ebb periods. During this ebb period, upstream water level can be got further draw downed up to 0.0 m, MSL. 
Tidal Gauge Station – Colombo – C (115 C)

Latitude – 06 56 .1N

Longitude – 079 51 .5E 
3.8    Sill levels of Existing Saltwater Extrusion Structures
Level survey was done along riverbank with TBM survey and sill level and sub canal bed level were taken as per the figure 3.4 reference to the mean sea level. GPS coordinates were taken by using hand GPS to locate the SW structure into the Google map.
[image: image5.jpg]4
DOWNSTREAM

BENTHOTA RIVER

SW GATE

—_—
UPSTREAM

SUB |CANAL

o 1-Sill Level

e 2—Sub Canal Bed Level






Table 3.2 - Sill Level & Canal bed level
	SW Gate No.
	Level (MSL) m

	
	Sill 
	Canal Bed

	1
	-4.1
	-5.2

	2
	-4.8
	-5.6

	3
	-5
	-5.3

	4
	-6.1
	-6.3

	5
	-5.8
	-5.9

	6
	-5.7
	-5.9

	7
	-4.8
	-5.3

	8
	4.1
	-4.5

	9
	-3.1
	-3.2

	10
	-2.8
	-2.8

	11
	-2.4
	2.2


3.9    Conceptual Framework and Analysis
According to the flow chart there are two sets of data which is going to be used for analysis. In here data was collected for Salinity with depth, pH and Discharge. As the secondary data tidal heights and the rainfall was obtained from other institutions where field measurements are not practicable.
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Sea level rise due to climatic change and the cyclone and storm surge directly affects to the penetration of Tides. Also, thee reduced precipitation in dry season leads to reduce the freshwater discharge. When these two components are merged in the same platform there is a way to analyze the salinity intrusion of Benthara River area.



4.0   Chapter 4: Data analysis, Results and Discussion
4.1 Terrain identification
According to the processing of lidar data by using Arc Gis software study area can be identified the terrain of that area.it is very important to categorized flood inundated area.
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Figure 4.1- DEM of the study area
According to the DEM shows in figure 4.1, MSL of 1m height are identified near the river. It is mean that the flood inundation & water loggings areas can be seen.Horapawila,Manawila & Hiniduma are the most flood effected area. it can get rough idea about topography of the area. This inundation map will be helped to provide some solution.
4.2 Sandbar Formation at Sea Outfall
By analyzing the sand bar as a critical factor affecting the salinity intrusion and according to the following figure 4.2 and figure 4.3, it clearly shows that there is not any visible sand bar formation at the sea outfall of the Benthara River between 2012 to 2021. Further, this parameter was neglected as a critical factor for this study area. 





There is no visible sandbar formation for 09 years period according to the historical images.

4.3 Variation of Electrical Conductivity
Monthly variation of Electrical Conductivity (EC) during 2019 and 2021 at the Dedduwa and Haburugala graphically represented as in Figure 4.4 and 4.5. Since chloride is one of the most prevalent ions in a mixture of seawater and freshwater, electrical conductivity can be used as a relative measure of chloride concentration.

Figure 4.4 - Monthly variation of electrical conductivity –Dedduwa

In the month of February 2021 shows the highest level of salinity intrusion for the entire period under observation. Electrical conductivity (EC) of the Dedduwa area is shown in Figure 4.4. A remarkable decrease in EC values can be observed of the month  May and July in 2021.
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Figure 4.5 - Monthly variation of electrical conductivity –Haburugala
Figure 4.5 shows the monthly variation of Electrical Conductivity (EC) during 2019 to 2021 at Haburugala. High salinity level is observed in the month of February 2021 and the lowest salinity level can be seen in May and June of the same year. Since there is a typical variation same as Dedduwa, Haburugala cannot be considered as the upstream boundary line of the salinity.
4.4 Variation of pH
pH is another measure of Salinity. pH value of row water is a most important chemical parameter with relative to water treatment. Flocculation and sedimentation process are depending on pH value of Row Water. Neutralized pH value should be maintained both consumer taste and in transmission and distribution systems to avoid scaling or corrosion of pipeline. 


Figure 4.6 - Monthly variation of pH -Dedduwa

Figure 4.7 - Monthly variation of pH – Haburugala
Figures 4.5 and 4.6 shows monthly pH value variation in past 3 years at Dedduwa and Haburugala respectively. It lies between 6.0 and 8.5 and It is difficult to determine salinity intrusion from this pH variation.

4.5 Electrical Conductivity vs Rainfall
According to the graphical representation there is a visual inbound relationship between EC and rainfall. As there is the highest rainfall in May 2021, the EC value shows as the lowest for Dedduwa area. And in September the data shows the lowest rainfall where there is the highest EC value as shown in figure 4.7.
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Figure 4.8 - Graphical representation of EC vs rainfall at Dedduwa in 2019
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Figure 4.9 - Graphical representation of EC vs rainfall at Dedduwa in 2020

[image: image11.png]RAINFALL

300

250

200

150

100

50

MONTH

E==IRainfall (mm)

——EC (us/em)

35000.00

30000.00

25000.00

20000.00

15000.00

10000.00

5000.00

0.00

ELECTRICAL CONDUCTIVITY (EC)




Figure 4.10 - Graphical representation of EC vs rainfall at Dedduwa in 2021
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Figure 4.11 - Graphical representation of EC vs rainfall at Haburugala in 2019
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Figure 4.12 - Graphical representation of EC vs rainfall at Haburugala in 2020
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Figure 4.13 - Graphical representation of EC vs rainfall at Haburugala in 2021

According to the graphs of EC Vs Rainfall and EC vs river discharge, it illustrates that there is from rainfall over salinity. If the rainfall is high, the discharge is also high and the water from upstream tends to flush out the water to the sea outfall. This process eliminates the retaining of salinity of the river, for example in some months such as July and September the discharge is very low, and the river water refuses to flow to the river in a high velocity. This results the higher salinity levels in those months.

4.6 Electrical Conductivity vs River Discharge

According to the graphical representation there is a visual inbound relationship between EC and discharge. As there is the highest river discharge in June 2021, the EC value shows as the lowest for Dedduwa area. And in January the data shows the lowest river discharge where there is the highest EC value as shown in figure 4.8.

[image: image15.png]FLOW (MCM)

1600 30000

1400 25000
1200
1000 20000
800 15000
600 10000
5000
0
& TN N T S S S
& &SNS E S
A L & & &
o O

MONTH

=1 Flow (MCM) - ——EC (ps/cm)

ELECTRICAL CONDUCTIVITY (EC)




Figure 4.14 - Graphical representation of EC vs river discharge at Dedduwa in 2019
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Figure 4.15 - Graphical representation of EC vs river discharge at Dedduwa in 2020
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Figure 4.16 - Graphical representation of EC vs river discharge at Dedduwa in 2021

[image: image18.png]FLOW (MCM)

1600
1400
1200
1000

N s @ ®
88 8 8

0

S D & @ & <
& & < & \0 RO
& w® Yoy & & &8

S
IS

5

Q@"
¥ F

MONTH

I Flow (MCM)  —— EC (ps/cm)

20000
18000
16000
14000
12000
10000
8000
000
000
000

[SEFN-)

0

ELECTRICAL CONDUCTIVITY (EC)




Figure 4.17 - Graphical representation of EC vs river discharge at Haburugala in 2019
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Figure 4.18 - Graphical representation of EC vs river discharge at Haburugala in 2020
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Figure 4.19 - Graphical representation of EC vs river discharge at Haburugala in 2021

4.7 Electrical Conductivity vs Tides.
According to the scheme plan Dedduwa is the nearest location for the sea. So that the location acts as the most critical location which is affected by the tidal currents than Haburugala. Figure 4.9 shows the graphical representation obtained from the data.
The tide around1Sri Lanka is mixed semidiurnal1with a spring tidal range of between 0.40 and 0.60 m. The range is less in the northern part of the island. The east coast features different phases from the west coast with a rapid change in the southeast.
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Figure 4.20 – Graphical representation of EC vs tidal level at Dedduwa in 2019
Figure 4.20 the average tidal level variation (a reference to MSL) with the electrical conductivity in 2019. According to Figure 4.2, the highest tidal level of 0.572m MSL is recorded in November 2019, and EC is recorded as 21105.85 µS/cm. The highest salinity intrusion of 25764.97 µS/cm is recorded in February 2019 and the corresponding tidal level is 0.521m. 

The lowest monthly average tidal level (0.269m MSL) is recorded in the month of August but the EC value (22546.65 µS/cm) is slightly higher in this month. This may be because the EC is not only dependent on the tidal level but also on the river discharge and the rainfall.
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Figure 4.21 – Graphical representation of EC vs tidal level at Dedduwa in 2020

According to the figure 4.21, the highest monthly average tidal level of 0.56m MSL is recorded in the month of November 2020 and the corresponding EC value is 10689.41 µS/cm it is a slightly higher value. The highest EC values are recorded in the months of February (26394.25 µS/cm) and March (25033.14 µS/cm) in 2020 and the average monthly tidal levels are recorded as 0.489m and 0.54m respectively.

According to the figure 4.21, the lowest tidal level 0.321m MSL is recorded in July 2020 and the lowest EC value is also recorded in the above month (3873.45 µS/cm).
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Figure 4.22 – Graphical representation of EC vs tidal level at Dedduwa in 2021

Figure 4.22 shows the average tidal variation with average EC in the year 2021. According to figure 4.22, the highest tidal level is recorded in November 2021 and it is 0.591m with reference to MSL and the corresponding EC is 20987.95 µS/cm. In the month of February, 29063.33 µS/cm EC value is recorded and the average monthly tidal level is also higher ( 0.547m). The lowest tidal level is recorded in August 2021 and it is 0.353m MSL. EC value is slightly higher in August (8329.57 µS/cm).

4.7.1 EC variation with tides in 2019
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According to the Figure 4.9 difference tide height variations have been shown along the entire month and in this study, the average tidal height value of the month is used to compare with the average salinity value for respective month.In 2019 some slice correlation ship has been appeared between EC value and tide height in through the year.
4.7.2 EC variation with tides in 2020
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4.7.3 EC variation with tides in 2021
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Tidal effect is a daily varying scenario and it doesn’t have an effect from rain or any other fact. It means that tidal waves are generating as a cycle every day. During rains the tidal waves are acting as a unique pattern and within a considered time frame, if the discharge of the river is very low, the effects from the tides will directly affected to the salinity as well. According to the increments of tidal height the water from sea is directed to the river through the outfall and if due to the mild slope of the bed the salinity tends to retained in the river which facilitate the increment of salinity levels of the sea.

According to the former mentioned EC data, the monthly samples were not all taken at the same tidal stage, Tidal data are available in hourly basis, But the EC values are in monthly basis, however probably the best representation the tidal data were taken as monthly basis.
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Figure 4.26 – Tidal variations in 2019,2020 and 2021 years

Figure 4.26 shows the average monthly tidal level variation in 2019, 2020, and 2021. According to figure 4.26, the highest tidal level is recorded in the month of November in tear 2019, 2020, and 2021 and it is between 0.56m – 0.591m with reference to MSL. In the period of January to April, higher monthly average tidal levels are recorded between 0.469m – 0.578m MSL. The lowest monthly average tidal level variation is recorded in the months of July and August (0.269m – 0.441m MSL).

4.8 Electrical Conductivity vs pH
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Figure 4.27 - Graphical representation of EC vs river discharge at Dedduwa in 2019
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Figure 4.28 - Graphical representation of EC vs river discharge at Dedduwa in 2020
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Figure 4.29 - Graphical representation of EC vs river discharge at Dedduwa in 2021
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Figure 4.30 - Graphical representation of EC vs river discharge at Haburugala in 2019
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Figure 4.31 - Graphical representation of EC vs river discharge at Haburugala in 2020
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Figure 4.32 - Graphical representation of EC vs river discharge at Haburugala in 2021

4.9 Electrical Conductivity vs Riverbed level

A cross sectional diagram of the riverbed in deposition area of Benthara River is illustrate in figure 4.5. According to the diagram the riverbed is about 6 Meters below the mean sea level (MSL). In Dedduwa area the riverbed is about 5.88 meters below MSL. In Haburugala the riverbed is about 4.06 m below MSL. In figure 4.10 it was clearly identified that the electrical conductivity of Dedduwa is higher than the electrical conductivity of Haburugala for the last 3 years. Figure 4.10 revealed that steady inverse between river mouth to upstream and there is a steady increase of EC value between riverbeds.It can be identified as a mild slope in bed level up to Haburugala and afterwards it has a steep slope which controls the effect of salinity.
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Figure 4.33 - Graphical representation of EC vs riverbed depth levels
4.10 Functionality of the SWE Structures owned to Irrigation Department.

According to the Elevation profiles taken at the locations of the SWE structures via google earth pro, it was identified that the sill levels of several structures are higher than the sub channel bed levels. This may lead the water stagnation along the upstream of sub channels and during droughts there is a dead storage contaminated with salinity. Also, SWE structures are currently operated by the farmers and the operational times are not match with the tidal effects so that these delays have given the chance for the salinity to enter for the paddy lands. Most of the structures are old and maintenance needs to be done.
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Figure 4.34 - Locations of SWE structures
Table 4.1 - Difference between Sill level & sub canal bed level

	SW Gate No.
	Level (MSL) m
	Level Difference (m)

	
	Sill 
	Canal Bed
	

	1
	-4.1
	-5.2
	-1.1

	2
	-4.8
	-5.6
	-0.8

	3
	-5
	-5.3
	-0.3

	4
	-6.1
	-6.3
	-0.2

	5
	-5.8
	-5.9
	-0.1

	6
	-5.7
	-5.9
	-0.2

	7
	-4.8
	-5.3
	-0.5

	8
	4.1
	-4.5
	-8.6

	9
	-3.1
	-3.2
	-0.1

	10
	-2.8
	-2.8
	0

	11
	-2.4
	2.2
	4.6


Level difference between SW sill level & canal bed level there are favorable difference for the water logging. According to the levels obtained from the SWE structures, it clearly shows that there is a level difference between the structure sill levels and the sub channel bed levels. According to the figure the sub channel bed levels are always lower than the structure sill levels. This height difference makes the water logging of the canal and it will not allow the salinity to be moved to the Benthara river during drought as it retains a dead storage of water in the channel always. This is graphically represented on the months of January and February. As a result of this effect most of the agricultural lands are abandoned and to prove this numerically the salinity levels of the soils of the lands should be taken. Then the infiltration capacity of the soil should be analyzed. From these data there is a possibility to create a inundation map due to salinity intrusion. Basically, this study has identified the functionality of the SWE gates, and the water logging areas have been formed due to human activities such as sand mining at the downstream near the SWE structures.
4.11 Overtopping of the Bunds during floods.

By analyzing the spot levels taken along the bunds and observation of the location in rainy season the insufficient crest levels have leads to bund overtopping and this has been identified as a critical effect over salinity as well as the land inundation.
5.0
Chapter 5: Conclusion and Recommendations
5.1 Conclusion
According to the graphical representations of the key components, the comparison between the considered year with rainfall and EC are shown in the following tables 5.1 and 5.2.
Table 5.1 – Rainfall at Dedduwa
	Year
	Maximum Rainfall
	Minimum Rainfall

	2019
	February
	May and July

	2020
	February
	July

	2021
	February
	June


Table 5.2 – EC at Dedduwa

	Year
	Maximum EC
	Minimum EC

	2019
	May and July
	February

	2020
	May and July
	February

	2021
	June
	February


Analyzed results of the collected data show that the higher salinity intrusion has occurred mostly in the dry season of the year. The immediate remedial measure that can be done for this issue is the reforming of the 11 SWE structures and proper maintenance of these gates. This will minimize the saltwater flowing inland through the irrigation channels.
During the monsoon rainfall the pressure head of the upstream is at the higher level and the sea water flushing along the river takes place and directed to the sea. This is the reason for the low salinity values at this season. But the scenario is quite different during the dry season. As due to the low freshwater levels of the river during that season, Saltwater intrusion can be happened. This happened due to the tidal effect and this is very important to be studied further. Therefore, tidal effect vs EC should be deeply analyzed during the dry season. There is a minimum rainfall of May and July months in 2019 and 2020 years respectively. So that mean tidal height of May is greater than the mean tidal height of July. Hence according to the graph of EC vs tidal level, Average EC of May is greater than average EC of July. In short from these identifications there is a sight for the effect of EC over the tidal height. It is necessary study the tidal variation daily, monthly and yearly to study the former effect deeply. It is recommended to obtain the EC values of the selected locations by identifying the time period of high tide for a better realistic analysis. Anyway, this method is quite difficult and time consuming but will give a better visualization of results. From this research there is an opened path for future researchers to identify and create a measurement taken plan as in this study the EC and tidal height was considered separately.
5.2 Recommendations
Long-term salinity intrusion controlling option that can be suggested is,

1. Construction of physical barriers

· Weir across the river

· the gated structure across the river

2. Check dam
5.2.1 Construction of physical barriers

Subsurface physical barriers such as sheet pile cut-off walls, clay slurry trenches under earth dams, and impermeable clay walls can be constructed along the riverbanks to control the movement of saltwater from the river to the agricultural lands.
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Figure 5.1 – Physical Seawater intrusion barrier (Wayne, 1978)
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Weir across the river
Weir or low head dam is a barrier constructed across the river to control the flow characteristics. It can act as a tidal regulator and control the upstream movement of the saltwater wedge and therefore it will decrease the salt concentration of river water and the transmission distance of the tidal wave along the river. The weir maintains the retained upstream water level during the dry season.
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Figure 5.2 – Weir across the river
The gated structure across the river
One of the most effective solutions that would be suggested is the construction of an automated gate system across the river. An automated gate system along with the weir can be constructed to minimize the tidal transition from tidal-influenced saline water to the upstream freshwater pool and it will minimize the mixing of saltwater with the fresh river water. Automated gates would control the height of the weir structure and ingress of saltwater prevent during high tides when saltwater intrusion is most likely to occur. Additionally, automated gates allow water to flow downstream during the periods in which the river experiences higher flows during the rainy season.

There are two salinity barriers constructed in Sri Lanka.

· Across the Walawe river at Ambalantota

· Across the Kelani river at Ambatale

The third salinity barrier in Sri Lanka is constructed across the Nilwala River at Nawimana area (Ongoing Project).
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Figure 5.3 – (a) Salinity Barrier across Walawe River, (b) Proposed Salinity Barrier across Nilwala River

5.2.2 Check Dams

A check dam is a structure across the waterway with packed stones or stone masonry structures. The upstream stored water is useful for irrigation purposes. The check dam interrupts the flow of water and flattens the gradient of the stream or channel thereby reducing the velocity. 

Rather than the above techniques, the followings are the other measures that can be suggested to control the river salinization and the control of waterlogging and land salinization.

River Salinity Control

Under the river salinity control, the following control measures can be suggested.
River flow management - The downstream river salinity would decrease when, especially during the critical low-flow periods, the downstream river flow could be increased. Measure that can be suggested includes the construction of extra storage of water to use in the low flow conditions to increase the river flow to flush out the saltwater wedge.

Interception of saline seepage - Since a considerable part of the river salinity is due to saline seepage inflow. Many of these seepage flows are induced by the water resources and irrigation channels in the basin, which greatly changed the existing natural groundwater regimes. This can be controlled by establishing new salinity controlling gates for the canals which have no salinity controlling gate by now and reforming the present malfunctioning gates. 

Non-river disposal - Many of the above-mentioned measures (drainage and interception) only reduce the river salinity when there is an alternative means of disposal available. The disposal of saline water by pipeline, pumping, or outfall drain directly to the sea or to another safe salt sink, has been other methods that can be suggested but these can be highly costed.

Land zoning - Better-planned and more judicious lands, which would reduce the inflow of salts to the river can be identified, categorized, and promoted. Degraded lands such as some excessively salt-producing irrigated land can be developed as productive wetlands.

Land Salinization and Waterlogging Control 

Land Salinization and Waterlogging Control is one of the most important factors to increase land use in the Benthara area. Below preventive, remedial or mitigation measures can be suggested to improve the land use of the affected areas and to minimize the damage.

Recharge control - These measures address the core causes of the problem, which are the excessive irrigation losses that bring the water table and the salts into the upper soil layers. It promotes such measures as canal lining, water-saving irrigation technologies, and irrigation practices, improved surface drainage, land leveling, water-saving cropping patterns, and land-use practices.

Subsurface drainage - In areas where despite the implementation of recharge control, the recharge still exceeds the natural subsurface drainage capacity of the land, artificial subsurface drainage will be needed to control the rise of the water table. The installation of subsurface drainage will be limited as the costs will be high and the disposal of the saline drainage water is likely to pose a problem. Some reuse of marginally saline water may be applied but considerable disposal will be needed to assure long-term sustainability. 

Saline agriculture - In areas where the land salinization cannot be easily controlled and where no salt-disposal solutions are available, the use of the land for salt-tolerant crops, grasses, shrubs, and trees can be promoted.
According to the first principles it is very important to maintain a unique time series for the analysis of Tidal height vs EC values. To do that data should be collected in a same time frame. Because the tidal heights are changing hourly according to the data and the EC should be taken hourly to find a co relation between those quantities. But it is not a sound practical approach due to various reasons but there is a high confidence level in the analysis if the data had been collected in this way. And those results can be used as a better forecasting of the variation between salinity and tides. This study tries to make a path for future researchers to point out the way of collection of data with a proper guideline in a understandable way.
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Figure 1.1 - Selected study area of Benthara river 








Figure 1.2 - Sea outfall of Benthara river
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Figure 1.3 - Abandoned lands at left Bank of Benthara river
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Figure 2.4 - Up-coning beneath a pumping well �ADDIN CSL_CITATION {"citationItems":[{"id":"ITEM-1","itemData":{"DOI":"https://doi.org/10.1017/9781139344142","ISBN":"9781107030596","abstract":"Predicting the binding mode of flexible polypeptides to proteins is an important task that falls outside the domain of applicability of most small molecule and protein−protein docking tools. Here, we test the small molecule flexible ligand docking program Glide on a set of 19 non-α-helical peptides and systematically improve pose prediction accuracy bynhancing Glide sampling for flexible polypeptides. In addition, scoring of the poses was improved by post-processing with physics-based implicit solvent MM- GBSA calculations. Using the best RMSD among the top 10 scoring poses as a metric, the success rate (RMSD ≤ 2.0 Å for the interface backbone atoms) increased from 21% with default Glide SP settings to 58% with the enhanced peptide sampling and scoring protocol in the case of redocking to the native protein structure. This approaches the accuracy of the recently developed Rosetta FlexPepDock method (63% success for these 19 peptides) while being over 100 times faster. Cross-docking was performed for a subset of cases where an unbound receptor structure was available, and in that case, 40% of peptides were docked successfully. We analyze the results and find that the optimized polypeptide protocol is most accurate for extended peptides of limited size and number of formal charges, defining a domain of applicability for this approach.","author":[{"dropping-particle":"","family":"Jiao","given":"Jimmy","non-dropping-particle":"","parse-names":false,"suffix":""},{"dropping-particle":"","family":"Post","given":"Vincent","non-dropping-particle":"","parse-names":false,"suffix":""}],"container-title":"Angewandte Chemie International Edition, 6(11), 951–952.","id":"ITEM-1","issued":{"date-parts":[["2019"]]},"publisher":"Cambridge University Press","title":"COASTAL HYDROGEOLOGY","type":"book"},"uris":["http://www.mendeley.com/documents/?uuid=edc0f999-0a7a-4a1b-9650-654fc39f5efe"]}],"mendeley":{"formattedCitation":"(Jiao and Post, 2019)","plainTextFormattedCitation":"(Jiao and Post, 2019)","previouslyFormattedCitation":"(Jiao and Post, 2019)"},"properties":{"noteIndex":0},"schema":"https://github.com/citation-style-language/schema/raw/master/csl-citation.json"}�(Jiao and Post, 2019)�





Figure 2.3 - Active horizontal seawater intrusion caused by pumping �ADDIN CSL_CITATION {"citationItems":[{"id":"ITEM-1","itemData":{"DOI":"https://doi.org/10.1017/9781139344142","ISBN":"9781107030596","abstract":"Predicting the binding mode of flexible polypeptides to proteins is an important task that falls outside the domain of applicability of most small molecule and protein−protein docking tools. Here, we test the small molecule flexible ligand docking program Glide on a set of 19 non-α-helical peptides and systematically improve pose prediction accuracy bynhancing Glide sampling for flexible polypeptides. In addition, scoring of the poses was improved by post-processing with physics-based implicit solvent MM- GBSA calculations. Using the best RMSD among the top 10 scoring poses as a metric, the success rate (RMSD ≤ 2.0 Å for the interface backbone atoms) increased from 21% with default Glide SP settings to 58% with the enhanced peptide sampling and scoring protocol in the case of redocking to the native protein structure. This approaches the accuracy of the recently developed Rosetta FlexPepDock method (63% success for these 19 peptides) while being over 100 times faster. Cross-docking was performed for a subset of cases where an unbound receptor structure was available, and in that case, 40% of peptides were docked successfully. We analyze the results and find that the optimized polypeptide protocol is most accurate for extended peptides of limited size and number of formal charges, defining a domain of applicability for this approach.","author":[{"dropping-particle":"","family":"Jiao","given":"Jimmy","non-dropping-particle":"","parse-names":false,"suffix":""},{"dropping-particle":"","family":"Post","given":"Vincent","non-dropping-particle":"","parse-names":false,"suffix":""}],"container-title":"Angewandte Chemie International Edition, 6(11), 951–952.","id":"ITEM-1","issued":{"date-parts":[["2019"]]},"publisher":"Cambridge University Press","title":"COASTAL HYDROGEOLOGY","type":"book"},"uris":["http://www.mendeley.com/documents/?uuid=edc0f999-0a7a-4a1b-9650-654fc39f5efe"]}],"mendeley":{"formattedCitation":"(Jiao and Post, 2019)","plainTextFormattedCitation":"(Jiao and Post, 2019)","previouslyFormattedCitation":"(Jiao and Post, 2019)"},"properties":{"noteIndex":0},"schema":"https://github.com/citation-style-language/schema/raw/master/csl-citation.json"}�(Jiao and Post, 2019)�





























Figure 2.6 - Inter-aquifer leakage of saltwater by borehole flow �ADDIN CSL_CITATION {"citationItems":[{"id":"ITEM-1","itemData":{"DOI":"https://doi.org/10.1017/9781139344142","ISBN":"9781107030596","abstract":"Predicting the binding mode of flexible polypeptides to proteins is an important task that falls outside the domain of applicability of most small molecule and protein−protein docking tools. Here, we test the small molecule flexible ligand docking program Glide on a set of 19 non-α-helical peptides and systematically improve pose prediction accuracy bynhancing Glide sampling for flexible polypeptides. In addition, scoring of the poses was improved by post-processing with physics-based implicit solvent MM- GBSA calculations. Using the best RMSD among the top 10 scoring poses as a metric, the success rate (RMSD ≤ 2.0 Å for the interface backbone atoms) increased from 21% with default Glide SP settings to 58% with the enhanced peptide sampling and scoring protocol in the case of redocking to the native protein structure. This approaches the accuracy of the recently developed Rosetta FlexPepDock method (63% success for these 19 peptides) while being over 100 times faster. Cross-docking was performed for a subset of cases where an unbound receptor structure was available, and in that case, 40% of peptides were docked successfully. We analyze the results and find that the optimized polypeptide protocol is most accurate for extended peptides of limited size and number of formal charges, defining a domain of applicability for this approach.","author":[{"dropping-particle":"","family":"Jiao","given":"Jimmy","non-dropping-particle":"","parse-names":false,"suffix":""},{"dropping-particle":"","family":"Post","given":"Vincent","non-dropping-particle":"","parse-names":false,"suffix":""}],"container-title":"Angewandte Chemie International Edition, 6(11), 951–952.","id":"ITEM-1","issued":{"date-parts":[["2019"]]},"publisher":"Cambridge University Press","title":"COASTAL HYDROGEOLOGY","type":"book"},"uris":["http://www.mendeley.com/documents/?uuid=edc0f999-0a7a-4a1b-9650-654fc39f5efe"]}],"mendeley":{"formattedCitation":"(Jiao and Post, 2019)","plainTextFormattedCitation":"(Jiao and Post, 2019)","previouslyFormattedCitation":"(Jiao and Post, 2019)"},"properties":{"noteIndex":0},"schema":"https://github.com/citation-style-language/schema/raw/master/csl-citation.json"}�(Jiao and Post, 2019)�





Figure 2.5 - Down-coning caused by the abstraction of groundwater beneath a saltwater aquifer �ADDIN CSL_CITATION {"citationItems":[{"id":"ITEM-1","itemData":{"DOI":"https://doi.org/10.1017/9781139344142","ISBN":"9781107030596","abstract":"Predicting the binding mode of flexible polypeptides to proteins is an important task that falls outside the domain of applicability of most small molecule and protein−protein docking tools. Here, we test the small molecule flexible ligand docking program Glide on a set of 19 non-α-helical peptides and systematically improve pose prediction accuracy bynhancing Glide sampling for flexible polypeptides. In addition, scoring of the poses was improved by post-processing with physics-based implicit solvent MM- GBSA calculations. Using the best RMSD among the top 10 scoring poses as a metric, the success rate (RMSD ≤ 2.0 Å for the interface backbone atoms) increased from 21% with default Glide SP settings to 58% with the enhanced peptide sampling and scoring protocol in the case of redocking to the native protein structure. This approaches the accuracy of the recently developed Rosetta FlexPepDock method (63% success for these 19 peptides) while being over 100 times faster. Cross-docking was performed for a subset of cases where an unbound receptor structure was available, and in that case, 40% of peptides were docked successfully. We analyze the results and find that the optimized polypeptide protocol is most accurate for extended peptides of limited size and number of formal charges, defining a domain of applicability for this approach.","author":[{"dropping-particle":"","family":"Jiao","given":"Jimmy","non-dropping-particle":"","parse-names":false,"suffix":""},{"dropping-particle":"","family":"Post","given":"Vincent","non-dropping-particle":"","parse-names":false,"suffix":""}],"container-title":"Angewandte Chemie International Edition, 6(11), 951–952.","id":"ITEM-1","issued":{"date-parts":[["2019"]]},"publisher":"Cambridge University Press","title":"COASTAL HYDROGEOLOGY","type":"book"},"uris":["http://www.mendeley.com/documents/?uuid=edc0f999-0a7a-4a1b-9650-654fc39f5efe"]}],"mendeley":{"formattedCitation":"(Jiao and Post, 2019)","plainTextFormattedCitation":"(Jiao and Post, 2019)","previouslyFormattedCitation":"(Jiao and Post, 2019)"},"properties":{"noteIndex":0},"schema":"https://github.com/citation-style-language/schema/raw/master/csl-citation.json"}�(Jiao and Post, 2019)�





























Figure 2.7 - Seawater intrusion via estuaries or canals �ADDIN CSL_CITATION {"citationItems":[{"id":"ITEM-1","itemData":{"DOI":"https://doi.org/10.1017/9781139344142","ISBN":"9781107030596","abstract":"Predicting the binding mode of flexible polypeptides to proteins is an important task that falls outside the domain of applicability of most small molecule and protein−protein docking tools. Here, we test the small molecule flexible ligand docking program Glide on a set of 19 non-α-helical peptides and systematically improve pose prediction accuracy bynhancing Glide sampling for flexible polypeptides. In addition, scoring of the poses was improved by post-processing with physics-based implicit solvent MM- GBSA calculations. Using the best RMSD among the top 10 scoring poses as a metric, the success rate (RMSD ≤ 2.0 Å for the interface backbone atoms) increased from 21% with default Glide SP settings to 58% with the enhanced peptide sampling and scoring protocol in the case of redocking to the native protein structure. This approaches the accuracy of the recently developed Rosetta FlexPepDock method (63% success for these 19 peptides) while being over 100 times faster. Cross-docking was performed for a subset of cases where an unbound receptor structure was available, and in that case, 40% of peptides were docked successfully. We analyze the results and find that the optimized polypeptide protocol is most accurate for extended peptides of limited size and number of formal charges, defining a domain of applicability for this approach.","author":[{"dropping-particle":"","family":"Jiao","given":"Jimmy","non-dropping-particle":"","parse-names":false,"suffix":""},{"dropping-particle":"","family":"Post","given":"Vincent","non-dropping-particle":"","parse-names":false,"suffix":""}],"container-title":"Angewandte Chemie International Edition, 6(11), 951–952.","id":"ITEM-1","issued":{"date-parts":[["2019"]]},"publisher":"Cambridge University Press","title":"COASTAL HYDROGEOLOGY","type":"book"},"uris":["http://www.mendeley.com/documents/?uuid=edc0f999-0a7a-4a1b-9650-654fc39f5efe"]}],"mendeley":{"formattedCitation":"(Jiao and Post, 2019)","plainTextFormattedCitation":"(Jiao and Post, 2019)","previouslyFormattedCitation":"(Jiao and Post, 2019)"},"properties":{"noteIndex":0},"schema":"https://github.com/citation-style-language/schema/raw/master/csl-citation.json"}�(Jiao and Post, 2019)�





Figure 2.8 - Tides and wave-driven seawater circulation between law and high tidal marks �ADDIN CSL_CITATION {"citationItems":[{"id":"ITEM-1","itemData":{"DOI":"https://doi.org/10.1017/9781139344142","ISBN":"9781107030596","abstract":"Predicting the binding mode of flexible polypeptides to proteins is an important task that falls outside the domain of applicability of most small molecule and protein−protein docking tools. Here, we test the small molecule flexible ligand docking program Glide on a set of 19 non-α-helical peptides and systematically improve pose prediction accuracy bynhancing Glide sampling for flexible polypeptides. In addition, scoring of the poses was improved by post-processing with physics-based implicit solvent MM- GBSA calculations. Using the best RMSD among the top 10 scoring poses as a metric, the success rate (RMSD ≤ 2.0 Å for the interface backbone atoms) increased from 21% with default Glide SP settings to 58% with the enhanced peptide sampling and scoring protocol in the case of redocking to the native protein structure. This approaches the accuracy of the recently developed Rosetta FlexPepDock method (63% success for these 19 peptides) while being over 100 times faster. Cross-docking was performed for a subset of cases where an unbound receptor structure was available, and in that case, 40% of peptides were docked successfully. We analyze the results and find that the optimized polypeptide protocol is most accurate for extended peptides of limited size and number of formal charges, defining a domain of applicability for this approach.","author":[{"dropping-particle":"","family":"Jiao","given":"Jimmy","non-dropping-particle":"","parse-names":false,"suffix":""},{"dropping-particle":"","family":"Post","given":"Vincent","non-dropping-particle":"","parse-names":false,"suffix":""}],"container-title":"Angewandte Chemie International Edition, 6(11), 951–952.","id":"ITEM-1","issued":{"date-parts":[["2019"]]},"publisher":"Cambridge University Press","title":"COASTAL HYDROGEOLOGY","type":"book"},"uris":["http://www.mendeley.com/documents/?uuid=edc0f999-0a7a-4a1b-9650-654fc39f5efe"]}],"mendeley":{"formattedCitation":"(Jiao and Post, 2019)","plainTextFormattedCitation":"(Jiao and Post, 2019)","previouslyFormattedCitation":"(Jiao and Post, 2019)"},"properties":{"noteIndex":0},"schema":"https://github.com/citation-style-language/schema/raw/master/csl-citation.json"}�(Jiao and Post, 2019)�





























Figure 2.10 - Diffusion of dissolved solids �ADDIN CSL_CITATION {"citationItems":[{"id":"ITEM-1","itemData":{"DOI":"https://doi.org/10.1017/9781139344142","ISBN":"9781107030596","abstract":"Predicting the binding mode of flexible polypeptides to proteins is an important task that falls outside the domain of applicability of most small molecule and protein−protein docking tools. Here, we test the small molecule flexible ligand docking program Glide on a set of 19 non-α-helical peptides and systematically improve pose prediction accuracy bynhancing Glide sampling for flexible polypeptides. In addition, scoring of the poses was improved by post-processing with physics-based implicit solvent MM- GBSA calculations. Using the best RMSD among the top 10 scoring poses as a metric, the success rate (RMSD ≤ 2.0 Å for the interface backbone atoms) increased from 21% with default Glide SP settings to 58% with the enhanced peptide sampling and scoring protocol in the case of redocking to the native protein structure. This approaches the accuracy of the recently developed Rosetta FlexPepDock method (63% success for these 19 peptides) while being over 100 times faster. Cross-docking was performed for a subset of cases where an unbound receptor structure was available, and in that case, 40% of peptides were docked successfully. We analyze the results and find that the optimized polypeptide protocol is most accurate for extended peptides of limited size and number of formal charges, defining a domain of applicability for this approach.","author":[{"dropping-particle":"","family":"Jiao","given":"Jimmy","non-dropping-particle":"","parse-names":false,"suffix":""},{"dropping-particle":"","family":"Post","given":"Vincent","non-dropping-particle":"","parse-names":false,"suffix":""}],"container-title":"Angewandte Chemie International Edition, 6(11), 951–952.","id":"ITEM-1","issued":{"date-parts":[["2019"]]},"publisher":"Cambridge University Press","title":"COASTAL HYDROGEOLOGY","type":"book"},"uris":["http://www.mendeley.com/documents/?uuid=edc0f999-0a7a-4a1b-9650-654fc39f5efe"]}],"mendeley":{"formattedCitation":"(Jiao and Post, 2019)","plainTextFormattedCitation":"(Jiao and Post, 2019)","previouslyFormattedCitation":"(Jiao and Post, 2019)"},"properties":{"noteIndex":0},"schema":"https://github.com/citation-style-language/schema/raw/master/csl-citation.json"}�(Jiao and Post, 2019)�





Figure 2.9 - Density-driven downward seawater intrusion during flooding �ADDIN CSL_CITATION {"citationItems":[{"id":"ITEM-1","itemData":{"DOI":"https://doi.org/10.1017/9781139344142","ISBN":"9781107030596","abstract":"Predicting the binding mode of flexible polypeptides to proteins is an important task that falls outside the domain of applicability of most small molecule and protein−protein docking tools. Here, we test the small molecule flexible ligand docking program Glide on a set of 19 non-α-helical peptides and systematically improve pose prediction accuracy bynhancing Glide sampling for flexible polypeptides. In addition, scoring of the poses was improved by post-processing with physics-based implicit solvent MM- GBSA calculations. Using the best RMSD among the top 10 scoring poses as a metric, the success rate (RMSD ≤ 2.0 Å for the interface backbone atoms) increased from 21% with default Glide SP settings to 58% with the enhanced peptide sampling and scoring protocol in the case of redocking to the native protein structure. This approaches the accuracy of the recently developed Rosetta FlexPepDock method (63% success for these 19 peptides) while being over 100 times faster. Cross-docking was performed for a subset of cases where an unbound receptor structure was available, and in that case, 40% of peptides were docked successfully. We analyze the results and find that the optimized polypeptide protocol is most accurate for extended peptides of limited size and number of formal charges, defining a domain of applicability for this approach.","author":[{"dropping-particle":"","family":"Jiao","given":"Jimmy","non-dropping-particle":"","parse-names":false,"suffix":""},{"dropping-particle":"","family":"Post","given":"Vincent","non-dropping-particle":"","parse-names":false,"suffix":""}],"container-title":"Angewandte Chemie International Edition, 6(11), 951–952.","id":"ITEM-1","issued":{"date-parts":[["2019"]]},"publisher":"Cambridge University Press","title":"COASTAL HYDROGEOLOGY","type":"book"},"uris":["http://www.mendeley.com/documents/?uuid=edc0f999-0a7a-4a1b-9650-654fc39f5efe"]}],"mendeley":{"formattedCitation":"(Jiao and Post, 2019)","plainTextFormattedCitation":"(Jiao and Post, 2019)","previouslyFormattedCitation":"(Jiao and Post, 2019)"},"properties":{"noteIndex":0},"schema":"https://github.com/citation-style-language/schema/raw/master/csl-citation.json"}�(Jiao and Post, 2019)�
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Figure 3.1 - Salinity sampling locations








Figure 3.2 - Water sample collecting at Benthara river








Figure 3.3 - Rain gauge locations of the Benthara river basin








Figure 3.4 Prospector Sketch for level survey








Figure 3.5 - Flow chart for the adopted methodology to achieve the research objective











Figure 3.6 - Methodology to access the relationship between climate changing & Salinity intrusion











Figure 4.2- Sea outfall as at the year 2012, source historical images obtained from google earth pro











Figure 4.3- Sea outfall as at the year 2021, source historical images obtained from google earth pro











Figure 4.23 – Typical Tidal Pattern in January 2019








Figure 4.24– Typical Tidal Pattern in January 2020





Figure 4.25 – Typical Tidal Pattern in January 2021
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A.1 Data collected from NWSDB

		Electrical Conductivity (EC) ( S/CM)

		Year		2019				2020				2021

		Intake		Dedduwa		Haburugala		Dedduwa		Haburugala		Dedduwa		Haburugala

		January		95.7		76.4		97.46		78.6		127.8		84.6

		February		116.7		73.2		134.48		68.1		4502		103.7

		March		98.33		76.4		224		89.8		2653		112.1

		April		79.42		68.98		1641		69.42		575		97.4

		May		32.59		59.6		404		65.31		1025		79.7

		June		71.53		55		85		53.35		94.2		80.1

		July		86		60.2		99		55.14		90.9		99

		August		169.81		82.31		102		58.2		124.1		75.8

		September		962		97.6		73		54.3		1135.3		75.8

		October		81.5		62.3		58		52.6		112.2		79.3

		November		130.1		62.5		65		65.7		115.4		77.9

		December		75.5		63.41		73		71.53		79.7		56.8





A.1 Data collected from NWSDB

		



Electrical Conductivity (EC) ( S/CM) 2019 Haburugala

Electrical Conductivity (EC) ( S/CM) 2020 Haburugala
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Electrical Conductivity (EC) ( S/CM) 2019 Dedduwa

Electrical Conductivity (EC) ( S/CM) 2020 Dedduwa

Electrical Conductivity (EC) ( S/CM) 2021 Dedduwa

MONTHLY VARIATION OF ELECTRICAL CONDUCTIVITY-DEDDUWA



A.1-part 3

		pH

		Year		2019				2020				2021

		Intake		Dedduwa		Haburugala		Dedduwa		Haburugala		Dedduwa		Haburugala

		January		6.8		6.8		6.8		6.7		6.6		6.6

		February		6.8		6.8		6.9		6.7		7.1		6.9

		March		6.8		6.7		6.8		6.8		6.9		6.9

		April		6.7		6.7		7		6.7		6.7		6.7

		May		6.7		6.7		6.8		6.7		6.3		6.3

		June		6.7		6.4		6.7		6.7		6.6		6.6

		July		6.8		6.8		6.8		6.7		6.6		6.6

		August		6.8		6.8		6.8		6.7		6.5		6.5

		September		7		6.9		6.7		6.3		6.5		6.5

		October		6.7		6.5		6.7		6.7		6.4		6.4

		November		6.7		6.4		6.6		6.6		6.3		6.3

		December		6.8		6.5		6.7		6.4		6.5		6.5
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A.2 Irrigation Department

		



pH 2019 Haburugala

pH 2020 Haburugala

pH 2021 Haburugala

MONTHLY VARIATION OF-PH



River bed level

		Total Dissolved Solids (TDS) (mg/l)

		Year		2019				2020				2021

		Intake		Dedduwa		Haburugala		Dedduwa		Haburugala		Dedduwa		Haburugala

		January		63.16		48.11		59.53		51.88		84.35		55.84

		February		77.02		48.31		88.76		44.62		2971		68.05

		March		64.9		49.92		147.84		59.27		1750		73.99

		April		52.42		45.53		1083.06		61.27		379.5		61.84

		May		21.51		39.34		69.04		48.2		68.57		52.6

		June		47.21		36.3		56.69		56.69		62.17		52.87

		July		56.76		39.34		65.54		65.54		59.99		51.55

		August		112.07		54.19		67.45		38.41		81.91		50.03

		September		734		64.42		48.31		35.28		749.3		43.1

		October		53.79		41.12		38.81		34.72		68.11		45.74

		November		85.87		41.25		42.7		37.88		76.16		51.41

		December		49.83		41.85		48.77		41.12		52.6		52.6
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		Rainfall detail Recharge area-2019						Flow at Dedduwa-2021

		Months		Rainfall (mm)				Months		Flow (MCM)

		January		73.8				January		39

		February		46.7				February		46

		March		90				March		140

		April		77				April		637

		May		279.3				May		630

		June		181.7				June		351

		July		32.7				July		700

		August		66.2				August		293

		September		11.6				September		679

		October		251.9				October		1279

		November		79				November		996

		December		25				December		215
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		River bed profile

		Chainage		level		location

		0		-3.8		River out fall

		5		-5.6		salinity barriar

		10		-6		dedduwa

		15.2		-4		haburugala

		27.5		-3.8		oya

		42		5		recharge area
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