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Abstract 

Salinisation of water and soil resources is a global problem, with large, low-lying deltas in 

Asia facing significant risk associated with climate change and growing demand due to 

rising populations. These regions are located at the nexus of oceanic, hydrological, terrestrial 

(land surface), geological, atmospheric and anthropogenic domains, with the spatio-

temporal distribution of salinity controlled by the complex inter-play between these systems. 

Increasing modification, through climate change, human activity and management practices, 

has led to a shift in the natural dynamics of these delta environments, resulting in changes 

to the saline – freshwater balance within soil, groundwater and river systems. This places 

the >100 million inhabitants of the Bengal delta in South Asia at increased risk from 

salinisation of soil and water resources, which threaten agricultural productivity and human 

health through the consumption of drinking water with elevated sodium content. 

 

This study investigates the spatio-temporal distribution of salinity in Bangladesh through the 

application of multiple research approaches and robust non-parametric statistical methods. 

These were applied to extensive data-sets of tidal water level and salinity observations, 

which are missing for most deltas, in order to identify regional scale variation and trends. 

With shallow subsurface monitoring of soil and groundwater salinity, and an intensive field 

investigation of groundwater chemistry and its association with geological and 

contemporary sources of salinity in southwest Bangladesh carried out to characterise 

salinisation at a local scale.  

 

Results from this study enable the identification of sub-regional patterns in delta tidal 

dynamics and coastal SLR along the northern Bay of Bengal. With an average rise in coastal 

extreme sea levels of 6.9 ± 2.1 mm yr-1 driving the 5.1 ± 4.2 mm yr-1 increase in tidal water 

levels within the delta. Distinct variation between the western and eastern regions is 

identified. Increases of 18.3 ± 4.1 mm yr-1 and 18.2 ± 6.8 mm yr-1 at high and low-tide 

respectively in tidally dominated rivers of southwest Bangladesh, contrast with the fluvially 

active central and eastern sections of the delta, where falling trends of -6.5 ± 2.3 mm yr-1 

(high-tide) and -10.2 ± 3.1 mm yr-1 (low-tide) are recorded. Rapid and short term changes 

are observed at the site-specific level, with an acceleration of change in high-tides indicated 

by a rise from the long-term rate of 4.4 ± 1.5 mm yr-1 between 1950 and 2018, to 5.9 ± 3.2 

mm yr-1 between 1990 and 2017, leading to increased risk for the local population. 

 

The spatial variation of changes in tidal water levels corresponds to the intra-regional 

distribution of river salinity within the delta, with an east to west increasing trend in mean 



 xiii 

salinity from 21 ± 15 µS/cm year-1 to 94 ± 25 µS/cm year-1. Monthly salinity maxima are 

observed to increase at faster rates than the monthly mean series, with the delta-wide increase 

of 100 ± 29 µS/cm year-1 corresponding to a ca. 0.5 ppt rise in salinity within a decade. The 

rapid shift in salinity observed in the delta between 2006 and 2007 may be linked to a period 

of significant cyclone activity, with a greater impact on the western delta system. The effect 

of sea-level rise on river water salinity is intensified by reduced freshwater discharge in the 

delta's west, with channel embankments increasing the inland flow of saline waters. At both 

local and regional scales, the inland impact of SLR within the delta is observed to be strongly 

modulated, leading to the observed spatial distribution of salinity within the tidal channel 

network. 

 

The study also identifies significant variability within groundwater salinity in polder 31, 

southwest Bangladesh, with sodium concentrations between 287 to 1,766 mg/L, frequently 

at levels potentially harmful to human health. The concentration of salinity within the 

shallow aquifer is associated with the percentage of sand recorded within overlying 

sediments and the thickness of the silt/clay semi-confining unit. Contemporary salinisation 

is identified adjacent to the primary tidal channel in the east of the study area and within 

shallow horizons (< 30m bgl) in close proximity to artificial shrimp ponds. Results from a 

novel monitoring approach in shallow groundwater and soil horizons also identifies the 

flushing of salts into groundwater within the upper part of the saturated zone during the 

monsoon season. 

 

The variation in trends identified in tidal water levels and salinity, and the association with 

variations in the hydro-morphology of the delta help improve the understanding of the 

processes controlling salinisation at both the regional and local scale within large deltas. The 

identification of driving mechanisms in the context of the polder system will also aid the 

development of appropriate mitigation strategies. Integrated management policies that can 

address the cascading hazards present within low-lying deltas are crucial to the regions 

inhabitants, where a growing population increases demand on finite water resources, and 

climate change threatens rising sea-levels, changing patterns of precipitation and the 

potential for increased cyclone activity. 



 1 

1. An introduction to – Salinisation in the Bengal delta, 

Bangladesh – Implications for Asian delta systems 

1.1. Thesis introduction 

This introduction sets out the structure and aims of the study, and provides an outline for the 

concept of salinisation with a focus on delta environments. The thesis is formed of 4 

principal chapters (chapters 2 to 5), each addressing an objective aimed at the investigation 

of processes controlling salinisation in the Bengal delta, and arranged in the compilation 

style as stand-alone papers. Table 1.1 summarises the chapters and their publication status, 

with any contributions from co-authors within this thesis acknowledged. A final chapter 

(chapter 6) provides a synthesis, relating the key findings of the study to the objectives 

outlined below. The final section also highlights important aspects for further study, required 

to reduce the risk of salinisation within delta systems during a period of global climate 

change. 

1.2. Salinisation 

Salinisation, broadly defined as the increase of inorganic salts in soil and water resources, is 

a global issue affecting millions of people and occurs in varied ecological settings e.g. arid, 

temperate and tropical regions (Rahman et al., 2019; Hassani et al., 2020). Spatio-temporal 

variations of salinity in rivers, soils, groundwater and the built environment are driven by 

the complex interaction of natural mechanisms such as tides, river discharge, 

evapotranspiration, groundwater flow and sea-level rise (SLR) (Dasgupta et al., 2015; 

Herbert et al., 2015; Smajgl et al., 2015; Ketabchi et al., 2016). Anthropogenic activity 

modifies these natural and highly dynamic processes through the addition of salts directly 

into the environment e.g. through irrigation and wastewater returns (Cañedo-Argüelles et 

al., 2013; Kaushal et al., 2017), and through the intensification of natural processes – such 

as alteration of river discharge, increased global atmospheric and ocean water temperatures 

and relative sea-level rise (Mirza, 1998; Bhuiyan and Dutta, 2012; Church et al., 2013; Chen 

et al., 2016). 

 

The primary impacts of elevated salinity in water resources and aquatic systems include a 

reduction in potable water supply, limitations on use for irrigation, shifts in ecological 

regimes, and if ingested can negatively impact human health through exposure to excess 

sodium (Khan et al., 2014; Dasgupta et al., 2016; Hoque et al., 2016; Scheelbeek et al., 

2017). High levels of salinity in soils can also reduce crop yields, adversely affecting the 
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income of farming communities and threatening national food security (Butcher et al., 2016; 

Zörb et al., 2019). Saline groundwater and substrates can also affect the built environment 

through increased degradation of infrastructure (Haynes and Bassuoni, 2011). These impacts 

require mitigation at local and regional scales, with specific ecological settings requiring 

customised solutions. 

1.3. Deltas at risk 

Delta regions are located at a nexus of oceanic, hydrological, terrestrial (land surface), 

geological, atmospheric and anthropogenic systems. Their common hydro-morphology, 

low-lying, shallow sloping topography, and composition of soft sediments prone to 

compaction and erosion, make them susceptible to rising sea-levels (Syvitski et al., 2009; 

Wilson and Goodbred, 2015; Becker et al., 2020). Rates of global SLR in the late 20th – 

early 21st Century of 3.1 ± 1.4 mm yr-1 (Dangendorf et al., 2017) are potentially increasing, 

with 3.7 ± 0.5 mm yr-1 calculated for the 2006 to 2018 period (IPCC, 2021). This is predicted 

to accelerate further through the 21st century (Wang et al., 2021). Tropical – sub-tropical 

deltas also face growing threats from changes in climate, with potential for increased cyclone 

activity and intensity, along with potential shifts in rainfall patterns (Sahoo and Bhaskeran, 

2016; Knutson et al., 2019). These factors, combined with growing populations, now present 

an increased level of threat to the > 500 million people making their homes in these dynamic 

regions, who rely on the freshwater resources and fertile – productive soils to sustain 

agriculture (Rasul, 2016; Rahman et al., 2019).  

 

The Bengal delta (figure 1.1), the world largest and most populous, is home to >100 million 

people in West Bengal (India) and Bangladesh, and faces challenges from interrelated 

natural processes and anthropogenic activity; these include SLR, sediment supply, 

subsidence, surface water abstraction/diversion, groundwater abstraction, oil and gas 

extraction and disconnection of wetlands (Syvitski et al., 2009; Szabo et al., 2016). 

Bangladesh, with a growing population – currently 138 million, is located at the confluence 

of three major drainage basins, the Ganges, Brahmaputra and Meghna, which provide the 

source of the nation’s fresh surface water and supply the ca. 1 billion tonnes yr-1 of sediment 

which have formed and continue to maintain the Bengal delta complex (Kuehl et al., 2005; 

Wilson and Goodbred, 2015). The rivers are trans-national and flow through two of the 

worlds most populated nations (China and India), creating potential conflict for water supply 

(Rahman et al., 2020). Increasing demands on water resources raise the potential for 

upstream abstraction and dam building to reduce freshwater discharge and sediment delivery 

to the delta front, threatening its resilience to SLR (Gupta et al., 2012; Hoitink et al., 2017). 
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Figure 1.1. Location of the Bengal delta within Bangladesh and West Bengal, highlighting the study 
area (red) within the southern part of Bangladesh. The delta, forming at the confluence of the Ganges, 
Brahmaputra and Meghna Rivers, extends south into the Bay of Bengal, with the fluvially active 
section of the delta focussed in the southeast along the Lower Meghna channel.  
 

Bangladesh is recognised as a region at significant risk from climate change (Chen and 

Mueller, 2018), with the latest IPCC AR6 report highlighting the critical point at which we 

stand (IPPC, 2021). This has resulted in calls from vulnerable nations for more meaningful 

action by the world community to limit the anthropogenic driving mechanisms of climate 

change (McGrath, 2021). Regardless of the steps taken to address this global issue, low-

lying regions face the consequences of a continued rise in CO2 which will result in rising 

sea-levels and potential adverse changes in rainfall patterns and cyclone activity (IPCC, 

2021). Changes in sea-level and hydro-morphology are thought to play a key role in 

salinisation processes in the Bengal delta (Mirza 1998; Bhuiyan and Dutta, 2012), which 

will negatively impact the local population (Dasgupta et al., 2015; Chen and Mueller, 2018). 

However, further work is required to define the spatio-temporal variation in primary driving 

mechanisms of salinisation and how this impacts salinity at local and regional scales. 

1.4. Study aims and objectives 

The significant impacts of salinisation on ecology, resources and the population of the 

Bengal delta have attracted substantial attention e.g., (Herbert et al., 2015; Clarke et al., 

2015; Dasgupta et al., 2015; Hoque et al., 2016; Rahman et al., 2019). The over-arching aim 

of this study is to improve our understanding of the processes of salinisation within the delta, 
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from local to regional scale drivers and feedback mechanisms, and to provide an integrated 

understanding of the spatial variation of salinisation within the region. This will be achieved 

by addressing a number of research objectives, outlined below: 

 

• Chapter 2 aims to define the overall research requirements of the study by mapping 

the understanding of salinisation in the Bengal delta. The current perception of the 

interaction between hydro-morphological, coastal processes, the built environment 

and service sectors is explored, considering both historical water management 

practices and salinity in reference to delta ecology. The influence of historical 

hydrological interventions in the delta and their impact in the coastal region are 

investigated, along with the spatial impact of salinisation and the relative role of 

driving mechanisms. The regions vulnerability to cascading hazards is considered 

with the identification of gaps in knowledge which, if resolved, could improve our 

understanding of the processes influencing salinisation in the region and better 

inform policy recommendations. 

 

• Chapter 3 presents analysis of local trends in recent tidal water levels and their 

association with SLR within coastal Bangladesh. The investigation aims to provide 

a baseline for climate change adaptation and infrastructure/risk management 

planning, and an improved understanding of tidal dynamics in low-lying delta 

settings. By utilising multiple statistical approaches on in-situ tidal water level 

measurements with consistent spatio-temporal coverage, which are missing for most 

Asian deltas, trends at both site specific and intra-regional scales are investigated. 

This provides a comprehensive delta-wide analysis of changes in high and low-tide 

regimes, with discussion of potential modifying mechanism associated with delta 

hydro-morphology. 

 
• Chapter 4 highlights the link between SLR and salinisation within the tidal river 

network in Bangladesh. Multiple analytical approaches, applied to an extensive data-

set comprising measurements of river water salinity across the delta, provide the 

opportunity to define the nature and pattern of changes in salinity at individual sites 

and within intra-regional sections of the delta. The aims are to identify areas at most 

risk from salinisation and to define the over-arching patterns of change in salinity, 

which are potentially linked to variations in SLR and other modulating factors. 
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• Chapter 5 provides an opportunity to examine salinisation at a more local scale 

within Polder 31, Khulna Province, southwest Bangladesh. Here the links between 

salinity in tidal channels and anthropogenic sources and levels of salinity in soil and 

groundwater horizons are investigated utilising multiple approaches. These include 

a novel monitoring system which allows the temporal characterisation of soil and 

groundwater salinity; analysis of groundwater chemistry through tube-well 

sampling; and comparison to the local lithological profile, defined through a 

programme of borehole drilling and electro-magnetic surveying. Defining the spatio-

temporal characteristics of salinity at the local scale will aid in mitigation and 

planning to further limit groundwater salinisation and protect soil productivity. 

1.5. Summary 

Delta environments face growing risk from climate change and anthropogenic activity, with 

salinisation threatening both water resources and soil productivity in these low lying regions. 

Rising salinity in these resources negatively impacts the health, wealth and livelihoods of 

the local population and creates issues for national food and water security. Through the 

investigation of the driving mechanisms behind rising salinity and how its distribution is 

modified by natural and anthropogenic processes, this study aims to provide critical 

information which will aid in the development of robust management strategies aimed at 

alleviating the hazards faced by delta regions at high risk from climate change. 
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2. Land-Water interaction and salinisation in the coastal belt of 
the Bengal delta – a critical analysis to inform policy 
development in Bangladesh 

Abstract 

Salinisation within delta environments is a dynamic process governed by the interaction 

between coastal, fluvial and geomorphological systems. Increasingly these have been 

modified through human activity and management practices which lead to unintended 

problems associated with waterlogging and salt accumulation in soils and water resources. 

These issues, resulting in lack of freshwater availability and decreased crop yields, face the 

>100 million inhabitants of the Ganges – Brahmaputra Delta in South Asia who are under 

growing pressure from increasing sea-levels, climate change and population rise. An 

iterative approach is used to analyse the evolution of water management practices and policy 

and how these have influenced salinity within the delta, with a conceptual framework of 

understanding developed to guide risk management strategies. Management of coastal 

flooding and salinisation is found to be hampered by socio-economic conditions and the 

dynamic hydro-morphology of the delta, which has increasingly been altered through 

diversion and abstraction of upstream flow. Whilst engineering solutions protect large areas 

from inundation, interruption of natural flood-dynamics also increase the potential impact 

from storm-surge and fluvio-tidal flooding. Increased knowledge of the primary driving 

mechanisms of salinisation and their interaction with changes in hydro-morphology is 

critical to the development of effective policies. Adequately funded and integrated multi-

layered approaches to risk management at the river basin, local and regional scale must also 

be established that complement the powerful natural processes within the delta. The 

promotion of stakeholder engagement should be encouraged to ensure local co-operation 

and effective implementation of policies. The mitigation of the multiple and cascading 

hazards associated with salinisation caused by anthropogenic activity, climate change and 

socio-economic development is crucial for the populations of delta regions across Asia. 

Keywords: Salinisation; Risk Management; Delta Coasts; Climate Change 

2.1. Introduction 

Salinisation is a pervasive problem in low-lying coastal regions of the worlds deltas 

(Rahman et al., 2019). The coastal delta in Bangladesh, home to ca. 29 million people, faces 

increased exposure to elevated salinity in water and soil resources, threatening ecosystem 

services and human welfare (Hoque et al., 2016; Szabo et al., 2016; Vineis et al., 2011; GED, 

2018a; Rahman and Ahmad, 2018). Salinity within the network of tidal river channels, which 
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are characteristic of the region, is increasing (Dasgupta et al., 2015a) with a significant and 

rapid stepwise increase observed during 2006 – 2007 (Sherin et al., 2020). Future increases 

and further inland progression of saline water are also predicted over the coming century 

(Dasgupta et al., 2015a; Akter et al., 2019). The full extent of soil salinisation in the region 

is unknown, with a 2009 survey identifying 10,560 km2 of net cultivable land as affected, an 

increase of 26% compared to 1973 (SRDI, 2010). Modelling of regional trends in climate 

data have been used to predict the increased occurrence of saline soils and a rise in salt 

accumulation of 39% by 2050 (Dasgupta et al., 2015b; Payo et al., 2017). At locations where 

tidal channels are modelled to experience an increase in salinity of >4 parts per thousand 

(ppt) (Dasgupta et al., 2015a) and where this water is utilised for irrigation, a decrease in 

crop yield of 25% is estimated by 2098, increasing to a 50% drop for salinities >8 ppt (Clarke 

et al., 2015). The impact on the wellbeing of the population may be aggravated by 

salinisation of groundwater and surface water resources, with an association between 

drinking water salinity and prevalent hypertension identified in the region (Khan et al., 2014; 

Scheelbeek et al., 2017). Ecosystem services (forest products, aquatic resources and natural 

hazard protection) are also at risk (Dearing et al., 2018; Newton et al., 2020), weakening 

resilience of the coastline to sea-level rise and cyclone induced storm surge. 

 

Under natural conditions low-lying regions of the Bengal delta (figure 2.1) maintain a 

dynamic equilibrium with sea-level through sedimentation driven by the Ganges-

Brahmaputra (GB) river system (Auerbach et al., 2015a). However, elevations below 5 m 

(of which ca. 25,000 km2 are within 2 m of sea-level), frequent cyclones and the dynamics 

of the active delta system place the local population at risk from coastal flooding, which can 

have both short and long term impacts on economic activity and farming (Rahman et al., 

2020). For thousands of years delta dwellers attempted to manage water resources, with 

overflow irrigation systems established ca. 3,000 years ago (Willcocks, 1930). Catastrophic 

floods and subsequent famine from 1954 to 1956 lead to the most significant modern 

adaptation within the southern tidally active delta, with reclamation of agricultural land by 

polder (embankment) construction during the 1960’s to 1980’s. Although the potential 

consequences of extensive embankment construction, including subsidence, poor drainage 

and waterlogging, were raised by the Krug Mission under the auspices of the United Nations 

in 1957 (Van Staveren et al., 2017), the immediate need was prioritised and isolation of the 

embanked areas from the surrounding delta floodplains ensued.  
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Figure 2.1. The Bengal delta. Digital elevation model at 90m resolution derived from SRTM – 
Shuttle Radar Topography Mission data (USGS, 2018), shows the deltas low-lying topography, with 
a gently sloping gradient to the south. Regions below 3 m are concentrated in the southwest of 
Bangladesh, and into West Bengal (India). The apparent increased elevation in the region of the 
Sunderbans results from the height of the vegetation canopy, and does not indicate true land 
elevation. Polders, highlighted in blue, are concentrated in coastal locations and isolate multiple 
stream channels. 

The subsequent evolution and application of water management from the 1960’s has 

occurred against the backdrop of escalating natural events (e.g. sea-level rise (SLR), 

subsidence and cyclone storm surge) and anthropogenic alterations (e.g. construction of the 

Farakka Barrage) (Islam and Peterson, 2009; Becker et al., 2020; Mirza, 1998). The resulting 

interaction with hydro-morphology, coastal processes, the built environment and service 

sectors have variably impacted salinisation, particularly in the coastal belt (Auerbach et al., 
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2015a; Mirza, 1998; Rahman et al., 2019; Sherin et al., 2020). Improved stakeholder 

participation occurred through the 1980’s – 1990’s (Van Staveran et al., 2017), with an 

integrated and ambitious delta-wide strategy, The Bangladesh Delta Plan 2100 (BDP), being 

developed in the early part of this century (GED, 2018a & b). 

 

Drawing together contemporary understanding of these processes, considering both 

historical water management practices and salinity in reference to the delta ecology, provides 

the basis for building a new conceptual model. This step is crucial for creating effective 

adaptation strategies to prevent and mitigate increases in soil and water salinity (Suter, 1999; 

Norton et al., 1992; Auerbach et al., 2015a: Islam et al., 2019). The principal aim of the study 

is to map the understanding of salinisation, with specific reference to Bangladesh, by looking 

into the literature to answer specific research questions as outlined in section 2.4. Critical 

gaps in knowledge will be identified with discussion on the current risk facing the delta, the 

interaction of historical management strategies and whether these can be mitigated using an 

integrated framework to address the hazards in the region from changing climatic and hydro-

morphological processes. 

2.2. The Bengal delta, Bangladesh – a brief overview 

The Bengal delta – administered by both India and Bangladesh – is positioned at the juncture 

of three major river systems, the Ganges, Brahmaputra and Meghna (GBM), which drain 

over 1,500,000 km2 of the Himalaya and its foothill regions (Akter et al., 2016). A combined 

monthly river discharge of ca. 7,000 m3 s-1 (dry season) to 90,000 m3 s-1 (wet season) (Islam, 

2016) delivers an annual sediment load of ca. 1 billion tonnes yr-1 (Wilson and Goodbred, 

2015). This morphologically active delta, with an area over 200,000 km2 (Uddin and 

Lundberg, 1999), receives an average rainfall of 1,200 – 1,900 mm yr-1 of which 80% occurs 

within the monsoon months of June – September when the GBM system is also receiving 

water and sediment from its vast catchment (Ceasar and Janes, 2018). 

 

The landforms and gently, southerly sloping topography of the delta are principally 

fashioned by the GBM rivers that flow into the Bay of Bengal, with elevated Pleistocene 

blocks outcropping in a landscape dominated by Holocene deposits (Morgan and McIntire, 

1959). The flat delta surface, dominantly composed of silty-clay over bank deposits, is 

underlain by extensive unconsolidated, semi-confined, fluvial channel sand aquifers, which 

provide an invaluable groundwater resource for the >100 million inhabitants of the delta in 

Bangladesh and West Bengal (Ravenscroft et al., 2005). 
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The hydro-morphological evolution of the delta from west to east is well documented and 

attracts continued attention (e.g. Allison, et al., 2003; Sarkar et al., 2009; Wilson and 

Goodbred, 2015). Spatial variation is also observed across the modern delta with fluvially 

dominant systems in the east associated with the Lower Meghna and interconnected 

distributary channels, and a tidally dominant regime in the west where freshwater 

availability is predominantly governed by flow on the Gorai River (figure 2.1) (Wilson and 

Goodbred, 2015). Semi-diurnal tides have ranges of ca. 2 m at the coast (Hiron Point), 

amplifying to ca. 3.5 m (Mongla) before subsiding and reaching in excess of 120 km inland 

during the dry season (Wilson et al., 2017). Increasingly over the last century fluvio-tidal 

interactions have been modified by anthropogenic activity e.g. polder construction, flow 

diversion and dredging (Dewan et al., 2015; Wilson et al., 2017). 

2.3. Research approach 

An iterative, hermeneutic approach is adopted, which increasingly refines the information 

gathered in order to develop an improved understanding, this is subsequently applied to 

consider the implications of the findings (Boell et al., 2014). An analytical framework is 

then drawn up to meet the aim by focusing on literature which deals with the key issues of 

salinisation, climate change and coastal hazards, particularly in the context of low-lying 

coastal delta settings and Bangladesh. The source – pathway – receptor concept (SPR), 

previously utilised in assessing risks within coastal regions e.g. (Narayan et al., 2012: Grilli 

et al., 2017) is applied in order to structure the findings. Focus is placed on salinisation and 

its link to natural and anthropogenic influences, with an assessment of whether the current 

knowledge, placed in the S-P-R framework and accounting for feedback from previously 

implemented strategies, can be used to provide policy recommendations. In order to make 

this assessment a number of questions are posed: 

 

• What historical hydrological interventions in the Bengal delta have affected the 

coastal region? What have been the implications?  

• What is the extent of salinity? How is this going to change in the future? 

• What are the drivers of salinisation? Can the dominance of factors across the 

delta be segregated? 

• Can a conceptual framework to understand the impact of salinisation, considering 

feedback loops be developed?  

• How does salinisation initiate or relate to cascading hazards? 

• Can the vulnerability to cascading hazards be identified and is it possible to 

develop a method to address them? 
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• Are there knowledge gaps that require addressing in order to better formulate 

policy recommendations? 

 

The over-arching aim helps to identify key information within the multiple sources available, 

with the objective questions providing a scaffold for the literature search and to focus 

knowledge toward the aim of the study (e.g. Webster and Watson, 2002; Sackett and 

Wennberg, 1997). An in-depth analysis has been considered to produce a reflective account 

of the link between salinisation and sea-level rise and subsequently the policy perspective 

on mitigation is discussed along with further research needs. 

2.4.Analysis of current knowledge 

2.4.1. Hydrological interventions in the Bengal delta 

The historical development of water resource management within the delta started ca. 1000 

BC with the construction of small channel networks for overflow irrigation and to prevent 

nutrient deficiency in soils (Willcocks, 1930). When the system fell into disrepair and 

became dysfunctional in the mid-18th century, temporary earth dams and canals were built 

in coastal areas to prevent saline incursions during the dry season (Dewan et al., 2015). This 

water management practice was devolved to Zamindars (landlords) during British colonial 

rule (Van Staveren et al., 2017). Fast moving political events in the twentieth century, 

including the independence of India and formation of the Peoples Republic of Bangladesh 

in 1971, have influenced water management policies in the delta. Major water management 

strategies are highlighted in figure 2.2, focussing on those with connection to salinisation in 

coastal areas. More detailed accounts of specific policies and their implication can be found 

in the literature (e.g., Dewan et al., (2015), Van Staveren et al., (2017), and Rahman et al 

(2020)), with a brief summary provided in the following section. 

 

Localised earth dam water management, aligned to the natural dynamics of the delta, 

engaged communities in construction and maintenance (Van Staveren et al., 2017) and was 

replaced by a large scale engineering approach from the 1960’s under the control of national 

government agencies e.g. the East Pakistan Water and Power Development Authority which 

evolved to the Bangladesh Water Development Board (BWDB) from 1971 (Dewan et al., 

2015). Construction of 139 polders was carried out during the 1960’s to 1980’s, primarily to 

protect against coastal flooding and to reclaim agricultural land (GED, 2018a). This isolated 

floodplain areas from river channels, reduced sediment deposition and created waterlogging, 
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Figure 2.2. Evolution of water management strategies and policies within Bangladesh and the 
Bengal delta. A temporal shift from systems aligned with the natural flood dynamics of the delta to 
engineering solutions which primarily aim to exclude flood waters can be observed. More flexible 
approaches, including tidal river management (TRM) started to evolve in the late 20th century 
(compiled from various sources). 

which over time has reduced agricultural productivity (Van Staveren et al.,2017; Wilson et 

al., 2017). 

 

The evolution from a top-down based policy model was, in part, driven by international 

funding bodies from the late 1970’s – 1980’s and intended to benefit local communities and 

combat poverty (Dewan et al., 2015). It was not until the 1990’s that the push for more 

equitable stakeholder engagement gained traction through popular opposition of centralised 

policy, however in practice localised mitigation was poorly executed due to disagreement 

between farmers and aquaculture operators, lack of organisation in the multi-tiered Water 

Management Organisation (WMO) framework and funding issues (Van Staveren et al.,2017; 

GED, 2018a). The reduction of national scale funding for maintenance during the late 1990’s 

as part of decentralisation also led to increased risk of coastal inundation associated with 

potential infrastructure failure (Dewan et al., 2015). Previous attempts to draw together 

knowledge in an integrated framework have been undertaken within the Ecosystem Services 

for Well-Being in Deltas project (Nicholls et al., 2018), with the ambitious national scale 

BDP developed utilising a Dutch Delta Approach (Hasan et al., 2020) to manage rivers, 

flooding, water resources and associated aspects of the delta environment (GED, 2018a). 

 

The strategic national approach proposed in the BDP identifies numerous challenges, 

particularly in hotspot zones in the coastal zone and regions adjacent to major river/estuary 

systems, including water quality, sea-level rise, flooding (e.g. fluvial and storm-surge), 

waterlogging, salinisation and a decrease in groundwater level (GED, 2018a). The plan aims 

to improve resilience of agriculture, infrastructure and the economy to climate change and 

disaster risk through defining baseline conditions (e.g. for environment/ecology and 
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investment/finance) and setting milestones for the development and implementation of 

mitigation strategies. However, this is primarily applicable at the national and regional 

‘hotspot’ scale and relies on a shift in the procedural implementation of planning and 

execution of mitigation, with adequate and effective assignment of funding. Financing 

options are provided within the BDP (GED, 2018b) which indicates 2% of Gross Domestic 

Product (GDP) is required for implementation, however limited external analyses have been 

undertaken. Other sources indicate the plan is dependent on an increase in funding at the 

national level from 0.8% to 2.5% of GDP by 2030, and is reliant on sustained yearly national 

GDP growth of 8% (MOFA; 2020; World Bank, 2021a). A lack of analyses on the long term 

impact of the coronavirus epidemic on the economy of Bangladesh hinders insights into how 

this may affect implementation of the plan. Latest figures indicate decreased growth of GDP, 

to 2.4% in 2020, however this is a favourable position in comparison to other Asian nations 

(World Bank, 2021b). 

 

Other challenges include competition for water resources due to the nations position as the 

downstream riparian partner to India, China and Myanmar, with national management 

strategies reliant on international co-operation for water sharing. This dependence is 

highlighted by the negotiations surrounding water flow on the Ganges after the construction 

of the Farakka Barrage by India during 1975, and the subsequent water sharing agreements 

and Ganges Treaty of 1996 (Baten and Titumir, 2016). Despite these agreements reductions 

in flow between pre and post Farakka periods on the Ganges have been repeatedly 

highlighted (Mirza, 1997; Gain and Giuponni, 2014), and linked to increases in river salinity 

in southwest Bangladesh (Mirza, 1998). Combined with SLR, decreases in discharge are 

proposed as a leading mechanism of salinisation in the region through reduction of 

downstream flow (e.g. Akter et al., 2019). The continuing challenges of trans-national water 

management are likely to impact national policy well into the future (Baten and Titumir, 

2016). 

2.4.2. The sources and extent of salinisation in Bangladesh 

Salinisation has impacted Bangladesh on a large scale, with the tidally active western portion 

of the delta showing the most severe increases during the dry season (Dasgupta et al., 2015a; 

Clarke et al., 2015; Wilson and Goodbred, 2015). The spatial distribution of salinity within 

the delta is highlighted in figure 2.3, which shows the average salinity maxima between 2000 

and 2017 at 54 monitoring stations, with elevated values focussed in the southwest. Rising 

salinity is reported in multiple river channels over various timescales including the Rupsa 

1965 – 1992 (Mirza, 1998), Passur 1962 – 2008 (Dasgupta et al., 2015a), and the Shibsa, 



 19 

Kakshiali and Morishan Rivers (Shammi et al., 2017). Predictive models also suggest future 

upstream penetration of salinity, with the 2 ppt isohaline extrapolated over 80 km inland in 

the central and eastern sectors of the delta by 2050 (Dasgupta et al., 2015a). On a localised 

scale the 10 ppt front is also predicted to intrude 21 km inland along the Passur River as a 

consequence of locally anticipated 0.59 m SLR reported in the IPCC 4th assessment 

(Bhuiyan and Dutta, 2012). However, limitations of modelling approaches may occur 

through the use of single baseline years for salinity, water level and discharge data; limited 

information on river bed geometry and roughness; model interdependency (e.g. between 

hydrodynamic and salinity models); and accuracy of salinity data for downstream flow 

(which may be impacted by irrigation or wastewater returns). A recent study by Sherin et al. 

(2020) also indicated how changes in salinity may occur as a rapid shift, this was observed 

during the dry season of 2006 – 2007. Whilst the driving mechanism behind this change 

remains unresolved, the reported persistent high salinity in the southwest of Bangladesh is 

concurrent with two intense cyclone events which made landfall in the area (Sidr in 

November 2007 and Aila in May 2009). Associated storm surges transported saline water 

inland, and potentially reversed the monsoon freshening which occurs during June to 

September (Jian et al., 2009). 

 

Salinity is already reported to affect 20-30% of net cultivable land in Bangladesh (Baten et 

al., 2015) with increased river salinity in the southwest mirrored by the spatial distribution 

of soil salinity in coastal regions (Salehin et al., 2018). Dasgupta et al. (2015b) also report 

mean electrical conductivity (EC) values >3 dS/m for soils in the southwest and coastal 

regions of the central and eastern portions of the delta from data collected by the Bangladesh 

Soil Research Development Institute. High levels of salinity up to ca. 13.5 g/L are also 

recorded in groundwater (e.g. Ayers et al., 2016; Saha et al., 2018; Sarker et al., 2018; 

Worland et al., 2015) with a naturally occurring saline front present in coastal areas 

(Ravenscroft et al., 2013). Whilst elevated salinity may (partially) result from connate pore 

water emplaced during deposition of marine/estuarine sediments (Ayers et al., 2016), 

inundation resulting from storm surges has the potential to increase both soil and shallow 

groundwater salinity (Islam et al., 2019; Rahman et al., 2018). In contrast to the well-

developed north-south oriented palaeo-channels in the southeast of the delta, the limited 

scale of fluvial channel deposits and low elevation in the southwest retards regional fresh 

groundwater recharge and limits flushing of salinity from potential aquifer units 

(Ravenscroft et al., 2004; Naus et al., 2019). 
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2.4.3. The key drivers of salinisation  

The spatio-temporal distribution of salinity within the GB delta results from the complex 

interaction between multiple drivers over varying timescales of hours (e.g. tides and storm 

events – Dasgupta et al., 2015a; Karim and Mimura, 2008), months (e.g. river discharge – 

Mirza, 1998), decades (e.g. channel migration – Coleman, 1969), centuries (e.g. subsidence 

 
Figure 2.3. Salinity maxima in the river system of Bangladesh during the period 2000 to 2017. 
Elevated salinity is observed in the southwest, in a region where polders dominate the landscape and 
land elevation is below 6m (lightest grey colouration) (refer to figure 2.1). The large volumes of 
freshwater discharged in the east of the delta are seen to reduce the salinity in this region, despite 
tidal propagation (highlighted in figure 2.1) over 100km inland (please refer to chapter 4 for a 
detailed analyses of the spatio-temporal distribution of salinity within the delta). 
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– Brown and Nicholls, 2015) and millennia (e.g. marine transgression/regression and delta 

formation – Allison et al., 2003). The shifting hydro-morphology and natural processes 

within the delta conflict with the stability desired by its human populace. Anthropogenic 

modification of hydro-morphology within the coastal belt, through freshwater 

abstraction/diversion, polder construction, dredging, and land use, directly impact salinity 

(Mirza, 1998; Pethick and Orford, 2013; Islam et al., 2019). 

 

The key role of discharge and flow modification, combined with subsequent impacts on 

fluvial geomorphology of the Gorai River are highlighted in work by Mirza (1998). Data 

analysis in this study shows correlation between high flow volumes along the Gorai and 

decreased salinity in the region. Dredging on this channel as a management strategy is 

accredited with increasing flow by 5-13% during the dry seasons between 2010 and 2013 

(MoP, 2014), however long term sustainability is unlikely because of the dynamic 

geomorphology of the river and high costs (Gazi et al., 2020). The concept that salinity is 

linked to reduced upstream flow is also supported by Akter et al. (2019), who propose this 

as the dominant mechanism within the region, with the impact of SLR suggested to be 

limited to coastal areas, and further localised influence on salinity from cyclone induced 

storm surge. 

 

Polder construction has further influenced the balance between tidal flow and river discharge 

by altering channel geometry (Du et al., 2018). The isolation of river channels from the 

floodplains has also restricted active channel length by up to 60%, with a reduction 

exceeding 600 km in the southwest delta floodplain (Wilson et al., 2017). Greater estimates 

>1,000 km are predicted across the entire delta (Pethick and Orford, 2013). This decreased 

capacity has created higher water levels in coastal areas and pushed saline waters further 

inland through the remaining open channel network (Pethick and Orford, 2013). 

 

Salinisation of soils has been associated with increases in salinity in adjacent rivers (Salehin 

et al., 2018), irrigation (Clarke et al, 2015; Salehin et al., 2018) and salt water shrimp farming 

(Be et al., 1999; Ali, 2006: Chowdhury et al., 2011).  Inundation resulting from overtopping 

of flood defence embankments during storm surge events also provides a source of saline 

water (Auerbach et al., 2015a; Ikeuchi et al., 2017). If un-remediated this flooding can also 

increase underlying shallow groundwater salinity (Rahman et al., 2018; Islam et al., 2019). 

Salinity variations in the shallow aquifer (<60m depth) are linked to land use and hydro-

morphological features including the location of freshwater drinking ponds, elevation, siting 

of brackish water shrimp ponds and areas exposed to more regular tidal flooding (Naus et 
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al., 2019; Islam et al., 2019). The high salinity in the southwest of Bangladesh has led to 

increased development of brackish water aquaculture which covers an area of ca. 150,000 

ha. in the region (Ahmed and Diana, 2015). This conflicts with the freshwater demands of 

agriculture, with saline waters actively introduced into the polders which are designed to 

protect the land and water resources from sea-water flooding. Active breaching of polders 

at the community level may also be initiated to reduce waterlogging (Van Staveren et al., 

2017), however whilst this may achieve the addition of sediments within the affected area, 

saline water may be trapped within the sediment, or infiltrate into underlying groundwater 

enhancing salinisation (Auerbach et al., 2015a). 

2.4.4. The impact of salinisation – pathways and receptors 

Salinisation impacts multiple aspects of delta ecology, ecosystem services, agriculture and 

human health through the introduction of potentially harmful sources of excess sodium (Na) 

to ecological (Herbert et al., 2015) and human receptors (Scheelbeek et al., 2017) as 

summarised in figure 2.4. Increased salinity within coastal wetlands and mangrove forests 

results in shifts in floral and faunal distribution and is linked to a die back of Sundari and 

Goran trees in the Sunderban (Newton et al., 2020). These changes threaten to affect 

ecosystem services including forestry, fishing and honey/wax collection, whilst reducing 

natural protection against cyclonic storm surge and coastal erosion (Islam and Bhuiyan, 

2018). 

 
Figure 2.4. The process and impact of salinisation. The conceptual understanding of salt water 
intrusion on ecosystems and human health based on the source – pathway – receptor and feedback 
loop concept. Coastal salinity ubiquitously introduces excess sodium, impacting human health, crop 
yield and ecological balance. Initial negative impacts feedback into the system causing a cycle of 
increased land degradation and poverty. 
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Agricultural productivity is closely linked to soil quality, with nutrient cycling critical for 

healthy crop growth. Both abiotic and biotic elements of soils are negatively affected by 

increased salinity through alteration of cation exchange capacity and increased faunal 

mortality which reduces nutrient availability/cycling (Evangelou and McDonald, 1999: 

Herbert et al., 2015; Butcher et al., 2016). Physical degradation of soils, caused by adsorption 

of Na+ ions onto clay mineral surfaces and subsequent expansion of clay particles, also 

results in reduced porosity/permeability (Vengosh, 2005), which exacerbates problems 

associated with waterlogging. High levels of soluble and exchangeable Na within soils and 

pore water can decrease crop yields by reducing water uptake via osmotic stress and toxicity 

within plant cells (Butcher et al., 2016; Dasgupta et al., 2018; Zörb et al., 2019). Irrigation 

with water of elevated salinity not only results in reduced rice yields, e.g. water exceeding 

>2,000 µS/cm results in a 10% decrease, but is also associated with lower yields in other 

locally grown crops such as Melon, Mustard, Sweet Potato and Potato (Haque et al., 2014; 

Rahman et al., 2011). These negative impacts on agriculture are proposed to reduce income 

within the affected areas and to be a driver behind internal migration within Bangladesh 

(Chen and Mueller, 2018). 

 

Surface water and aquifer resources are also threatened by increasing salinity (Hoque et al., 

2016) with storm surge inundation not only driving salinisation of shallow groundwater 

(Islam et al., 2019), but also resulting in contamination of drinking water ponds (Hoque et 

al., 2016). Cohort studies identify an association between increased Na concentration in 

drinking water and increased rates of hypertensive disorders such as (pre)eclampsia (Khan 

et al., 2011; Khan et al., 2014), increased infant mortality (Dasgupta et al., 2016) and other 

cardio-metabolic health issues (Scheelbeek et al., 2017). Relatively high salinity in drinking 

water resources is reported to increase Na intake, with drinking water observed to contain in 

excess of 500 mg/L in parts of coastal Bangladesh (Hoque and Butler, 2016). 

2.5. Discussion 

2.5.1. Interaction of natural and anthropogenic processes and enhanced risk 

Fluvio-tidal and storm surge flooding can lead to inundation of vast areas in southwest 

Bangladesh (Adnan et al., 2019). The landfall of tropical cyclones, which occur at an average 

frequency of 10 per decade (Islam and Peterson., 2009), can produce a surge of sea water 

linked to low-pressure at the storms centre. This sudden rise in sea-level can be amplified 

by the timing (e.g. high spring tides) or by the narrow width and shallow depth of tidal 

creeks/channels (Woodruff et al., 2013; Du et al., 2018). The large-scale polders designed 

to prevent coastal flooding and protect agricultural land (Adnan et al., 2019) have, in the 
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long term, increased the vulnerability of enclosed areas with increasing risk of breaching or 

overtopping through differential subsidence, SLR and altered channel geometry (Auerbach 

et al., 2015a: Du et al., 2018; Becker et al., 2020). Inundation now initiates a cascading 

hazard (figure 2.5), with multiple sequential impacts and feedbacks on the livelihoods of the 

local population and regional economy (Szabo et al., 2016; Chen and Mueller, 2018). This 

risk is compounded through the potential for coastal erosion and the dynamic 

geomorphology of the delta (Wilson et al., 2017). 

 

Over time the construction of polders have resulted in waterlogging problems, increased 

salinity and decreased nutrients, all limiting potential for crop growth and agricultural 

productivity (Van Staveren et al.,2017; Haque et al., 2014). Subsequent changes in land use, 

through increased adoption of shrimp farming, have further enhanced exposure of flood 

protected land to sources of salinity (Ahmed and Diana, 2015). Increased potential for 

exposure to salinisation is predicted through increased cyclone frequency in the post 

monsoon season (Sahoo and Bhaskeran., 2016) and through globally accelerating SLR 

(Dangendorf et al., 2017; IPCC, 2021). 

 

The primary controls on the spatial distribution of salinity are temporally variable, with 

current SLR and subsidence rates increasing average tidal water levels within the delta 

(Becker et al., 2020). The intra-regional and local spatial variability remain poorly defined, 

with recent studies (Sherin et al., 2020) providing limited insight into short term dynamics 

and driving mechanisms. However, from the mid 20th century human activity appears to 

play an increasing role in salinisation, through modification of the natural systems that 

govern ecological distribution and the habitability of the coastal delta (e.g. Newton et al., 

2020; Auerbach et al., 2015a; Syvitski et al., 2009; Mirza 1998). Implementation of top-

down policy and large scale engineering projects, such as the Farakka Barrage and polder 

construction, have also counteracted dynamic feedback mechanisms and increased 

salinisation. 

2.5.2. Initiation of cascading hazards 

The enhanced risks outlined in the previous section have multiplied the pathways of 

exposure to salinity within the delta, ultimately resulting in a cascading hazard. The failure 

to mitigate against an individual risk or to adopt an integrated approach to risk management 

results in sequential exposure of ecological systems, agriculture, infrastructure and the built 

environment to increased salinity (Pescaroli and Alexander, 2018). Figure 2.5 identifies the 

hazards and socio-economic domains that may be impacted through exposure to immediate 
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(e.g. sea-water flooding) and longer term processes (e.g. salinisation), which often overlap 

in time and space. The hazard domain highlights the primary threats to the coastal delta 

through both long and short term processes. These can expose both the personal and societal 

domains, and infrastructure and service domains through direct flooding and elevated 

salinity, e.g. through reduced freshwater resources (increased salinity in drinking water 

ponds and shallow groundwater) and more direct impacts on services such as electricity 

generation and communications (roads are often located on embankments which can be 

breached). These impacts have a cascading affect as they create further barriers to service 

provision (e.g. education and business activity), the supply of drinking water and the ability 

to carry out agricultural activity. These combine to have significant negative impacts on 

livelihoods and the local/regional economy. 

 
Figure 2.5. Cascading hazards in coastal Bangladesh. Multiple coastal hazards present significant 
risk in the region. A single event can impact socio-economic and infrastructural systems both directly 
and through the systematic cascade of negative effects through inter-connected domains, with 
consequences for the livelihoods of the local populace and the local – regional economy. As an 
example the impact of a polder breach, not only results in sea-water flooding, but also disrupts 
communication/infrastructure, by cutting roads which run across the top of the embankments in the 
region. The immediate impacts of this flooding may damage the homes, water supply and agriculture, 
however the loss of connectivity can also disrupt business, social services and energy supply. The 
sea-water flooding may also impact social services through direct inundation of facilities, or 
increased demand due to failure of sanitation and increased illness. 
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Whilst disaster management practices are in place within the region (DMB, 2010; GED, 

2018a), the interaction in terms of risk modification (multihazard) or spill over to 

infrastructure failure leading to widespread disruption (cascading hazard), are not addressed 

by current policies. For cascading hazards, incorporation of social vulnerability and 

interaction of infrastructure is needed as these can amplify the risk (Pescaroli and Alexander, 

2018). Hazard identification and risk management must therefore address the multiple tiers 

and timescales involved in order to protect society from the physical and economic hardships 

introduced by salinisation. 

2.5.3. Addressing hazards through multi-barrier risk based mitigation – Salinity 

Safety Planning 

The management of salinisation requires action at various spatial and temporal scales; 

ranging from regional, river basin and at individual polder level, providing multiple tiers of 

hazard mitigation. Approaches based on the concept of risk management through removal 

of salinity sources, disruption of pathways of exposure, or removal of receptors should 

incorporate an assessment of vulnerability to identify areas where mitigation is a priority 

due to environmental and socio-economic factors (Das et al., 2020). 

 

Landward progression of saline water along river channels is currently limited on the tidal 

plains by a single level of protection – polder embankments and associated infrastructure – 

which are vulnerable to overtopping/breaching/failure (Adnan et al., 2019). Limiting the 

source of salinity at the regional/river basin scale, through maintenance of upstream flow is 

key to lowering salinity within river channels (Akter et al., 2019). However, the natural 

upstream hydro-morphological dynamics and uncertain, location specific, interactions 

between discharge and SLR, e.g. on the Gorai River, add further complexity. The conflict 

between fresh and brackish water demand, driven by increased aquaculture within the polder 

and providing both a source and pathway of exposure, also requires careful management. 

Further challenges exist with regard to impacts of international water sharing agreements 

and potential rising demand due to population growth, economic development and climate 

change (Brichieri-Colombi and Bradnock, 2003; Szabo et al., 2016). 

 

At the polder scale, consideration of short, medium and long-term strategies to isolate 

salinity from potential receptors is essential and can be incorporated into Salinity Safety 

Planning (SSP) (figure 2.6). Short term measures require the identification of existing 

regular and intensifying hazards (e.g. SLR induced erosion) which are a risk factor for 

embankment/infrastructure breaching, overtopping or failure. Medium-term options include 
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annual maintenance programmes for embankments, sluice-gates, and other critical 

infrastructure within the polders. With long-term measures focussing on the mitigation of 

unintended consequences of polder construction, such as relative subsidence and drainage 

problems.  

 

The SSP’s broad aims are to reduce risks from polder breaching and salinisation using a 

process based approach to risk at the local level (outer layer of figure 2.6) which 

complements actions at the more regional level (inner layer figure 2.6) and improves the 

productivity (agricultural/economic/societal) and safety of the population. Outer level 1 

involves the formation of an independent body/team to co-ordinate the hazard assessment 

within the polder (level 2), the results of which can be used to formulate a plan and 

design/implement works to help reduce the risk of flooding and salinisation (level 3). This 

could include management of shrimp farm locations, timing for opening of sluices, 

maintaining embankment integrity and smaller scale emergency remediation schemes (e.g. 

rapid pumping out of drinking water ponds in the event of localised saline water intrusion). 

A key aspect of the SSP is the monitoring and verification of the adopted control measures 

(level 4) and requirement to regularly review and adapt the plan at the local level (level 5), 

 
Figure 2.6. Salinity Safety Planning (SSP). The systematic processes and steps outlined in the 
diagram highlight the multiple and iterative stages of planning required. With feedback guiding 
future adaptation of planning strategies and mitigation measures based on their relative 
success/effects. Flexibility and adaptation are key to the process in order to avoid entrenchment and 
single policy dominance. 
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these sections are acknowledged as having been lacking in previous strategies and 

interventions in the region (GED, 2018a). A more centralised approach within the inner layer 

of figure 2.6 can be utilised at the regional level to (1) identify those polders which may 

require larger scale polder maintenance/reconfiguration (2) and those which would benefit 

from Tidal River Management (TRM 3). The two layers must provide complementary 

mitigation which are approved by the local community working in unison with local 

government. The SSP should be developed to utilise the natural flood dynamics of the delta 

and needs to consider freshwater flow at river basin scale, sediment dynamics at the tidal 

basin scale, protection at the polder embankment scale, and for the worst case scenario – 

embankment failure – protection of critical infrastructure within the polder (e.g. power 

supply, health, social services). Timely remediation strategies should also be developed to 

minimise salinisation in the event of saline water flooding. Measures should harmonise with 

regional and national policy, the latter prioritising maintenance of freshwater flow and 

reducing impact from SLR (e.g. dredging/reduced upstream abstraction and protection of 

ecosystem services – e.g. Mangroves). 

 

This tiered approach is utilised within the drinking water industry and community water 

supply system where the Water Safety Plan (WSP) is well established (Mahmud et al., 2007; 

WHO, 2012). Although WSP considers safety from the catchment to user level (Mahmud et 

al., 2007), scope is often limited, therefore SSP may require initiation at a regional level with 

multi-level nesting of working groups. This multi-level approach of Water Management 

Organisation (WMO) has previously been ineffective due to various funding issues and 

conflicts at the local level (GED, 2018a), therefore adequate central funding as part of the 

BDP, along with regional and local support is crucial to the strategy. Whilst the effective 

implementation of the SSP may provide the multiple layers of risk management required to 

address the complex hazards facing the region, monitoring and adaptation will be the key to 

its success. 

2.5.4. Tidal River Management – Application and limitations 

Historically water management practices in coastal areas prior to polder construction 

favoured approaches which maintained natural ecological balances (Willcocks, 1930; 

Dewan et al., 2015). Recent attempts to mimic these practices under TRM show promising 

results, but not without social and hydrological consequences (Gain et al., 2017). TRM 

returns the polder to the tidal plain by removal of embankments, allowing flood and tidal 

waters to regularly inundate the previously isolated area. Within 3-5 years sedimentation 

restores surface elevation resolving waterlogging (Gain et al., 2017). However, this prevents 
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agricultural activity during implementation of the TRM, with salinisation remaining a 

potential problem for soil and groundwater in strongly tidal areas (Auerbach et al., 2015a; 

Gain et al., 2017). River channels adjacent to polders in coastal areas are frequently at or 

below 3 m elevation (figure 2.1), equivalent to the regional tidal range (Wilson et al., 2017). 

These channels are flooded twice a day and hydrodynamic equilibrium is established 

between saline river water and the underlying aquifer, forming a pathway for groundwater 

salinisation (Smith and Turner, 2001). During extreme high tides these streams may also 

flood surrounding farmland resulting in the further accumulation of salts in soils. 

 

TRM is therefore not a universal solution, with greater potential for success in specific areas. 

Auerbach et al. (2015a) highlight the potential for sediment delivery and elevation recovery 

during periods of exposure to tidal action, clarifying the saline nature of these sediments and 

complexities of TRM in coastal areas in later correspondence (Hossain et al., 2015; 

Auerbach et al., 2015b). Whilst modelling studies demonstrate that limiting TRM to the 

monsoon season, when river water is fresh and loaded with sediments, will have greater 

freshening impact on groundwater and soil salinity (Islam et al., 2019). The latter approach 

has greater affinity with water management practiced by the Zamindar from the 1700’s to 

1950’s (Dewan et al., 2015; Van Staveren et al., 2017). 

 

In regions where salinisation has become extreme increased adoption of shrimp farming has 

already occurred (Ahmed and Diana, 2015), with increased rates of migration away from the 

affected areas (Szabo et al., 2016; Chen and Mueller, 2018). Future action may be necessary 

to provide compensation for farmers forced to leave their land due to loss of productivity or 

lack of potable water. Adopting a policy of managed retreat, whilst potentially problematic 

in an area of high population density, could also enable distribution of resources to areas 

where mitigation can be most effective (Hino et al., 2017). This step could provide the 

opportunity to enhance natural environmental systems through reforestation, which will 

ultimately enhance ecosystem services (Dearing et al., 2018; Newton et al., 2020). 

2.6. Research challenges and opportunities 

Whilst the S-P-R framework provides a method to outline the problem of salinisation within 

the delta, a complex network of feedback loops between natural and anthropogenic systems 

are identified which require further investigation. Identifying regional trends in driving 

factors, such as river discharge, subsidence and SLR e.g. (Becker et al., 2020; Sherin et al., 

2020) can help identify the overall risk to the delta. However, these can mask local and intra-

regional variability e.g. (Fujihara et al., 2016; Valle-Levinson et al., 2017), knowledge of 

which is required to target the most vulnerable areas. 



 30 

 

Local association between decreased river discharge and increased salinity has already been 

demonstrated (Mirza, 1998). However, despite further study (e.g. Akter et al., 2019; Sherin 

et al., 2020), the complexity of the tidal dynamics within the delta hinder the definition of a 

clear relationship between SLR and salinisation. Previous studies have focussed on 

modelling approaches for investigating inland tidal propagation (e.g. Bhuiyan and Dutta, 

2012; Dasgupta et al., 2015a; Akter et al., 2019) with limited use of in-situ observation data 

(e.g. Mirza, 1998; Rahman et al., 2000; Sherin et al., 2020). 

 

Multiple studies also identify the potential pathways for salinisation through interaction 

between surface waters, soil and shallow groundwater (e.g. Islam et al., 2019; Rahman et 

al., 2018; Naus et al., 2019). However, the relationship between river salinity and 

soil/groundwater salinisation remains poorly defined, with associations restricted to coastal 

areas (Salehin et al., 2018). Insights into river – groundwater interaction are also limited in 

the region (Peters and Hornberger, 2020) with the potential for density driven flow in coastal 

rivers identified in other tidal channel settings (Smith and Turner, 2001). 

 

These knowledge gaps restrict the ability to develop integrated risk management plans and 

combine with climate change and increasing populations to increase the vulnerability of 

water and agricultural security within the region (Hoque et al., 2016). Sea-level, water level 

and river salinity monitoring data, available for Bangladesh from the Bangladesh Water 

Development Board (BWDB), Bangladesh Inland Water Transport Authority (BIWTA) and 

open source data repositories (e.g. the Permanent Service for Mean Sea Level [PSMSL]), 

provide the opportunity to define these processes within the GB delta, with potential for 

application in other Asian deltas. Targeted research in these areas, presented in subsequent 

chapters, will provide a baseline understanding for the local SSP framework and for regional 

policy guidance for climate change adaptation and infrastructure risk management planning. 

2.7. Conclusions 

The review of historical – modern day water management processes and policies and their 

association with salinisation in Bangladesh allows an assessment of the current knowledge 

surrounding the mechanisms of salinisation and the potential for the application of an 

integrated risk management process in low-lying deltas. 

 

Historical interventions within Bangladesh have changed from being aligned with the natural 

deltaic processes, to one of protection and isolation. This has led to problems of waterlogging 

and differential subsidence, with an increased risk from embankment overtopping/failure. 
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These issues are now better understood, with limited application of tidal river management 

being used to mitigate the increased risk. Problems with organisation and funding of 

participatory schemes of Water management Organisation, combined with a lack of urgency 

in the planning and implementation phases at the regional and national level have also 

restricted mitigation in the delta. 

 

Salinisation of water and soil resources in the region is now extensive, particularly in the 

southwest of Bangladesh. However, whilst changes in river discharge are singled out as a 

potential leading driver, there is little consensus on the relative contribution of SLR, 

cyclones or groundwater flow to the process, with limited quantification of the rates of 

change affecting these drivers. The characterisation of the spatio-temporal distribution of 

salinity and its rate of change in surface water and soils is poorly defined from observation 

data, and is reliant on modelling to provide predictions. An increased level of analysis on 

monitoring data, available for Bangladesh, would help build on the current understanding 

and assist in model development. 

 

The construction of a conceptual model, based on the SPR framework, aids in linking the 

understanding of salinisation within the delta and feedback loops, which adversely impact 

the local population and lead to increased exposure of soil and water resources to salinity. 

The adaptation to salinisation by increased brackish water shrimp farming within the 

polders, breaks down the fundamental purpose of these engineered barriers, and does not 

address the underlying issues that are leading to increased outward migration from the 

affected regions. Developing this model into a framework of cascading hazards also aids in 

identifying the complexity and multiple aspects of risk associated with elevated salinity 

within coastal areas which, based on current changes of tidal water levels in the delta of ca. 

3 mm yr-1 and results of modelling studies, will lead to increased salinity further inland. 

 

The Salinity Safety Plan (SSP) has also been proposed to aid policy development and 

provides a robust and systematic method to address the issues identified and to ensure the 

adoption of flexible mitigation strategies that can be adapted based on the feedback 

encountered from initial implementation. These plans require integration with national and 

regional policy and should be led at community level to ensure engagement and its relevance 

to the needs of the local populace. 

 

Crucially, in order to develop policy recommendation gaps in knowledge must be addressed 

through continued analysis of the processes governing salinisation within delta 
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environments, which are currently facing increased risk from the consequences of changing 

climate and pressures from increased populations. 
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3. Recent trends in inland water level change in coastal 

Bangladesh – Implications of Sea Level Rise in low-lying deltas 

Abstract 

Accurately defining local variation in tidal water levels is the vital first step in managing the 

risk of coastal hazards associated with sea level rise (SLR). Here sub-regional patterns in 

delta tidal dynamics and coastal SLR along the northern Bay of Bengal are calculated based 

on long-term (1990 to 2017) in-situ measurement data. Seasonal trend decomposition 

combined with robust linear modelling are applied to determine rates of water level change, 

with an average rise in coastal extreme sea levels of 6.9 ± 2.1 mm yr-1 translating to increases 

of 5.1 ± 4.2 mm yr-1 in tidal water levels within the delta, with wide confidence intervals 

indicating significant variability. Mean increases of 18.3 ± 4.1 mm yr-1 and 18.2 ± 6.8 mm 

yr-1 at high and low-tide respectively in tidally dominated rivers of southwest Bangladesh 

contrast with the fluvially active central and eastern sections of the delta where falling trends 

of -6.5 ± 2.3 mm yr-1 (high-tide) and -10.2 ± 3.1 mm yr-1 (low-tide) are recorded. Rapid 

changes in river level at individual sites can occur over periods of ca. 3 to 10 years, most 

likely resulting from short-term hydro-morphological changes. An acceleration of change in 

high-tides is indicated by a rise from the long term (1950 to 2018) rate of 4.4 ± 1.5 mm yr-1 

to 5.9 ± 3.2 mm yr-1 between 1990 - 2017, leading to increased risk for the local population. 

At local and regional scales, the inland impact of SLR within the delta is observed to be 

strongly modulated, necessitating more detailed analysis of driving mechanisms at the site 

specific level. Results from this study can be used to aid development of adaptation strategies 

in Bangladesh and as a call for increased monitoring of hydro-morphological parameters 

within the Bengal delta and other large deltas in Asia and worldwide. 

Keywords: Tidal water levels; SLR; Bangladesh; Coastal sea-levels; Bengal delta 

3.1. Introduction 

Delta plains hosting tidal rivers represent regions where the interaction of sea level rise 

(SLR) and upstream discharge are focused (Hoitink and Jay, 2016). These areas are 

identified as at high risk of coastal flooding, with increasing pressure resulting from climate 

change and human activities (Tessler et al., 2015). Globally, the mean sea level is reported 

to have increased by an average of 1.7 mm yr-1  throughout the 20th Century (Church and 

White, 2011), with an increase to approximately 3.1 mm yr-1 between 1993 to 2012 

(Dangendorf et al., 2017), and 3.7 mm yr-1 between 2006 and 2018 (IPCC, 2021). Local 
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scale studies show wide ranges of SLR over variable timescales, e.g. short term rates of >20 

mm yr-1 between 2011 to 2015 on the east coast of the USA (Valle-Levinson et al., 2017) 

and longer term rates of -3.81 mm yr-1 (1936 to 1988) to 4.85 mm yr-1 (1947 to 2007) in the 

Hugli estuary, West Bengal  (Nandy and Bandyopadhay, 2011). Expression of eustatic sea 

level change and responses of tidal water levels to projected SLR scenarios in estuarine and 

deltaic regions is anticipated to be complex (Pickering et al., 2017), and impacted by multiple 

dynamic forcing mechanisms e.g. wave setup, river runoff (Woodworth et al., 2019), and 

changes in tidal constituents (e.g. principal solar and lunar components) (Müller et al., 2011).  

 

Coastal deltas, particularly in Asia, share similar hydro-morphology with low elevation of 

delta plains, multiple tidal stream channels and monsoon seasonality, combined with 

anthropogenic perturbation (e.g. polder development, water abstraction) (Syvitski. 2008; 

Hoque et al., 2016). However, a lack of in-situ measurement data poses a challenge to 

improved understanding of the interaction between SLR and changes of inland water levels. 

Accurate identification and quantification of spatio- temporal trends in tidal water levels are 

required at both intra-regional and delta-wide scales to identify areas at most risk from SLR 

(Ericson et al., 2006). 

 

Previous studies have relied on either a limited number of sites, time series with highly 

variable temporal coverage or modelling approaches to make inferences on the rates of 

change (e.g. Pethick and Orford, 2013; Kay et al., 2015), with a more recent study (Becker 

et al., 2020) providing extensive analysis of mean tidal levels by combining incomplete time 

series data from multiple monitoring sites to define long-term regional trends within the 

Bengal delta. However, in-situ measurements with consistent spatio-temporal coverage are 

missing for most Asian deltas and local trends on seasonal and individual tidal levels have 

been neglected, limiting insight into delta scale tidal dynamics. 

 

Data for the Bengal delta, available from the Bangladesh Water Development Board 

(BWDB) and Bangladesh Inland Water Transport Authority (BIWTA), allows such a 

comprehensive delta-wide analysis of changes in high and low-tide regimes at individual 

sites for the first time. The aim of the study is to quantify local trends in recent tidal water 

levels and their association with SLR within coastal Bangladesh. This will provide a baseline 

understanding for climate change adaptation and infrastructure/risk management planning 

and improve the understanding of spatio-temporal tidal dynamics in low-lying delta settings. 

Seasonal trend decomposition (STL), robust linear modelling (RLM) and a modified Mann-

Kendall test have been applied to monthly high and low-tide series to quantify recent to long-   
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Figure 3.1. The Bengal delta, with major cities and waterways highlighted, showing locations of 
data utilised in this study (19 tidal water level (circles) and 3 coastal SLR monitoring stations 
(squares)). Further information is available in supplementary material table S2, with sites divided 
into the respective eastern (EES), central (CES) and western (WES) estuary zones (after Haque et 
al., 2016). Large funnel shaped and branching estuaries penetrate inland for tens of kilometres, with 
freshwater discharge in the fluvially active east of the study area dominated by the Brahmaputra and 
Ganges Rivers. 

term temporal trends and identify spatio-temporal variation in water levels. In subsequent 

sections the specific nature of the delta setting is outlined with a description of data and 

methods utilised for the investigation (section 3.2). Results are presented in the context of 

specific sites and intra-regional zones (section 3.3), with discussion focussing on the high 
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variability and potential drivers operating at different spatial and temporal time-scales 

(section 3.4). 

3.2.Materials and methods 

3.2.1. Study area description 

The Bengal delta (figure 3.1), the world’s largest low-lying  delta complex with a population 

density of ca. 1,300 people/km2, is located in the north of the Bay of Bengal within 

Bangladesh and the Indian state of West Bengal, covering an area of >110,000 km2 (Kuehl 

et al., 2005; Ericson et a., 2006). The freshwater discharge of 10,000 to 10,000 m3 s-1 is 

dominated by the Brahmaputra and Ganges Rivers and driven by monsoon seasonality 

(Kuehl et al., 2005; Jian et al., 2009). The discharges of the Ganges-Brahmaputra-Meghna 

catchments ultimately drain through the west (WES), central (CES) and eastern (EES) 

estuary systems (Haque et al., 2016) (supplementary information, hereafter SI, figure S1). 

 

The delta coast is variably meso – macro tidal (ranges of 1.9 m to >4 m) and is penetrated 

by numerous estuaries that allow propagation of the tide over 200 km inland (Khuel et al., 

2005; Elahi et al., 2020). The broadly tapering shape of the estuaries, which can have a 

funnelling effect, combined with a gentle topographic gradient, leaves areas vulnerable to 

cyclone-induced storm surges, which can occur up to 5.8 m in height (Woodruff et al., 2013; 

Dube et al., 2009). Natural vulnerability of the delta to SLR is intensified through 

anthropogenic influences of land reclamation, modification of channel morphology (e.g. 

polder construction and dredging) (Wilson et al., 2017), sediment starvation (Wilson and 

Goodbred, 2015) and reduction of freshwater discharge through diversion of flow (Gain and 

Giupponi, 2014). Vulnerability is increased through mean subsidence of 5.6 mm yr-1 (Brown 

and Nicholls, 2015) with a west to east increasing trend from ca. 1 – 7 mm yr-1 (Becker et 

al., 2020). These factors, with great spatial variability, leave the delta at high risk to future 

changes in sea level, where regional rises in the Bay of Bengal reported between 1.3 to 4 

mm yr-1 (Unnikrishan and Shankar, 2007; Church et al., 2013; Becker et al., 2020) lead to 

cumulative increases of 1.3 to 4.0 cm over the 10-year timescales relevant to medium-long 

term development planning. Moreover, higher rates of coastal SLR along the delta front have 

recently been estimated at 6.8 to 15.0 mm yr-1 (Islam et al., 2016) significantly increasing 

the risk to infrastructure (Woodruff et al., 2013), agricultural productivity (Clarke et al., 

2015) and availability of drinking water (Hoque et al., 2016). 
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3.2.2. Data sources, methods of collection and screening 

Water level data at 31 locations on tidal rivers in southwest Bangladesh was obtained from 

the BWDB (BWDB, 2021a), providing broad spatial coverage from the available monitoring 

stations in the region. Data includes daily measurements of maximum (high-tide) and 

minimum (low-tide) water levels in metres referenced to the Public Works Datum (PWD, 

equal to approximately 0.46 m below mean sea-level (BWDB, 2021b)). Unlike satellite 

altimetry data utilised to calculate recent global eustatic changes in sea-level, where global 

errors of ±2 – 3 mm between records are calculated (Ablain et al., 2015) and  localised errors 

in rates of 0.83 mm yr-1 are reported (Prandi et al., 2021), water levels within the delta are 

obtained manually. Trained observers measure water depth at fixed monitoring stations with 

precision affected by potential manual error and errors in calculation of site elevation, data 

is assigned a vertical precision of ± 10 cm (BWDB, 2021b). Data quality has previously been 

discussed in publications which have utilised sub-sets or regionally aggregated data for trend 

analysis (e.g. Pethick and Orford, 2013; Becker et al., 2020). Measurement error is assumed 

to be random, with the impact decreasing with increasing length of time series due to the 

limited effect of individual values on the series mean. Other potential errors, influenced by 

factors such as subsidence, may be more systematic and impact the magnitude and 

significance of calculated trends. Measurements therefore represent the sum of the random 

error, plus regional SLR, vertical land motion and more localised drivers such as; shifts in 

stream-flow; groundwater flow; channel morphology; sedimentation; rainfall; atmospheric 

pressure; wind set-up; and tidal variation. The random error combined with these factors 

may influence the statistical significance calculated for the tests outlined in subsequent 

sections. Whilst it is beyond the scope of this study to quantify the contribution of the 

individual components to the measured data, it aims to build understanding of the driving 

mechanisms behind the trends in tidal water levels and what influences their significance.  

 

Data span a maximum period of 68 years (1950 to 2018), with relatively consistent data 

containing <15% missing values and sequential gaps <365 days identified at 19 stations 

between 1990 to 2017 selected for detailed analyses (figure 3.1). Data from remaining sites 

were short or had extensive missing data over multiple sequential years (further information 

on data and site locations is available in SI table S2 and SI figure S3). Data was screened for 

typographic errors and erroneous data values (e.g. data points of an order of magnitude 

above/below series values), followed by aggregation into monthly mean values for each set 

of high-tide and low-tide observations, with tidal range series defined using the difference 

between daily low-water and daily high-water followed by monthly aggregation. These steps 

help to minimise the impact of measurement error by removal of errors missed in the BWDB 
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quality control procedures (BWDB, 2021b) and by reducing the impact of extreme values 

through calculation of a periodic mean. Intra-regional and regional aggregation of sites, 

carried out in order to identify any larger scale trends, or intra-regional variation, is based 

on the estuarine system (Haque et al., 2016), with SW273 assigned to the EES based on 

broad similarities between tidal behaviour at SW277.3 (SI figure S4). 

 

In order to compare changes within the tidal delta to sea-level change along the coastal 

boundary of the delta, monthly maximum and minimum tidal water levels available from the 

BIWTA (BIWTA, 2021) were selected for three sites along the northern Bay of Bengal. Data 

was available for the period 1999 to 2017 (Hiron Point, Khepupara and Char Changa – figure 

3.1), and were supplemented for the years 1990 to 1998 by computing monthly tidal maxima 

and minima from hourly data obtained from the University of Hawaii Sea Level Centre 

legacy data portal (Caldwell et al., 2015). Combined datasets spanning 1990 to 2017 have 

<5% missing values with mean tides calculated from the monthly extreme high and low-tide 

data. Data screening was carried out in-line with the steps outlined above. 

 

A Rosner’s test was not used to remove potential outliers due to the potential presence of a 

trend which could result in removal of data from each end of the time series, or if applied 

annually, from the driest and wettest months due to seasonality (refer to figure 3.2 for 

examples of screened daily data) (Rosner, 1975). Further steps were taken to minimise the 

impact of remaining outliers in the data by selection of appropriate statistical techniques. 

Due to the potential for missing values to skew statistical analyses an imputation method, 

employing seasonally weighted linear interpolation, was applied utilising the seasonal 

splitting function from the imputeTS package (SI figure S5; fully outlined in Moritz and 

Bartz-Beielstein, 2017). The na_seasplit command was used to divide the data into monthly 

sub-series (January through to December), with linear interpolation (na_interpolation) 

between known data values in the monthly subseries used to impute missing values. This 

ensured data from multiple years was included to provide realistic estimates of water levels 

during a similar period within the seasonal cycle. Whilst a Kalman smoothing method may 

provide a better estimate for the imputation of data, this could not be applied due to the 

computationally expensive procedures required (estimated at several days per time series – 

with a standard desktop computer failing to complete computation of a shortened 10 yr series 

within 24 hrs) (Moritz and Bartz-Beielstein, 2017). These steps were crucial for subsequent 

statistical analyses which were carried out in the R computing environment (R Development 

Core Team, 2018). 
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Figure 3.2. Example water level time series (ai–ci) and monthly boxplots (aii–cii) highlighting 
seasonality and temporal variability. SW102 and SW241 span from 1968 to 2018 and SW39 from 
1958 to 2018. Data (ai-ci) are plotted in light grey, with dark grey representing imputed data (see 
section 3.2.3.2 for details), the black LOESS trend-line is smoothed over an 8.85yr period (see 
section 3.2.3.1), with the shaded area representing rejected data due to excess missing values. 
Boxplots aii– cii of observed daily high-tide measurements highlight monthly variation and 
seasonality within the delta.  
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3.2.3. Trend visualisation and calculation of water level change 

In order to provide trend visualisation, detect potential shifts in time series, and quantify 

rates of change in tidal water levels, multiple statistical approaches were used to compare 

trends obtained from each site. 

3.2.3.1. Decomposition of seasonal data using STL 

Trend calculation is complicated by inter-annual variability and irregular cyclicity in the 

data, which is evident in data from three sites plotted in figure 3.2. (SW102, SW241 and 

SW39). STL, Seasonal Trend Decomposition by LOESS (Locally Weighted Scatterplot 

Smoothing) utilises robust locally weighted polynomial regression to separate seasonal, 

trend and residual components (Cleveland et al., 1990). The technique can be applied to non-

parametric data where time series exhibit autocorrelation – the serial dependence of one 

observable value to a subsequent value, which in environmental data can be introduced 

through the presence of seasonality and/or trend (e.g. Shamsudduha et al., 2009; Lafare et 

al., 2016, Brown et al., 2019). This allows visualisation of the trend component and 

qualitative assessment of temporal variability. The stl function in the core programme {stats} 

of the R computing environment was utilised (R Development Core Team, 2018).  

 

A detailed outline of STL and individual calculation steps is provided in Cleveland et al. 

(1990), with a brief summary of the technique applied to tidal water level data outlined 

below. Each water level series from 1990 to 2017 and high-tide series with a maximum time-

span from 1950 to 2018 were decomposed employing the STL method in the following 

equation (Eq. 1): 

 

!(#) 	= '(#) 	+ )(#) 	+ *(#)                 (1) 

 

where Y(t) is equal to the water level at time t, T(t) is the trend component; S(t) is the seasonal 

component; and R(t) is the residual component; with (t) defining the specific time in all 

components (Cleveland et al., 1990). A user defined seasonality window of 13 months (an 

odd integer is required) was selected to account for the annual monsoon driven cyclicity (e.g. 

figure 3.2). Due to outliers it was necessary to apply the robust filter in the stl{stats} function 

which increases the number of iterations used to smooth the monthly subseries (Cleveland 

et al., 1990). 

 

The LOESS regression curve is fitted using a periodic (trend) window of 8.85 yrs (107 

months), selected to account for spring tide cyclicity forced by the lunar perigean cycle 
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which can influence tidal water levels by 4 cm in the region (Haigh et al., 2011; Haque and 

Nicholls, 2018). Increased weighting is applied within the trend window based on distance 

(in time) from Y(t), i.e. values closer to the boundary of the selected 107-month window 

have less weight than those at the centre. Iteration of this window along the time series 

provides the locally weighted regression required to smooth the series, with steps taken in 

calculation methods to ensure no loss of smoothed data occurs at each end of the time series 

(as would occur through application of a moving average: Cleveland et al. (1990)). 

3.2.3.2. A modified Mann-Kendall test for trend detection 

The presence of a monotonic trend was assessed using the bbsmk function of the modifiedmk 

package in R, which retains the memory structure of the data by resampling the original time 

series using a block-bootstrap, with a measure of trend consistency provided by the 

Kendall’s tau correlation coefficient (Patakamuri and O’Brien, 2020). Values of tau closest 

to ±1 show stronger, more consistent associations, with a value of zero indicating no 

correlation between parameters (Kendall, 1975). Boot-strapping was carried out utilising 

2,000 simulations, with 95% confidence intervals and block lengths selected based on the 

number of serial correlations (AR(p)) detected in the specific time series (Patakamuri and 

O’Brien, 2020). Trend significance was determined by rejecting the null hypothesis of no 

trend if Z > 1.96 at the 5% significance level for positive trends, and Z < -1.96 for negative 

trends (Kendall, 1975; Duan et al., 2018). This follows the assumption for an approximate 

normal distribution within a large sample size where the 95% confidence interval aligns with 

ca. 2 standard deviations from the mean (1.96 σ). The number of observations utilised within 

each series has a range of n = 300 to n = 816. 

 

The statistical significance of the modified MK test was independently verified using a 

second function, notrend_test from the package ‘funtimes’ (Functions for Time Series 

Analysis – full methods outlined in Lyubchich et al., 2020). This method utilises 2,000 boot-

strapped simulations of the time series data and robust difference estimates to determine 

coefficients of autoregression, the order of the autoregressive model, and a p-value for the 

MK test statistic – defined at the 5% significance level in order to test the previously 

calculated Z scores (Hall & Keilgom, 2003; Lyubchich et al., 2020). 

3.2.3.3.Robust linear models for trend magnitude 

Whilst acknowledging temporal variability within the delta system and autocorrelation 

within time series, it remains important to estimate rates of change and potential variability 

at both site-specific and regional levels (Stuart et al., 2007; Becker et al., 2020). These have  
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Figure 3.3. Examples of annual anomaly plots (a – b) and RLM models (c – d) for high and low 
tides at site SW241 Annual anomalies are calculated in comparison to the 9 year tidal epoch 1990 to 
1998 in order to account for the regionally dominant perigean tidal cycle. 

Been calculated in mm yr-1 on monthly mean values in each series for individual sites and 

regionally grouped series after removal of the seasonal component. RLM and Sen’s slope 

functions have been utilised in multiple hydrological studies (e.g. Stuart et al, 2007; Gocic 

and Trajkovic, 2013; da Silva et al., 2015; Becker et al., 2020) and provide a robust estimate 

of linear trend resistant to potential outliers. The estimate of Sen’s slope, provided in the 

bbsmk function, is derived using the median of slopes calculated between each pair of data 

points in the series (Sen, 1968; Patakamuri and O’Brien, 2020). Robust linear models, as 

implemented in the MASS package (Ripley et al., 2021), employ an iteratively re-weighted 

least squares approach to account for variance and reduces the influence of extreme values, 

with the bi-square weight method moderating the level of resistance to outliers in the data 

(Holland and Welsch, 1975; Fox and Weisburg, 2018). The repmod package (Marin, 2021) 

applies a bootstrap function, set at 2,000 iterations, to generate confidence intervals at the 

5% significance level (rob.ci function), and estimates for p-values on RLM models (rob.pval 

function). Where asymmetric confidence intervals are generated due to heteroscedastic 

properties within individual series, a mean value is provided for the potential error in the 

model, with complete data available in SI table S6. 
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3.2.3.4. Percentile annual anomalies and robust linear regression 

Data were also transformed into percentile series by taking the 5th and 95th percentiles, as 

well as the mean, on a monthly and yearly basis to enable examination of medium term water 

level anomalies during the wet (95th percentile) and dry (5th percentile) seasons between 

1990 to 2017 (e.g. Shamsudduha et al., 2009; Santamaria-Aguilar et al., 2017).  

 

Annual percentile anomalies were calculated with reference to the 9-year periodic mean 

(1990 to 1998 tidal epoch) of the relevant series (e.g. figure 3.3), therefore accounting for 

perigean cyclicity in the Bay of Bengal. This approach is adapted from the National Oceanic 

& Atmospheric Administration (NOAA) where a 19-year tidal epoch is applied in the U.S.A 

to account for the dominant 18.85 yr lunar nodal cycle which influence tidal water levels on 

interannual frequencies (Haigh et al., 2011; Valle-Levinson et al., 2017). The RLM 

approach, outlined in section 3.2.3.3 has been applied to annual water level anomalies to 

provide an estimate of the trend within the series, reported in mm yr-1. 

3.2.3.5. Change point detection in water level time series 

A potential change point, detected in the east of the delta during 2005 on the Ganges/Meghna 

floodplain (Becker et al., 2020) warrants further investigation into potential shifts in water 

level trends. Multiple change point statistics have been utilised, including the non-parametric 

rank based Pettitt’s test (based on the Mann-Whitney two sample test) (Militino et al., 2020). 

This adopts a null hypothesis that data within a time series contain identical means for any 

given period within the series. If a significant shift in the series mean occurs around a single 

point within the time series the null hypothesis is rejected and a probable change point K is 

defined at time T(t) (Pohlert, 2020; Militino et al., 2020). An alternative parametric test, the 

Buishand Range test is applied for comparison, the null hypothesis of no change in mean is 

tested against the alternative that a shift in the mean occurs from time K onwards (Pohlert, 

2020; Militino et al., 2020). Both tests were carried out utilising the trend package, with 

further details in Pohlert (2020), and examples of application for environmental data in 

Jaiswal et al. (2015). 

 

A piecewise method was also adopted, using an iterative approach for estimating a single 

change point based on minimising the mean square error (MSE) of two ordinary least squares 

(OLS) models over the data series (Crawley, 2013; Stuart et al., 2007). Break points are 

simulated at each data point between a user defined interval (chosen based on series 

characteristics), with linear regression run on each sub-series. Models showing minimal 

MSE were selected to define the optimum change point. Rates from pre and post change 
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point series were calculated using a robust model to replace the OLS in order to reduce the 

impact of outliers, with a time-averaged rate, in mm yr-1 calculated for each site. 

3.2.3.6. Limitations of statistical methods 

The application of statistical methods to data which may contain random or systematic errors 

can problematic. However despite potential low precision the data is not considered “bad 

quality” as defined by Brown et al. (2018), and has been analysed utilising RLM and other 

linear regression methods in previous studies (e.g. Mirza 1998; Pethick and Orford, 2013; 

Becker et al., 2020). Screening and aggregation, outlined in section 3.2.2, have been utilised 

to minimise the impact of potential errors, with sites where analysis reveals potential 

problems with precision highlighted  in table 3.1., and discussed in subsequent sections. 

 

Random or systematic errors within the time series, introduced through the sampling method 

or other factors highlighted in section 3.2.2, may influence the statistical significance 

calculated of the results calculated for the individual tests applied to the data. For calculation 

of statistical significance a normal distribution has been assumed following similar methods 

adopted in Becker et al. (2020). However, high variability, or offsets in the data may result 

in asymmetrical confidence intervals due to the bootstrapping process. Upper and lower rates 

are therefore presented in SI table S6 and potential implications discussed in section 3.4.2. 

 

For change point detection, random or systematic error may also alter the point at which the 

mean of the series is located, introduce a sudden shift, or increase variability which may 

impact statistical significance. These can be assessed qualitatively, with results presented in  

section 3.3.5. By assessing the trends at the individual site level and through aggregation of 

the data within the estuarine regions, it is also possible to assess any potential variation in 

the calculated trend magnitude or confidence intervals between the two techniques. 

3.3. Results 

The following sections focus primarily on RLM defined rates, with detailed results for each 

site presented in table 3.1 and SI table S6 (please refer to figure 3.3 c – d, and SI figures S7 

to S8 for example model fit). Correlation coefficients are used to describe the relationship 

between trends (r). 

3.3.1. Significant trends in water level series 

The modified MK test identifies seventeen sites with statistically significant trends in high-

tide where both Z >1.96 and p <0.05, with AR(p) between 1 to 3 (table 3.1, SI table S6). 
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Positive shifts in high-tide water levels are seen at thirteen locations (mean tau 0.36), with 

four showing negative trends (mean tau -0.34). Statistical significance falls to fifteen sites 

in low-tide series with AR(p) of 1 to 5. Mean tau of 0.45 is calculated for the nine sites 

showing a positive trend and -0.30 tau at six sites showing a negative trend in low-tide water 

levels. These relatively low values of tau highlight the inter-annual and periodic variability 

within the deltaic system seen within the trend component derived from STL analyses 

(figures S9 to S11). 

3.3.2. Rising extreme sea levels in the northern Bay of Bengal 

The rise in coastal mean water levels of 6.8 ± 1.7 mm yr-1 between 1990 to 2017 varies 

between 2.5 ± 1.1 mm yr-1 at Hiron Point, 7.1 ± 1.9 mm yr-1 at Khepapara and 10.9 ± 2.0 

mm yr-1 at Char Changa, with estimates of p <0.05 and statistically significant results from 

the modified MK test (table 3.1). A rate of 2.6 ± 3.1 mm yr-1 in high-tide water level at 

Khepapara returns p >0.05, and demonstrates the relationship between the p statistic and the 

width of 95% confidence intervals calculated using the bootstrap method. Rates at Hiron 

Point and Char Changa of 5.4 ± 1.5 mm yr-1 and 11.2 ± 2.9 mm yr-1 respectively show an 

increasing trend to the east. Low tides yield two statistically significant rates of 10.6 ± 2.1 

mm yr-1 at Char Changa and 11.5 ± 2.4 mm yr-1 at Khepapara, with no significant trend at 

Hiron Point (0.3 ± 1.5 mm yr-1) (figure 3.4(a) and (b)). These trends highlight local variation 

of SLR, with an average (mean) 6.4 ± 2.5 mm yr-1 change in extreme high tides and 7.5 ± 

2.0 mm yr-1 for extreme low tides (table 3.1 and SI figures S12 and S13). Seasonal variation 

in high-tide levels, even at coastal sites, remains a strong feature with a decreasing east to 

west trend and ranges between dry to wet season of up to 146 cm at Char Changa, 123 cm 

at Khepapara and 67 cm at Hiron Point (SI figure S14). 

3.3.3. Predominant recent and long term rising trends in mean and high tides 

Presenting a mean regional rate for the delta is complicated by the identification of 

statistically insignificant trends where sites show minimal positive/negative shifts (ca. ± 2.5 

mm yr-1). Exclusion of these sites would skew the intra-regional/regional means by only 

considering sites where stronger trends were observed, they have therefore been included 

within the quoted rates. However, sites where specific series were identified to have multiple 

data shifts that were not mitigated by the RLM analyses have been excluded and are 

highlighted in grey/italics within table 3.1.
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Table 3.1. Annual trends in water levels derived from robust linear models with mean 95% confidence intervals over the period 1990 to 2017. Variability is 
observed between individual sites with mean rates between 7.5 to 9.6 mm yr-1, statistically insignificant trends (p >0.05) highlighted in bold. 

ǂ    Calculated from monthly extreme tide data                *Series highlighted in grey and in italics show potential breakdown or data-shifts and are excluded from regional/sub-regional values 
†   Data 1990 - 2016 
†† Data 1990 - 2015 
 

Station ID (Region) 
Rate of water level change and trend significance 

High Tide (mm yr-1) MK-tau Low Tide (mm yr-1) MK-tau Mean Tide (mm yr-1) MK-tau 
SW102 (WES) 1.5 ± 3.1 0.06 -5.3 ± 3.5 -0.06 -1.7 ± 3.2 -0.00 
SW107.2† (CES) 2.3 ± 3.7 0.04 1.3 ± 1.9 0.11 1.0 ± 3.2 0.05 
SW129 (WES) 12.6 ± 4.7 0.41 -1.2 ± 1.4 -0.03 6.6 ± 2.3 0.23 
SW130 (WES) 11.0 ± 0.9 0.47 7.3 ± 0.9 0.39 8.9 ± 2.3 0.49 
SW136.1 (CES) 0.1 ± 1.3 0.01 -3.3 ± 1.7 -0.14 -1.7 ± 1.3 -0.08 
SW162 (WES) 58.7 ± 8.2 0.45 67.1 ± 8.7 0.48 63.4 ± 8.5 0.47 
SW171 (WES) 31.2 ± 8.2 0.23 31.1 ± 8.3 0.22 30.9 ± 8.8 0.23 
SW18 (CES) 0.4 ± 2.8 -0.01 -3.1 ± 2.6 -0.10 -1.1 ± 2.3 -0.05 
SW24†† (WES) 23.8 ± 7.8 0.35 93.9 ± 34.1 0.52 54.0 ± 21.4 0.53 
SW241 (WES) 16.1 ± 1.8 0.45 -18.6 ± 1.6 -0.49 -1.4 ± 1.6 -0.06 
SW273 (EES) -6.4 ± 3.6 -0.08 -9.3 ± 4.2 -0.13 -7.8 ± 4.0 -0.11 
SW277.3 (EES) -25.0 ± 2.9 -0.41 -1.7 ± 3.1 -0.03 -13.3 ± 2.9 -0.26 
SW28 (WES) 16.8 ± 1.5 0.36 43.0 ± 6.7 0.67 27.1 ± 1.8 0.66 
SW288.4 11.7 ± 2.5 0.34 13.0 ± 2.2 0.40 12.1 ± 2.3 0.40 
SW30 (WES) 10.9 ± 2.5 0.27 -9.4 ± 2.9 -0.19 0.9 ± 2.6 0.04 
SW39 (CES) 31.0 ± 2.4 0.58 41.7 ± 2.3 0.66 36.9 ± 2.2 0.65 
SW4A (CES) -33.5 ± 4.5 -0.42 -34.3 ± 4.8 -0.42 -34.0 ± 4.7 -0.42 
SW5 (CES) -30.1 ± 3.2 -0.44 -32.8 ± 3.5 -0.45 -31.5 ± 3.3 -0.45 
SW55 (WES) 12.0 ± 3.9 0.23 11.6 ± 3.3 0.24 11.6 ± 3.5 0.24 
Hiron Pointǂ (WES) 5.4 ± 1.5 0.24 0.3 ± 1.5 0.01 2.5 ± 1.1 0.15 
Khepaparaǂ (CES) 2.6 ± 3.1 0.04 11.5 ± 2.4 0.31 7.1 ± 1.9 0.24 
Char Changaǂ (EES) 11.2 ± 2.9 0.24 10.6 ± 2.1 0.33 10.9 ± 2.0 0.32 
Inland sites (mean exc. i) 5.9 ± 3.5 n = 16 4.9 ± 5.2 n = 15 4.3 ± 4.4 n = 15 
Sea level sites (mean  exc. i) 6.4 ± 2.5 n = 3 7.5 ± 2.0 n = 3 6.8 ± 1.7 n = 3 
Combined (mean  exc. i) 6.0 ± 3.3 n = 19 5.4 ± 4.7 n = 18 4.8 ± 4.0 n = 18 
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3.3.4. Recent trends (1990 to 2017) 

Across high, low and mean tidal water levels, an average increase of 5.1 ± 4.2 mm yr-1 is 

detected for inland delta locations, however significant intra-regional and site-specific 

variability is observed within the stations analysed (figure 3.4; table 3.2), with strong 

correlation between RLM and Sen’s slope methods (r = 0.99). High tides in the 

westernestuarine system (WES – excluding SW28) show strongly positive trends of 18.3 ± 

4.1 mm yr-1 (range 1.5 to 58.7 mm yr-1), with contrasting negative trends of  -6.5 ± 2.9 mm 

yr-1 in the central and eastern estuarine systems (range -33.5 to 31.0; CES and EES – 

excluding SW107.2). Statistically significant trends are observed at fifteen locations (table 

3.1) with three sites in the CES (SW107.2, SW136.1 and SW18) and SW102 in the WES 

showing insignificant trends with estimates of p >0.05 corresponding to significance values 

from modified MK tests of Z < 1.96 and p >0.05 (table 3.1). 

 

Low tides show greater spatial variability (figure 3.4(b)) with rising trends of 18.2 ± 7.0 mm 

yr-1 (range -18.6 to 93.9 mm yr-1) present in the WES comparable to changes in high-tide 

(table 3.2 – excluding SW171 and SW28), and -10.2 ± 3.1 mm yr-1 (range -34.3 to 13.0 mm 

yr-1) in the CES and EES (excluding SW107.2 and SW39).  Trends are statistically 

significant at sixteen locations (p < 0.05) with two in the WES (SW102 and SW129) and 

SW277.3 in the EES with p >0.05. The modified MK p statistic (>0.05) highlights greater 

variability in trends at three further sites, SW102 (-5.3 ± 3.5 mm yr-1), SW136.1 (-3.3 ± 1.7 

mm yr-1) and SW18 (-3.1 ± 2.6 mm yr-1), suggested by the relatively wide confidence 

intervals (table 3.1). 

 

Mean tides (figure 3.4(c)), display a similar spatial distribution to high tides and strong 

correlation between trend magnitude (r = 0.92) with a positive mean trend of 17.8 ± 5.7 mm 

yr-1 in the WES (range -1.7 to 63.4 mm yr-1 – excluding SW171 and SW28) (table 3.2) 

contrasting with a falling trend of -11.0 ± 3.0 mm yr-1 in the EES and CES (range -34.0 to  

12.1. mm yr-1 excluding SW107.2 and SW39). Fourteen sites yield statistically significant 

trends (p <0.05), with four in the WES (SW102, SW129, SW241 and SW30) and one in the 

CES (SW18) where p > 0.05 (table 3.1). The modified MK p statistic (>0.05) highlights 

trends at two further sites, SW107.2 (-1.0 ± 3.2 mm yr-1) and SW136.1 (-1.7 ± 1.3 mm yr-1), 

where trends are minimal and confidence intervals are wide. 

 

Rates calculated for intra-regional models, derived from aggregated data over the 1990 to 

2017 period (table 3.2), are broadly comparable to non-aggregated means, with delta-wide 

high-tide rates of 6.3 ± 1.5 mm yr-1, close to the 5.9 ± 3.4 mm yr-1 mean from individual 
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sites. Aggregation appears to reduce the error range, with delta-wide mean and low-tide 

series rates of  3.4 ± 1.8 mm yr-1 and 3.5 ± 1.9 mm yr-1 respectively, despite increased 

variability indicated by estimates of p >0.05 returned by the modified MK test. Wide 

confidence intervals indicates high variability in non-aggregated series with mean water 

level change of 4.3 ± 4.4 mm yr-1 and a low-tide rate of 4.9 ± 5.2 mm yr-1. This also highlights 

the greater variability observed within the low tide series, which in turn influences calculated 

mean tidal water levels. Low-tide rates derived from RLM’s are also more extreme, with 

four series showing >40 mm yr-1 shifts potentially indicating poor model fit or issues with 

the recorded data (further discussed in section 3.4.2.). 

3.3.5. Spatial variability of change points in the delta 

Results from change point analyses utilising Pettitt’s and Buishand range tests and a 

piecewise method show strong similarities, with statistically significant change points at all 

sites between 1994 to 2015 (SI table S15). Change points are predominantly encountered 

post 1999 (81 – 90% of the series), with high intra-regional and site-specific variability (e.g. 

adjacent sites SW30 – December 1995 and SW55 – November 1998). Analysis of intra-

regionally aggregated data indicates a delta-wide shift in mean tidal water levels from 1998, 

with WES, CES and EES regions showing shifts during 1998, 2004 and 2006 respectively. 

The delta-wide change point potentially reflects the relative weighting of the data towards 

the west of the delta. The high variability observed within these results corresponds to that 

observed within STL trends and annual anomalies, with inter-annual and longer-term 

periodic changes unique to each location. A shift in the east of the delta in 2005, calculated 

at the regional scale by Becker et al. (2020), was not identified at the site specific level. 

 

Piecewise models return changes in mean water levels of 4.9 mm yr-1, with 8.5 mm yr-1 for 

high tides and 4.0 mm yr-1 for low tides. Whilst the high-tide trend exceeds the average RLM 

trend of 5.9 mm yr-1, mean tidal trends are similar, indicating that both methods capture the 

general rate of change at the delta-wide scale, however, rates calculated at individual sites 

show significant differences from RLM results (SI table S6). 

3.3.6. Longer term trends in high tides (>1950 to 2018) 

The modified MK test reveals statistically significant trends on long-term series at all 

locations (Z >1.96 and p <0.05) with Ar(p) of 1 – 12. Ten sites record rising trends with 

mean MK tau of 0.51 (range 0.22 to 0.74). Decreasing trends are identified at seven 

locations, primarily in the central to eastern sections of the delta on the Arial Khan and 

Meghna rivers, with a mean tau of -0.26 (range -0.16 to -0.43). Relatively smooth trends, 

e.g. SW241 with tau 0.69 and SW39 tau 0.74 (SI table S17) are atypical, with variable and 
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rapid departures from overall trends frequently observed over periods of ca. 3-10 yrs (SI 

figure S16). An average rise of 4.4 ± 1.5 mm yr-1 (range -25.8 to 42.1 mm yr-1) is recorded 

across the study area over a maximum period of 68 years (SI table S17). Similar intra-

regional distribution is observed in post 1990 time series, where higher rates of increase 

occur in the WES and falling or minimal change in the CES and EES (figure 3.4; SI figure 

S18). 

 
 
Figure 3.4. Annual trends of high (a), low (b) and mean (c) tide water levels and tidal range (d) in 
mm yr-1 in Bangladesh from 1990 to 2017. Rates are derived from robust linear models applied to 
de-seasonalised data. Warm colours in circles highlight rising trends, with cold colours in pentagonal 
plots falling trends. Size of the symbol is proportional to the scale of change. Rising water level 
trends  >10.0 mm yr-1 are clustered in the west and coastal regions, with falling trends primarily 
restricted to eastern and central areas. Changes in tidal range (d) are complex, with highly variable 
distribution.  
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3.3.7. Spatial variation of annual tidal anomalies in the delta system 

Results derived from robust linear models on annual water level anomalies confirms the 

broad spatio-temporal distribution of water levels defined using monthly time series (figures 

3.4 and 3.5), with a strong correlation between mean high-tide and low-tide trends derived 

using the contrasting approaches (r = 0.99 for both high and low tides). Estimates of p 

indicate that approximately 33% of individual trends lie outside of the 95% confidence 

interval. These characteristics are associated with low rates of change and/or the relatively 

high inter-annual variability that is apparent within the tidal water level series. Confidence 

intervals calculated for annualised data are also wide due to the relatively low number of 

data points (included in SI table S19 for completeness) and are subsequently omitted for 

regional/sub-regional rates. Whilst acknowledging the statistical issues related to the 

calculated trends, critically, this analysis allows investigation of potential divergence within 

the dry (5th percentile) and wet seasons (95th percentile), with strong correlations to the 

monthly RLM analyses broadly supporting this alternative approach. 

 

Dominantly increasing trends are observed within high-tide water levels in the dry season 

(16 sites of the 19 within the delta) with decreases at three locations (figure 3.5(e). The delta 

average of 11.8 mm yr-1 is driven by the large increases in the WES (mean 20.8 mm yr-1) 

and minimal change in the CES and EES (1.7 mm yr-1) (SI table S19). This contrasts with 

the wet season where negative trends are observed at 7 stations with a delta average of 3.8 

mm yr-1 where strong positive trends remain in the WES (15.3 mm yr-1), but are partially 

balanced by mean negative trends of -9.2 mm yr-1 in the CES and EES (figure 3.5c). Low 

tides show a similar distribution with 13 positive trends in the dry season fuelling a mean 

delta wide increase of 9.5 mm yr-1, with contrasts between the WES (20.8 mm yr-1) and CES 

and EES (-3.4 mm yr-1). Negative wet season trends are observed at 9 stations driving a 

mean of -11.9 mm yr-1 in the CES and EES and limiting the delta mean to 2.0 mm yr-1 despite 

predominantly increasing trends in the WES of 14.0 mm yr-1 (figure 3.5 d - f). 

 

Annual anomalies at the three coastal sites show inter-seasonal variation (figure 3.5) with 

relatively high rates of 9.7 and 15.2 mm yr-1 at Hiron Point and Char Changa respectively 

during the dry season, and Khepapara showing minimal change (0.1 mm yr-1) (SI table S19). 

High tide increases are observed in the wet season, 2.7 to 5.3 mm yr-1, with higher rates to 

the east. Changes in low tides vary, with a minimal increase at Hiron Point (0.7 mm yr-1) 

contrasting with relatively high rates of 9.4 and 12.0 mm yr-1 at Khepapara and Char Changa 

respectively. Wet season rates of 2.6 mm yr-1 at Hiron Point indicate that low tides in the   
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Table 3.2. Summary of water level changes at sites within the east, central and west estuary zones 
between 1990 to 2017 derived from RLM fitted to intra-regionally grouped de-seasonalised data. 
Rates derived from means of individual sites are also shown for comparison and are broadly 
comparable, with greater error (for excluded sites please refer to table 3.1). Trends with p >0.05 are 
highlighted in bold. 

 

west are showing minimal increases at the coast. With 11.6 mm yr-1 at Khepapara and 7.6 

mm yr-1 at Char Changa confirming more significant increases occurring in the central and 

eastern sections of the coast. 

3.4. Discussion 

3.4.1. Regional and intra-regional variations in tidal water levels  

The regional change in tidal water levels of 4.8 ± 4.0 mm yr-1, inclusive of coastal sites for 

better comparison with other studies, is relatively high compared to an average of 3.1 ± 2.0 

mm yr-1 established for a comparable area between 1968 to 2012 by Becker et al. (2020). 

The greater error calculated within this analysis reflects the greater variability observed at 

individual sites, particularly where high magnitude trends are associated with large absolute 

errors (e.g. SW24 Mean Tide rate 54.0 ± 21.4 mm yr-1), or sites where no significant trend 

is observed but the potential error for the site adds to the total mean error (e.g. SW136.1 

High Tide rate 0.1 ± 1.3 mm yr-1). The greater trend magnitude in this study may suggest 

accelerated rates of tidal water level rise over the last three decades. This is supported by 

increased long term rates in high-tide series at 17 sites with minimum data coverage of 40 

years between 1977 and 2017. The mean HT rates increase from 4.4 ± 1.5 mm yr-1 between 

>1950 to 2018, to 5.9 ± 3.2 mm yr-1 between 1990 to 2017. This is potentially influenced by 

Region 
Rate of water level change and trend significance 

High Tide  
(mm yr-1) 

MK-
tau 

Low Tide  
(mm yr-1) 

MK-
tau 

Mean Tide  
(mm yr-1) 

MK-
tau 

Mean – individual 
trends       

West (WES) 18.3 ± 4.1 - 18.2 ± 6.8 - 17.8 ± 5.7 - 
Central (CES) -6.4 ± 1.9 - -18.4 ± 3.1 - -17.1 ± 2.9 - 
East (EES) -6.6 ± 3.0 - 0.7 ± 3.2 - -3.0 ± 3.1 - 
East + Central (mean) -6.5 ± 2.3 - -10.2 ± 3.1 - -11.0 ± 3.0 - 
       
Delta-wide 5.9 ± 3.2 - 4.9 ± 5.1 - 4.3 ± 4.4 - 
Intra-regional trends 
       

West (WES) 18.9 ± 1.9 0.57 15.1 ± 2.6 0.44 16.3 ± 2.2 -0.50 
Central (CES) -6.2 ± 2.0 -0.22 -18.2 ± 2.6 -0.43 -17.0 ± 2.4 -0.43 
East (EES) -8.5 ± 2.9 -0.21 -0.8 ± 3.2 -0.03 -4.8 ± 3.0 -0.13 
East + Central (mean) -7.2 ± 2.1 -0.23 -11.0 ± 2.7 -0.29 -12.0 ± 2.6 -0.32 
       
Delta-wide 6.3 ± 1.5 0.28 3.5 ± 1.9 0.13 3.4 ± 1.8 0.13 
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Figure 3.5. Annual trends of high and low-tide water levels in southwest Bangladesh from 1990 to 
2017 derived from mean and percentile analysis in mm yr-1. Warm colours in circles highlight rising 
trends, with cold colours in pentagonal plots falling trends. Dry season tides show higher rates of 
increase compared to wet season, with the west of the delta recording consistently elevated rises in 
water levels. 



 65 

increased rates of global eustatic SLR, from 1.7 mm yr-1 in the 20th century to 3.7 mm yr-1 

between 2006 and 2018 (Church and White, 2011; IPCC, 2021). 

 

The approach of combining site data into aggregates by taking a mean of the data within the 

estuary regions (WES, CES, EES) or within the whole delta prior to analysis yields a lower 

rate of change across the delta, with mean tides changing by 3.4 ± 1.8 mm yr-1 (p < 0.05). 

This is closer to previous estimations (Becker et al, 2020) and broadly comparable to the 3.3 

mm yr-1 on the Mekong (Hak et al., 2016) and 4.1 mm yr-1 on the Pearl River deltas (He et 

al., 2014). However a very low tau value (0.13) and p >0.05 in the modified MK test 

indicates this trend has high variability. It is worth emphasising that variability in 

environmental/hydrological data is anticipated, with relatively low tau values expected for 

statistically significant trends (e.g. in the order of tau = 0.3 p = 0.03 for an increasing trend 

in stream flow data; Kundzewicz and Robson, 2000). The application of the modified MK 

test avoids potential over-estimation of the statistical significance and tau coefficient due to 

autocorrelation, therefore further reducing the absolute value calculated compared to an 

uncorrected test (Khaliq et al., 2009). 

 

Negative trends of -11.0 ± 3.0 mm yr-1 between 1990 to 2017 contrast with rising rates of 

3.3 ± 2.2 mm yr-1 between 1968 to 2012 in the Ganges tidal floodplain and Ganges/Meghna 

floodplain areas (Becker et al., 2020). This may reflect the more limited number of sites used 

in this study due to the high variability of temporal coverage at individual locations, and the 

shorter period analysed. Sites utilised by Becker et al. (2020) also extend to the area east of 

the Lower Meghna, with water level response between the two areas requiring further study. 

Whilst the strongest negative trends appear focussed at two sites on the Arial Khan river (fig 

4 a - c), decreasing water levels are also observed at SW18 and on the Lower Meghna at site 

SW277.3, with overall negative shifts in both short and long-term high-tide series (table 3.1; 

SI table S17). Other site-specific trends (e.g. Khulna - SW241) are similar to previously 

published rates (Pethick and Orford, 2013), with 17.2 mm yr-1 (mean high-tide) and -11.6 

mm yr-1 (mean low-tide) on 20 to 72 year time series on the Rupsa-Passur estuary broadly 

comparable to 16.1 ± 1.8 mm yr-1 (HT) and -18.6 ± 1.6 mm yr-1 (LT) trends from this study. 

With rates calculated from annual anomalies and high-tides between 1968 and 2018 

revealing similar trends (tables S17 and S19) and comparable to the regional rate within the 

WES (table 3.2). 
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3.4.2. Spatial and temporal variability in water level trends  

Multiple studies have noted high variability in tidal water level change rates at individual 

sites, such as the >40 mm yr-1 on the Mekong delta (Fujihara et al., 2015). The rates (derived 

utilising Sen’s slope) and those calculated here are gross water level changes, caused by 

multiple driving mechanisms operating over varying time-scales (Ericson et al., 2006). The 

wide range of trends (-34.3 to 93.9 mm yr-1) highlights site specific behaviour in water levels, 

with extreme rates potentially reflecting short term changes or problematic data. It is worth 

noting that series excluded due to potential data issues (table 3.1) yield rates of change 

comparable to sites where no shifts are observed, indicating that analyses on the de-

seasonalised trends at these sites may retain the longer term trend signal within their 

observations. Variability caused by changes in environmental parameters which were unable 

to be modelled within the STL process, can also exceed the variability in data precision, with 

El Niño and La Niña conditions reported to influence monthly mean water levels in the 

region by as much as ca. -60 cm to +35 cm respectively (Becker et al., 2020).  

 

 
Figure 3.6. Piecewise RLM models fitted to 1990 to 2017 time series at sites SW24 (a and b), site 
SW162 (c) and SW241(d).Whilst the models moderate the single RLM applied to two sites with 
more variable data (SW24 and SW162) they do not fully capture the change in water levels, which 
may indicate a significant shift in hydro-morphology at the specific location. At site SW241 the 
piecewise model is a relatively poor fit, with the single RLM providing a better estimate of change 
in water level. 
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In common with the variable rates on the Mekong delta (Fujihara et al., 2015), results from 

individual sites (SW24 and SW162) can show extremes compared with regional average 

rates. The change in the mean tide at SW24 is associated with an extreme change in low-tide 

(93.9 ± 34.1 mm yr-1) which may represent an issue with data collection/recording or 

significant local change in hydro-morphology, with high tides increasing at a more moderate 

rate of 23.8 ± 7.8 mm yr-1. Time-averaged rates derived from a piecewise model at SW24 

appear to improve fit (figure 3.6 a - b), however low-tide rates of 77.1 mm yr-1 remain 

elevated showing a clear increase post 2010 from the pre-shift trend of 33.8 mm yr-1. This 

increase in tidal asymmetry may result from a  significant local change in channel geometry 

(Cao et al., 2020), however no site-specific information has yet been collected. Potential 

over-estimation of rates for both high and low-tide at site SW162 (figure 3.6 c ), are also 

reduced by the piecewise model (21.6 mm yr-1 and 33.3 mm yr-1 respectively), with changes 

at both sites, located in the extreme west of the study area, potentially sharing common 

drivers. 

 

The high variability within specific sites also highlights limitations of the statistical 

techniques adopted. Whilst trends defined utilising STL methods can be used to provide a 

qualitative assessment of changes in water levels over time, models cannot account for all 

of the potential systematic/periodic forcing mechanisms, with temporal shifts in the trend 

difficult to quantify. Potential limitations for the RLM method, highlighted above at sites 

with extreme trends, are also evident through asymmetry present within confidence intervals 

(SI table S6). Mean asymmetry within series is identified between 0.1 to 1.8 mm yr-1 (median 

asymmetry 0.03 to 0.2 mm yr-1) with extremes at sites SW24 (1.7 mm yr-1) and SW129 (2.12 

mm yr-1) for HT; SW24 (38.51 mm yr-1)  and SW107.2 (3.85 mm yr-1) for LT; SW24 (17.01 

mm yr-1), SW171 (2.21 mm yr-1) and SW130 (4.39 mm yr-1)for mean tides; and SW24 (1.30 

mm yr-1) and SW28 (1.09 mm yr-1) for tidal range (variation). For aggregated series 

asymmetry is reduced to means of between 0.02 and 0.1 mm yr-1 (median values of 0.03 to 

0.1 mm yr-1), again highlighting how spatial aggregation of data reduces/hides uncertainty 

within statistical analyses. 

 

More complex modelling is therefore required to better capture the trend variation at the site 

specific level (Tome and Miranda, 2004). However, it is worth highlighting that delta-wide 

and intra-regional rates calculated by the piecewise method are broadly comparable with 

RLM models, particularly for the mean-tide series (SI table S6). In the context of a highly 

dynamic deltaic environment where anthropogenic activity and morphological changes at 
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local and regional scales may influence the recorded water levels (Ericson et al., 2006), 

extreme changes at individual sites cannot be dismissed (e.g. Fujihara et al., 2015). 

3.4.3. Coastal sea level rise 

Rises in extreme mean tides of 2.5 ± 1.1 to 10.9 ± 2.0 mm yr-1 recorded at the coast between 

1990 to 2017 are lower than the 6.8 to 15.0 mm yr-1 trends in mean sea level reported for ca. 

1964 to 2010 (Islam et al., 2016). With the 2.7 ± 1.1 mm yr-1  average of tidal water level  

trends between 1990 to 2017 calculated in this study at Hiron Point also below the 4.5 mm 

yr-1 reported between 1990 to 2009 (Lee, 2013). This variation likely results from different 

temporal data coverage, with short and medium term variability in trends evident within the 

data (SI figures S12 and S13).  

 

The east to west decrease in mean tidal water levels corresponds to similar findings between 

Hiron Point and Cox’s Bazar by Singh (2002) who attributed the variation to increased 

subsidence in the east, however the coastal rates identified in both studies contrast with the 

average fall of -11± 3.0 mm yr-1  in mean tides within the CES and EES on the inland portion 

of the delta. This variability, at the site-specific and intra-regional scale, indicates that tidal 

water levels within the Bengal delta are significantly modified by local and regional 

mechanisms such as river discharge, subsidence, geomorphological changes and 

anthropogenic activity (Ericson et al., 2006). 

3.4.4. Contrasting water levels, delta hydrology and landforms 

Although gross variations in tidal water levels, discussed above, are important for the local 

population to assess risk, a number of complicating factors also require consideration 

including subsidence and the dynamics of fluvio-deltaic geomorphology (Ericson et al., 

2006). Variable subsidence rates are reported within the delta (1 to 20 mm yr-1) with a 

general decreasing trend from east to west (Brown and Nicholls, 2015; Grall et al., 2018; 

Oryan et al., 2019; Becker et al., 2020) This contrasts with the spatial trends in water levels 

identified in this study, where greater relative increases in water levels occur in areas inferred 

to have the lowest subsidence, and decreases in areas of highest subsidence (figures 3.4 and 

3.5). This may suggest a more dominant driving mechanism, at least on local to sub-regional 

scales. 

 

Whilst contrasting with reported subsidence, the distinct spatial distribution of trends occur 

concurrently with other hydro-morphological variations reported elsewhere in the literature. 

Rising water levels in the west are detected where recent decreases in river discharge are 
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partially attributed to construction of the Farakka Barrage on the Ganges River (Mirza, 1998; 

Gain and Giupponi, 2014). Isolation of rivers from upstream sources, e.g. through point-bar 

development at offtakes, further restricts flow with a reduction on the Gorai River reportedly 

accounting for -6.1 mm yr-1 of water level decrease on the Rupsa River at Khulna (Pethick 

and Orford, 2013). This forms a significant component of the -19.1 and -24.0 mm yr-1 

decreases in dry and wet season low-tides that this study found at the same location 

(SW241). 

  

The tidally dominant regime in the WES (Wilson and Goodbred, 2015), combined with low 

elevations (frequently <3 m – figure 3.1), places this area at increased risk to SLR. Despite 

minimal changes in mean-tide at Hiron Point (2.5± 1.1 mm yr-1), it is this region which 

records the most intense increase in tidal water levels, which are potentially driven by the 

coastal high-tide increase of 5.4 ± 1.5 mm yr-1. A reduction in drainage capacity and channel 

depth (ca. 60%) caused by the constructions of  polders for flood defence, and subsequent 

enhanced channel sedimentation (Wilson et al., 2017) is reported to result in tidal range 

amplification of 11.0 ± 4.0 mm yr-1 (Auerbach et al., 2015). This closely corresponds to the 

mean 11.8 ± 1.6 mm yr-1  change in tidal ranges calculated in the WES (excluding a single 

extreme site at SW24) (SI table S6). The dominant rise in tides within this area (figures 3.4 

and 3.5; table 3.2) intensifies risk of embankment overtopping during fluvio-tidal flooding 

and storm surge events (Ericson et al., 2006; Wilson and Goodbred, 2015). This is 

particularly acute during the wet season, where high-tides increase by an average of 15.3 

mm yr-1. Whilst a 20.8 mm yr-1 increase during the dry season potentially enhances stress on 

freshwater availability by increasing salinity in river channels (Mirza, 1998; Dasgupta et al, 

2015). 

In contrast to the low-lying west, elevation in the central and eastern regions frequently 

exceeds 6m (figure 3.1) with upstream discharge dominated by the Brahmaputra River, 

where no decrease in discharge is recorded (Jian et al., 2009; Becker et al., 2020). Active 

fluvial sediment transport remains dominant in the CES/EES resulting in ca. 12 km2 yr-1 net 

land gain at the delta front (Wilson et al., 2017) which may reduce the impact of SLR 

(Ericson et al., 2006). Estuary morphology may also influence inland tidal progression 

(Haigh et al., 2020), with the wide Lower Meghna channels potentially damping the 7.1 ± 

1.9 mm yr-1 SLR recorded at Char Changa. 

 

The contrasting trends observed from the west to east of the delta highlight the non-linear 

tidal hydrodynamic response to SLR anticipated at the delta-wide scale due to variable 

hydro-morphology (Hoitink and Jay, 2016). The reported high rates of discharge and active 
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Figure 3.7. Relative rates of long term high-tide water level and sea level change in southwest 
Bangladesh, showing areas at increased risk from significant flooding and salt water inundation 
associated with storm surges coinciding with high tides. An example of the STL decomposition for 
site SW241 (a), highlights the relatively consistent rise in water levels occurring at this locality. De-
seasonalised high-tide data at four selected sites (b – SW130, c  SW4A, d – SW55 & e - SW39) show 
variable trends calculated using RLM with boot-strapped confidence intervals. The decreasing trend 
at  SW4A (c) is punctuated by a significant ca. 10 year deviation ca. 1973 to 1983. 

progradation in the central and eastern area of the delta appear to place it at a lower 

immediate risk from SLR compared to the western region, however the very dynamic nature 

of channel morphology (e.g. Dewan et al., 2017) and anthropogenic activity on upstream 

reaches of major channels create uncertainty in the longer term stability of stream-flow and 

sediment supply (Ericson et al., 2006). Whilst anthropogenic alteration of downstream 

channel morphology may further reduce tidal damping (Jalon-Rojas et al., 2018; Auerbach 

et al., 2015). 

3.4.5. Future challenges for quantifying SLR in deltas 

The 6.8 mm yr-1 increase in mean tidal water levels on the delta coast, combined with 

increasing inland relative high-tide levels of 5.9 mm yr-1 pose a significant threat to the 
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inhabitants of the delta. Whilst broad variations in fluvial/tidal dominance appear to 

influence the changes at a sub-regional scale quantifying the driving mechanisms at both 

regional and local levels is crucial for developing approaches to mitigate SLR in low-lying 

delta regions. High variability in the results of change-point analyses highlight the site-

specific nature of changes in tidal water levels (SI table S15), with increased monitoring of 

subsidence, meteorological, hydrological, groundwater and geomorphological changes 

required to assess the relative impact of driving mechanisms. Whilst few empirical data are 

currently available to quantify these drivers at a local level, it seems likely that the sub-

regional variations observed in this study arise from intra-regional differences in delta hydro-

morphology and complex interactions of subsidence, river discharge, fluvio-morphology, 

tides, anthropogenic activity and the feedback mechanisms between these factors. When 

combined with sea level rise, these elements create a significant risk of increased tidal water 

levels and inland propagation of the tidal front. 

3.4.6. Targeting areas at future risk of rising water levels for climate change adaption  

Defining accurate intra-regional trends is critical for modelling future changes in water 

levels in the Bengal delta, where increases in sea level of 63 to 88 cm are predicted by 2090 

(Kay et al., 2015). Projections of trends identified within this study equate to changes in the 

mean coastal SLR of 54.4 cm by the end of the century, potentially translating to a 34.4 cm 

rise within the delta. However, the rates calculated in this study do not account for potential 

future warming resulting from climate change, or changes to other driving mechanisms 

through natural or anthropogenic processes. Extreme rates which provide projections of 

mean high tides at individual sites of +469.6 cm at SW162 in the west and -268.0 cm at 

SW4A in the east by 2100 are unlikely due to the shifting nature of delta dynamics and 

temporal variability inherent within tidal water level series. Accounting for the spatial 

variation is critical for development of climate change adaptation strategies that must target 

areas at greatest risk. These are identified in figure 3.7, which shows the relative risk 

categories in consideration to changes in water level in southwest Bangladesh: low (<5 mm 

yr-1), medium (5 to 10 mm yr-1) and high (>10 mm yr-1). 

 

Close constraint of spatial variation in tidal water level trends requires urgent attention due 

to the potential for significant negative impacts on the local human population, 

infrastructure, landscapes and ecology. Whilst the impact of mm yr-1  scale rises in tidal water 

levels may be limited in the short term to changes in storm surge height associated with 

cyclonic activity, cumulative rises and inland penetration of saline water poses a significant 

risk over the medium to long term and should be considered for any future infrastructure, 
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resource and emergency planning. Extreme flooding events and cyclonic storm surges are 

also predicted to yield increased flood height, area coverage and potentially frequency (He 

et al., 2014; Lee, 2013;Woodruff et al., 2013), directly impacting the most vulnerable areas 

through increased salinisation (Dasgupta et al., 2015), reduced crop yields (Clarke et al, 

2015), and damage to infrastructure and aquaculture (Rahman and Rahman, 2015; Ahmed 

and Diana, 2015). High rates of discharge in fluvially dominated channels currently reduce 

the impact of salinisation in the east of the region (Wilson and Goodbred, 2015; Sassi and 

Hoitink, 2013), however continued sea level rise, combined with falling water levels in river 

channels may ultimately lead to enhanced inland tidal flow, increased water levels and 

increased salinity. Without proper planning, permanent loss of land will reduce agricultural 

productivity and severely impact the ca. 14 million people living in coastal southwest 

Bangladesh (Szabo et al., 2018). Similar issues occur within multiple deltas in Asia, 

suggesting approaches to mitigate rising tides can be shared between regions (e.g. Smajgl et 

al., 2015; Yin et al., 2017). 

3.5. Summary and conclusions 

Trend analysis of tidal water level time series data from 1990 to 2017 and high tides between 

ca.1950 to 2018 has been used to investigate and define the local and regional patterns of 

tidal variation and their spatial distribution within the Bengal delta. Modified Mann-Kendall 

and robust linear model analysis of multiple tidal series reveals significant average increases 

in water levels of 6.9 ± 2.1 mm yr-1 at coastal monitoring locations, reflected by average 

rises of 5.1 ± 4.2 mm yr-1 at sites within the delta. Large confidence intervals on regional 

averages are driven by spatiotemporal variability in water levels, with relatively low values 

of the Mann-Kendall coefficient indicating that estimating future rates of change based on 

the calculated historic rates can be problematic. 

 

The high variability in the regional 4.8 ± 4.0 mm yr-1 increase in mean coastal and inland 

water levels calculated from the mean of individual sites exceeds the globally estimated rate 

of SLR. With high variation in site-specific rates indicating that water levels are extensively 

modified by hydro-morphological processes with strong regional variation between the west 

and east of the delta. The alternative approach of site aggregation pre-analyses reduces the 

rate and level of uncertainty to 3.4 ± 1.8 mm yr-1, however this potentially underestimates 

the variability within tidal water level change in the delta which is apparent at the site-

specific level. 
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A potentially significant acceleration in rates from 4.4 ± 1.5 mm yr-1 to 5.9 ± 3.2 mm yr-1 in 

high-tide is observed between the longer term series and the 1990 – 2017 data. The high 

rates of tidal water level rise (>10 mm yr-1) in the west of the delta place the region at 

increased risk from storm surge inundation and longer term processes of coastal flooding 

and salinisation. The observed systematic rise in dry season high and low tides also increases 

pressure on already limited freshwater resources in this highly populated delta region which 

is highly dependent on agriculture. 

 

Building a more complete understanding of the underlying mechanisms and quantifying the 

influence of specific components (e.g. eustatic SLR, subsidence, reduced upstream discharge 

and changes in sediment load) on SLR is critical. Whilst gross fluctuations in tidal water 

levels within deltas are also significant for risk assessment and should be factored into future 

development and adaption planning, particularly during this current period of climate 

uncertainty. 

Appendix 1. Supplementary data 

Supplementary data to this article, including all referenced SI tables and figures from S1 to 

S20, can be found at the end of this article. 
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S1: Estuarine systems of the Ganges-Brahmaputra-Meghna Delta 

 
Figure S1. A simplified map of the study area in the Bengal Delta outlining the approximate extent of 
the eastern (EES), central (CES) and western (WES) estuarine systems presented in Haque et al., (2016).  
The delta is characterised by extensive river systems flowing in a general NNW to SSE direction and 
discharging into the Bay of Bengal. Coastal rivers in the CES and EES switch to a more NNE – SSW 
orientation where discharge is derived from the Padma and Meghna Rivers 
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S2: Summary information for water and sea level monitoring sites 

A total of 19 Bangladesh Water Development Board (BWDB) sites were utilised in the study, with 
daily recordings of high and low tide available. Missing data accounted for a maximum of 15% during 
the period 1990 – 2017. The 3 Bangladesh Inland Water Transport Authority (BIWTA) sites are located 
on the south coast of Bangladesh along the delta front, with data available from 1990 – 2017, 
constituting monthly tidal maxima and minima recorded at each site. Locations are plotted in article 
figure 1 in the main script and other information is in Table S2. Pre-processing of all records was 
required to remove typographic errors and to remove erroneous extreme values which were defined 
based on examination of local/regional elevation and in cross correlation with adjacent sites. 

Table S2: Site locations and information 

 
* Sites assigned to these zones by the authors 

Figure  S3: Missing data per site from 
records spanning 1990 to 2017. 

Station Name Station ID River System
Estuarine System 
(after Akter et al., 
2016)

Latitude Longitude
Missing Data 
(%) (1990 - 

1997)
Bhatiapara SW102 Gorai-Madhumati-Haringhata-Baleswar WES 23.214 89.700 6
Rayenda SW107.2 Gorai-Madhumati-Haringhata-Baleswar CES 22.313 89.860 11
Basantapur SW129 Ichamati WES 22.455 89.030 2
Kaikhali SW130 Ichamati WES 22.195 89.080 15
Umedpur SW136.1 Kocha CES 22.490 89.980 8
Jhikargacha SW162 Kobadak WES 23.101 89.100 5
Garaganj SW171 Kumar WES* 23.671 89.210 4
Barisal SW18 Barisal-Buriswar CES 22.700 90.380 4
Benarpota SW24 Betna-Kholpetua WES 22.757 89.100 10
Khulna SW241 Rupsa-Pasur WES 22.820 89.580 10
Bharaib Bazaar SW273 Surma-Meghna EES* 24.053 91.000 4
Nilkamal SW277.3 Surma-Meghna EES 23.068 90.580 3
Dumuria SW28 Bhadra WES 22.800 89.420 11
Bhola Khayaa ghat SW288.4 Tentulia EES 22.678 90.560 8
Afraghat SW30 Bhairab WES 23.105 89.390 7
Patharghata SW39 Bishkhali CES 22.037 89.980 3
Offtake of Arial Khan SW4A Arial Khan CES* 23.500 90.090 5
Madaripur SW5 Arial Khan CES 23.187 90.210 2
Khatur-Magura SW55 Chitra WES 23.259 89.440 11
Hiron Point 1451 N/A WES 21.783 89.467 4
Khepupara 1454 N/A CES 22.000 90.200 3
Char Changa 1496 N/A EES 22.217 91.050 4
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Figure S4.  Comparison of mean 
tidal behaviour at sites SW273 
and SW277.3 on the Upper and 
Lower Meghna River for a 
typical year (2002). Despite 
variations in tidal damping 
during the wet season, which 
reduces the spring – neap tide 
signal at SW273 (a) both sites 
show significant increase in 
water level during this period, 
with predominantly synchronous 
tidal cycles during the dry 
season. Correlation between the 
two sites is high, with an R2 of 
0.97 over the randomly selected 
year (2002) (b). The evolution of 
site specific relationships on the 
delta would provide further 
insight into tidal behaviour in the 
delta, however this is beyond the 
scope of our current study.  

 

 

 

 

S5: Validation of data imputation methods 

Figure S5. Data imputation using seasonal 
splitting methods in the imputeTS package by 
Moritz and Bartz-Bielsteien (2017). Plots of 
imputation model validation from site SW39. 
Data from the year 2002 was removed from the 
time series and imputation carried out by seasonal 
splitting. Observed data (blue) is plotted with 
modelled data (red) for visual comparison of the 
seasonal trend (a). Seasonal fit is reasonable, 
although spring and neap tidal cycles are not 
accurately represented. The 28-day moving 
average plot (b) for both modelled and observed 
data demonstrates the reasonable accuracy 
achieved for mean high tide levels by this method. 
The aim of imputation is to fill missing values 
with data which reasonably represents the 
seasonal cyclicity in order to perform long term 
trend analysis. 
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S6: Full statistical results for 1990 to 2017  

Table S6: Summary of trends for monthly data, based on de-seasonalised water levels. Trends presented are derived from Robust Linear Models 
(RLM) with bootstrapped confidence intervals calculated at the 5% significance level. (Mean BS error). Both upper and lower CI’s are presented 
due to predominantly minor asymmetry due to heteroscedasticity within the time-series, mean and median asymmetry are provided below the 
table sub-section for information.. Rates in mm yr-1 are also provided for Sen’s slope and Piecewise RLM models, with column averages 
provided for the calculated rates. Autoregressive orders (AR(p)) are also provided and were returned utilising a modified Mann-Kendall test.

 
 
 

Site Region RLM (mm yr-1)
Mean BS error 

(mm yr-1)
Lower BS rate 

(mm yr-1)
Upper BS rate 

(mm yr-1)
p  level est. MMK z p AR(p)

Peicewise T-
average (mm yr-1)

Sens Slope (mm 
yr-1)

SW102 WES 1.5 3.1 -1.7 4.5 >0.05 0.06 1.606 0.659 1 18.8 3.3
SW107.2† CES 2.3 3.7 -1.5 5.9 >0.05 0.04 0.974 0.62 2 -24.2 1.8
SW129 WES 12.6 4.7 9.0 18.3 <0.01 0.41 11.240 0.001 3 -12.5 14.7
SW130 WES 11.0 0.9 10.2 12.0 <0.01 0.47 12.761 <0.001 2 5.4 11.0
SW136.1 CES 0.1 1.3 -1.2 1.3 >0.05 0.01 0.158 0.997 2 6.9 0.1
SW162 WES 58.7 8.0 50.8 66.9 <0.01 0.45 12.250 <0.001 1 21.6 55.8
SW171 WES 31.2 8.2 22.5 38.9 <0.01 0.23 6.209 0.014 3 77.3 25.7
SW18 CES 0.4 2.8 -2.5 3.1 >0.05 -0.01 -0.366 0.888 1 -9.7 -0.6
SW24†† WES 23.8 7.8 15.2 30.7 <0.01 0.35 9.179 0.0005 3 9.9 22.4
SW241 WES 16.1 1.8 14.2 17.8 <0.01 0.45 12.428 <0.001 2 29.2 15.6
SW273 EES -6.4 3.6 -10.0 -2.7 <0.01 -0.08 -2.297 0.038 1 8.3 -5.3
SW277.3 EES -25.0 2.9 -28.1 -22.2 <0.01 -0.41 -11.329 <0.001 2 0.9 -24.7
SW28 WES 16.8 1.5 18.1 15.1 <0.01 0.36 9.845 <0.001 1 -65.3 18.4
SW288.4 EES 11.7 2.5 9.1 14.0 <0.01 0.34 9.380 <0.001 2 22.1 11.8
SW30 WES 10.9 2.5 8.2 13.3 <0.01 0.27 7.279 <0.001 3 34.1 11.8
SW39 CES 31.0 2.4 33.3 28.5 <0.01 0.58 15.925 <0.001 1 16.3 30.9
SW4A CES -33.5 4.5 -37.8 -28.8 <0.01 -0.42 -11.592 <0.001 3 -13.3 -30.8
SW5 CES -30.1 3.2 -33.1 -26.7 <0.01 -0.44 -12.101 <0.001 3 -43.2 -26.9
SW55 WES 12.0 3.9 7.8 15.7 <0.01 0.23 6.197 <0.001 1 41.5 12.6
Hiron Pointǂ WES 5.4 1.5 3.9 6.9 <0.01 0.24 6.607 <0.001 3 10.6 5.6
Khepaparaǂ CES 2.6 3.1 -0.7 5.5 <0.1 0.04 1.197 0.386 1 24.1 1.9
Char Changaǂ EES 11.2 2.9 8.2 14.1 <0.01 0.24 6.686 <0.001 1 25.4 10.8
Median 11.0 3.0 Mn asymmetry 0.1 - - - - - 10.3 10.9
Mean 7.5 3.5 Med asymmetry 0.2 - - - - - 8.4 7.5

High Tide
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Table S6: Continued 
 
 
 

 
 
 
 

Site Region RLM (mm yr-1)
Mean BS error 

(mm yr-1)
Lower BS rate 

(mm yr-1)
Upper BS rate 

(mm yr-1)
p  level est. MMK z p AR(p)

Peicewise T-
average (mm yr-1)

Sens Slope 
(mm yr-1)

SW102 WES -5.3 3.5 -8.8 -1.9 <0.01 -0.06 -1.739 0.22 1 14.7 -3.6
SW107.2† CES 1.3 1.9 1.3 5.1 >0.05 0.11 3.007 0.442 2 -34.9 4.9
SW129 WES -1.2 1.4 -2.6 0.2 >0.05 -0.03 -0.852 0.624 1 -13.3 -1.0
SW130 WES 7.3 0.9 8.1 6.4 <0.01 0.39 10.713 <0.001 2 4.3 7.4
SW136.1 CES -3.3 1.7 -4.9 -1.6 <0.01 -0.14 -3.845 0.045 2 -21.7 -3.2
SW162 WES 67.1 8.7 58.4 75.8 <0.01 0.48 13.121 <0.001 1 33.3 65.1
SW171 WES 31.1 8.3 22.5 39.1 <0.01 0.22 6.140 0.09 3 76.4 25.1
SW18 CES -3.1 2.6 -5.7 -0.6 <0.01 -0.10 -2.684 0.251 1 8.6 -3.8
SW24†† WES 93.9 34.1 40.6 108.7 <0.01 0.52 13.571 <0.001 5 77.1 85.6
SW241 WES -18.6 1.6 -20.1 -17.0 <0.01 -0.49 -13.344 <0.001 1 -13.1 -18.4
SW273 EES -9.3 4.2 -13.8 -5.3 <0.01 -0.13 -3.646 0.013 1 -20.7 -8.7
SW277.3 EES -1.7 3.1 -4.7 1.4 >0.05 -0.03 -0.893 0.695 2 -7.0 -1.5
SW28 WES 43.0 6.7 34.9 48.3 <0.01 0.67 18.332 <0.001 2 26.0 39.7
SW288.4 EES 13.0 2.2 10.8 15.2 <0.01 0.40 10.953 <0.001 3 7.6 13.8
SW30 WES -9.4 2.9 -12.4 -6.6 <0.01 -0.19 -5.179 0.031 3 11.9 -8.4
SW39 CES 41.7 2.3 39.6 44.2 <0.01 0.66 18.165 <0.001 1 18.5 41.5
SW4A CES -34.3 4.8 -39.2 -29.7 <0.01 -0.42 -11.519 <0.001 3 -13.1 -31.3
SW5 CES -32.8 3.5 -36.5 -29.5 <0.01 -0.45 -12.364 <0.001 3 -34.7 -29.6
SW55 WES 11.6 3.3 8.3 14.9 <0.01 0.24 6.522 <0.001 1 25.8 14.6
Hiron Pointǂ WES 0.3 1.5 -1.1 1.9 >0.05 0.01 0.390 0.771 1 -14.2 0.3
Khepaparaǂ CES 11.5 2.4 9.1 13.8 <0.01 0.31 8.604 <0.001 2 18.6 11.6
Char Changaǂ EES 10.6 2.1 8.3 12.6 <0.01 0.33 8.935 <0.001 1 19.8 10.7
Median 0.8 2.7 Mn asymmetry 1.8 - - - - - 8.1 2.6
Mean 9.7 4.7 Med asymmetry 0.1 - - - - - 7.7 9.6

Low Tide
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Table S6: Continued 
 
 
  

Site Region RLM (mm yr-1)
Mean BS error 

(mm yr-1)
Lower BS rate 

(mm yr-1)
Upper BS rate 

(mm yr-1)
p  level est. MMK z p AR(p)

Peicewise T-
average (mm yr-1)

Sens Slope 
(mm yr-1)

SW102 WES -1.7 3.2 -5.2 1.2 >0.05 0.00 -0.090 0.655 1 17.0 -0.2
SW107.2† CES 1.0 3.2 -2.3 4.1 <0.01 0.05 1.447 0.688 1 -8.0 2.2
SW129 WES 6.6 2.3 4.3 9.0 >0.05 0.23 6.417 0.015 2 -16.2 6.7
SW130 WES 8.9 2.3 4.3 9.0 <0.01 0.49 13.425 <0.001 2 3.6 9.1
SW136.1 CES -1.7 1.3 -3.0 -0.4 <0.01 -0.08 -2.076 0.332 2 -9.1 -1.6
SW162 WES 63.4 8.5 54.9 72.0 <0.01 0.47 12.740 <0.001 1 27.6 60.3
SW171 WES 30.9 8.8 38.6 20.9 <0.01 0.23 6.174 0.015 3 76.9 25.4
SW18 CES -1.1 2.3 -3.6 1.1 >0.05 -0.05 -1.394 0.561 1 -9.4 -1.8
SW24†† WES 54.0 21.4 24.0 66.9 <0.01 0.53 13.872 <0.001 3 55.2 50.9
SW241 WES -1.4 1.6 -3.0 0.2 <0.1 -0.06 -1.521 0.454 1 10.1 -1.4
SW273 EES -7.8 4.0 -11.8 -3.8 <0.01 -0.11 -3.021 0.022 1 -15.7 -7.0
SW277.3 EES -13.3 2.9 -16.3 -10.5 <0.01 -0.26 -7.231 0.001 2 5.1 -13.1
SW28 WES 27.1 1.8 25.2 28.8 <0.01 0.66 18.066 <0.001 1 -24.3 28.9
SW288.4 EES 12.1 2.3 9.8 14.4 <0.01 0.40 10.967 <0.001 3 6.0 12.4
SW30 WES 0.9 2.6 -1.7 3.5 >0.05 0.04 1.116 0.656 3 23.0 1.8
SW39 CES 36.9 2.2 34.7 39.2 <0.01 0.65 17.690 <0.001 1 20.2 36.1
SW4A CES -34.0 4.7 -38.4 -29.1 <0.01 -0.42 -11.573 <0.001 3 -13.2 -31.1
SW5 CES -31.5 3.3 -34.8 -28.2 <0.01 -0.45 -12.299 <0.001 3 -43.6 -28.1
SW55 WES 11.6 3.5 8.2 15.2 <0.01 0.24 6.638 <0.001 1 33.3 13.5
Hiron Pointǂ WES 2.5 1.1 1.4 3.6 <0.01 0.15 4.037 0.047 3 -3.3 2.6
Khepaparaǂ CES 7.1 1.9 5.3 9.0 <0.01 0.24 6.453 <0.001 2 21.5 6.8
Char Changaǂ EES 10.9 2.0 8.9 12.9 <0.01 0.32 8.770 <0.001 1 22.9 10.7
Median 4.6 2.5 Mn asymmetry 1.1 - - - - - 5.5 4.7
Mean 8.2 4.0 Med asymmetry 0.03 - - - - - 8.2 8.3

Mean Tide
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Table S6: Continued 
 
 

 
ǂ    Calculated from monthly extreme tide data                     *Series highlighted in grey and in italics show potential breakdown or data-shifts and are excluded from regional/sub-regional values 
†   Data 1990 - 2016 
†† Data 1990 - 2015  
 

Site Region RLM (mm yr-1)
Mean BS error 

(mm yr-1)
Lower BS rate 

(mm yr-1)
Upper BS rate 

(mm yr-1)
p  level est. MMK z p AR(p)

Peicewise T-
average (mm yr-1)

Sens Slope 
(mm yr-1)

SW102 WES 6.9 1.3 5.6 8.2 <0.01 0.26 7.822 0.002 1 - 6.0
SW107.2† CES -1.4 2.3 -3.7 0.9 0.30 0.05 -4.583 0.55 1 - -1.9
SW129 WES 17.5 3.4 14.1 21.0 <0.01 0.41 9.215 <0.001 3 - 18.1
SW130 WES 4.1 0.9 3.1 5.0 <0.01 0.25 7.085 <0.001 1 - 4.1
SW136.1 CES 2.8 0.7 2.1 3.6 <0.01 0.27 3.673 <0.001 1 - 3.0
SW162 WES -1.2 0.2 -1.5 -1.0 <0.01 -0.64 -13.039 <0.001 11 - -2.7
SW171 WES 0.5 0.2 0.3 0.7 <0.01 0.13 6.921 0.055 3 - 0.4
SW18 CES 4.7 1.9 2.8 6.5 <0.01 0.15 3.693 0.041 1 - 4.4
SW24†† WES -71.7 10.7 -81.8 -60.4 <0.01 -0.47 -9.834 <0.001 4 - -64.5
SW241 WES 35.0 1.2 33.8 36.2 <0.01 0.72 14.203 <0.001 2 - 34.8
SW273 EES 2.7 0.2 2.5 2.9 <0.01 0.47 9.129 <0.001 3 - 2.6
SW277.3 EES -24.6 1.8 -26.5 -22.9 <0.01 -0.45 -12.511 <0.001 2 - -23.1
SW28 WES -16.7 5.0 -22.2 -12.2 <0.01 -0.27 -7.634 0.068 2 - -16.2
SW288.4 EES -1.5 1.4 -2.9 -0.2 0.06 -0.06 -9.081 0.481 3 - -1.2
SW30 WES 20.8 1.0 19.8 21.9 <0.01 0.64 13.044 <0.001 4 - 20.4
SW39 CES -10.6 1.7 -12.3 -8.9 <0.01 -0.39 -5.586 <0.001 1 - -10.4
SW4A CES 0.0 0.4 -0.3 0.4 0.90 0.03 3.870 0.736 1 - 0.1
SW5 CES 3.7 0.5 3.2 4.2 <0.01 0.37 9.793 <0.001 1 - 3.4
SW55 WES -0.6 2.9 -3.5 2.2 0.61 -0.02 -5.998 0.719 1 - -0.7
Hiron Pointǂ WES n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
Khepaparaǂ CES n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
Char Changaǂ EES n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
Median 0.5 1.3 Mn asymmetry 0.2 - - - - - - 0.4
Mean -1.6 2.0 Med asymmetry 0.05 - - - - - - -1.2

Tidal Range (High - Low variation)
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Table S6: Aggregated Series and summaries 

 
 

RLM (mm yr-1)
Mean BS 

error (mm yr-
1)

Lower BS rate 
(mm yr-1)

Upper BS rate 
(mm yr-1)

p  level est. MMK z p AR(p)
Peicewise T-

average (mm yr-1)
Sens Slope 
(mm yr-1)

6.3 1.5 4.8 7.8 <0.01 0.28 5.079 0.005 2 - -
18.9 1.9 17.0 20.8 <0.01 0.57 11.904 <0.001 3 - -
-6.2 2.0 -8.1 -4.0 <0.01 -0.22 -4.268 0.004 1 - -
-8.5 2.9 -11.7 -5.9 <0.01 -0.21 -4.516 0.02 2 - -
-7.2 2.1 -9.2 -5.0 <0.01 -0.23 -4.212 0.014 2 - -

Mean asymmetry 0.02 Med asymmetry 0.10 - - - - - - -

RLM (mm yr-1)
Mean BS 

error (mm yr-
1)

Lower BS rate 
(mm yr-1)

Upper BS rate 
(mm yr-1)

p  level est. MMK z p AR(p)
Peicewise T-

average (mm yr-1)
Sens Slope 
(mm yr-1)

3.5 1.9 1.6 5.4 <0.01 0.13 3.944 0.118 1 - -
15.1 2.6 12.4 17.7 <0.01 0.44 9.212 <0.001 3 - -
-18.2 2.6 -20.7 -15.5 <0.01 -0.43 -8.589 <0.001 3 - -
-0.8 3.2 -4.0 2.4 >0.05 -0.03 -3.654 0.715 2 - -

-11.0 2.7 -13.8 -8.4 <0.01 -0.29 -4.501 <0.001 2 - -
Mean asymmetry 0.02 Med asymmetry 0.03 - - - - - - -

RLM (mm yr-1)
Mean BS 

error (mm yr-
1)

Lower BS rate 
(mm yr-1)

Upper BS rate 
(mm yr-1)

p  level est. MMK z p AR(p)
Peicewise T-

average (mm yr-1)
Sens Slope 
(mm yr-1)

3.4 1.8 1.7 5.3 <0.01 0.13 4.443 0.173 2 - -
16.3 2.2 14.2 18.6 <0.01 0.50 10.821 <0.001 3 - -
-17.0 2.4 -19.3 -14.5 <0.01 -0.43 -9.257 <0.001 3 - -
-4.8 3.0 -7.9 -1.8 <0.01 -0.13 -3.637 0.14 2 - -

-12.0 2.6 -14.6 -9.4 <0.01 -0.32 -4.929 0.001 1 - -
Mean asymmetry 0.1 Med asymmetry 0.1 - - - - - - -

Regional Rates: High Tide

Region

Delta
WES
CES
EES

CES/EES

Regional Rates: Low Tide

Region

Delta
WES
CES
EES

CES/EES

Regional Rates: Mean Tide

CES/EES

Region

Delta
WES
CES
EES



Supplementary Information                                                        Appendix.1 

 91 

 
Table S6 continued: Aggregated Series and summaries 
 

 
 

Rate (mm/yr) Range (mm/yr) Rate (mm/yr) Range (mm/yr) Rate (mm/yr) Range (mm/yr)
Delta 5.9 3.2 4.9 5.1 4.3 4.4
WES 18.3 4.1 18.2 6.8 17.8 5.7
CES -6.4 1.9 -18.4 3.1 -17.1 2.9
EES -6.6 3.0 0.7 3.2 -3.0 3.1
CES/EES -6.5 2.3 -10.2 3.1 -11.0 3.0

Rate (mm/yr) Range (mm/yr) Rate (mm/yr) Range (mm/yr) Rate (mm/yr) Range (mm/yr)
Delta 6.3 1.5 3.5 1.9 3.4 1.8
WES 18.9 1.9 15.1 2.6 16.3 2.2
CES -6.2 2.0 -18.2 2.6 -17.0 2.4
EES -8.5 2.9 -0.8 3.2 -4.8 3.0
CES/EES -7.2 2.1 -11.0 2.7 -12.0 2.6

Rate (mm/yr) Range (mm/yr) Rate (mm/yr) Range (mm/yr) Rate (mm/yr) Range (mm/yr)
Delta 8.5 n/a 4.0 n/a 4.9 n/a
WES 18.5 n/a 17.6 n/a 19.2 n/a
CES -8.6 n/a -15.2 n/a -18.8 n/a
EES 10.4 n/a -6.7 n/a -1.5 n/a
CES/EES 0.9 n/a -11.0 n/a -10.2 n/a

Mean Tide

Individual Site Means (minus rejected sites)

Intra-regional Rates (aggregated data minus rejected sites)

Piecewise Means (minus rejected sites)

High Tide Low Tide Mean TideRegion

Region High Tide Low Tide Mean Tide

Region High Tide Low Tide



Supplementary Information                                                        Appendix.1 

 92 

S7: Robust Linear Models for 1990 – 2017 Tidal Series  

 

 
Figure S7. RLM for high tides at 6 representative stations SW102, SW130, SW136.1, SW277.3, 
SW288.4 and SW30. 
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Figure S8. RLM for low tides at 6 representative stations SW102, SW130, SW136.1, SW277.3 and 
SW30. 
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S8: Seasonal Trend Decomposition by LOESS (STL) 

 

Figure S9. STL decomposition of monthly high tides at stations SW273, SW277.3, SW28, SW39, SW5 
and SW55. Time-series are split into seasonal, trend and residual components utilising locally weighted 
scatterplot smoothing. This removes, the annual seasonality and smooths extreme values that may be 
caused by driving mechanisms such as flooding induced by high rainfall or storm surge associated 
flooding with associated barometric affects. Potential anomalous values within the data are also 
smoothed as can be seen with station SW28, which shows partial breakdown in seasonality after 
anomalous readings from 1996 to 199. Further investigation would be required to identify potential 
causes, and sites showing anomalous readings have been excluded from intra-regional means. 
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Figure S10. STL decomposition of monthly low tides at stations SW129, SW130, SW273, SW30, 
SW4A and SW55. Time-series are split into seasonal, trend and residual components utilising locally 
weighted scatterplot smoothing. This removes, the annual seasonality and smooths extreme values that 
may be caused by driving mechanisms such as flooding induced by high rainfall or storm surge 
associated flooding with associated barometric affects. STL can be applied with extended trend periods 
(over the 8.85yrs applied here) to further smooth the data. This was not carried out in this study due to 
the 27yr limitation on high quality data (with >85% completeness), and the aim of highlighting the 
temporal variability inherent within water level data associated with a dynamic hydro-morphological 
setting. 
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Figure S11. STL decomposition of monthly mean tide time-series at stations SW136.1, SW162, SW18, 
SW30, SW39 and SW5. Trends show a high degree of variability both spatially and temporally. Small 
fluctuations in the trend, e.g. SW30 ca. 1995-2004, may be driven by persistent changes in either, or 
both of the dry and wet season water level values. These shifts may be caused by local changes in 
geomorphology, or could be the result of changing discharge or tidal flood regimes resulting from 
changes in hydromorphology up or downstream of the monitoring location. 
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S9: Sea-level data 

 
STL decomposition into seasonal, 
trend and residual components 
removes the annual fluctuations 
imposed on the water levels by the 
monsoon seasonality (primarily 
atmospherically driven) in the Bay 
of Bengal, and single extreme 
events (e.g. cyclones) which would 
skew the trend within years where 
extreme meteorological events 
occur.  
 
Clear increasing trends with 
shorter term fluctuations are 
observed in the high tide at all 
three coastal sites. 
 
Increased temporal data coverage 
would assist in the identification of 
potential longer term cyclicity 
within extreme high tides. This is 
hinted at by subtle fluctuations in 
the seasonality component and 
deviation from simple linear 
trends. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S12. STL decomposition of monthly extreme high tides at Hiron Point, Khepapara and Char 
Changa: 1990 to 2017. 

Year
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Figure S13. STL decomposition of monthly extreme low tides at Hiron Point, Khepapara and Char 
Changa: 1990 to 2017. 

Year
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Monthly distribution of high tide 
maxima at coastal sites highlights 
the seasonality inherent within the 
water level and sea-level data in 
both coastal and inland portions of 
the Bengal Delta. 
 
Seasonality is forced by the 
monsoon system, with increased 
freshwater discharge, increased 
precipitation, dominant low-
pressure systems, increased SST 
(sea surface temperature–leading 
to thermal expansion) and a 
dominant northerly wind causing 
increased wave fetch. This results 
in increased water levels during 
the months of May to October. 
Impact of these mechanisms are 
heightened by the northerly 
tapering geometry of the Bay of 
Bengal, with funnel shaped 
estuaries within the delta system 
amplifying water levels. 
 
Of note is the reduced amplitude of 
seasonality observed at Hiron 
Point compared to Khepapara and 
Char Changa. This potentially 
results from decreased discharge 
in the tidally dominated south-
west of Bangladesh. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S14. Boxplots of monthly high tide maxima at sea-level monitoring sites in coastal Bangladesh: 
1990 to 2017. 
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S10: Change point detection 
 
Table S15. Change point analysis undertaken on sites within the delta, utilising Pettitt’s test, the 
Buishand range test and a piecewise ordinary least squares model (please refer to sect. 2.3.5). The 
change points detected are highly variable, with some sites showing simultaneous CP’s in each series 
(e.g. SW4A) and others whilst others show different dates for each of the high, low and mean tide 
components (e.g. Char Changa (CC)). Whilst the piecewise model aims to identify a change in the rate 
of the change in water level, the Pettitt’s and Buishand tests identify a shift in the mean of the series. 
Results were determined as statistically significant where p <0.05, with series failing to reach statistical 
significance highlighted in bold. 
 

 
  

Pettitt's test 
(Date)

Buishand Range 
(Date)

Peicewise 
(Date)

Time averaged 
rate (mm yr-1)

Pettitt's test 
(Date)

Buishand 
Range (Date)

Peicewise 
(Date)

Time averaged 
rate (mm yr-1)

Pettitt's test 
(Date)

Buishand 
Range (Date)

Peicewise 
(Date)

Time averaged 
rate (mm yr-1)

SW102 Sep-96 Dec-97 Sep-06 18.8 Nov-07 Nov-07 Sep-06 14.7 Aug-06 Aug-06 Sep-06 17.0
SW107.2 Oct-12 Oct-12 Nov-12 -24.2 Dec-10 Dec-10 Oct-12 -34.9 Jan-12 Jan-12 Nov-12 -8.0
SW129 Dec-07 Aug-07 Oct-10 -12.5 Oct-03 Oct-03 Aug-11 -13.3 Jan-10 Jan-10 Jul-11 -16.2
SW130 Oct-00 Oct-00 Feb-08 5.4 Dec-04 Dec-04 Jun-98 4.3 Dec-07 Dec-07 Nov-08 3.6
SW136.1 Oct-95 Oct-95 Mar-06 6.9 Dec-01 Dec-01 May-95 -21.7 Oct-05 Sep-01 May-95 -9.1
SW162 Jun-03 Jun-03 Jul-07 21.6 Jul-00 Apr-00 Jul-07 33.3 Jul-00 Apr-00 Jul-07 27.6
SW171 Mar-04 Mar-04 Nov-08 77.3 Jul-11 Jul-11 Nov-08 76.4 Mar-03 Mar-03 Nov-08 76.9
SW18 Feb-12 Apr-11 May-11 -9.7 Feb-97 Jan-97 Jun-09 8.6 Feb-97 Mar-97 May-11 -9.4
SW24 Apr-99 Jul-11 Oct-11 9.9 Mar-07 Dec-09 Nov-10 77.1 May-07 Feb-10 Nov-10 55.2
SW241 Feb-10 Feb-10 May-06 29.2 May-05 May-05 Jun-14 -13.1 Apr-05 Apr-05 Mar-06 10.1
SW273 May-05 May-05 Jun-05 8.3 May-05 May-05 Jun-98 -20.7 May-05 May-05 Jun-98 -15.7
SW277.3 Jul-04 Jul-04 Aug-04 0.9 May-95 Dec-97 Apr-98 -7.0 Jun-06 Jun-06 Nov-00 5.1
SW28 May-03 Jan-00 Jul-99 -65.3 Sep-03 Dec-02 Nov-15 26.0 Sep-03 Nov-99 Jul-99 -24.3
SW288.4 Nov-09 Nov-09 Aug-06 22.1 Jun-02 Dec-02 Mar-15 7.6 Jun-09 Jun-09 Mar-15 6.0
SW30 Dec-95 Jul-07 May-00 34.1 Jun-01 Jun-01 Jul-01 11.9 Dec-95 Dec-95 Jul-01 23.0
SW39 Apr-03 Mar-04 Jan-11 16.3 Apr-03 May-04 May-13 18.5 May-03 Apr-04 Oct-12 20.2
SW4A Aug-02 Aug-02 Feb-02 -13.3 Aug-02 Aug-02 Feb-02 -13.1 Aug-02 Aug-02 Feb-02 -13.2
SW5 Oct-04 Oct-04 Dec-94 -43.2 Oct-04 Oct-04 Jun-98 -34.7 Oct-04 Oct-04 Jan-95 -43.6
SW55 Mar-12 Mar-12 Dec-05 41.5 Jun-99 Jun-99 Aug-06 25.8 Nov-98 Jul-98 Apr-06 33.3
HP Apr-08 Jul-07 Jun-03 10.6 May-98 Dec-07 Nov-09 -14.2 Nov-99 Nov-99 Apr-98 -3.3
KP Sep-99 Sep-99 Nov-09 24.1 May-11 May-11 May-09 18.6 Apr-07 Apr-07 May-09 21.5
CC Mar-14 Mar-14 May-09 25.4 Apr-07 Apr-07 Jul-03 19.8 Nov-11 Nov-11 Jul-03 22.9
WES Sep-04 Sep-07 Mar-07 18.5 Nov-03 Feb-04 May-07 17.6 Feb-04 May-04 Jun-07 19.2
CES Sep-03 Sep-03 Feb-05 -8.6 Jul-01 Aug-01 Feb-04 -15.2 Aug-02 Aug-01 Dec-00 -18.8
EES Jul-06 Jul-06 Jul-05 10.4 Dec-00 Jan-02 Apr-04 -6.7 Feb-07 Feb-07 Mar-05 -1.5
CES/EES Feb-05 Feb-05 May-05 0.9 Apr-01 Oct-01 Mar-04 -11.0 Nov-04 May-04 Jan-03 -10.2
Delta Sep-04 Apr-06 May-06 8.5 Aug-02 Jan-03 Nov-05 4.0 Apr-04 Feb-04 Apr-04 4.9

High Tide Low Tide Mean Tide
Change Point Analysis

Site
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S11: Long term trends in high tides 
 

 
 
Figure S16. STL decomposition of monthly long term high tide series (>1950 to 2018) at 4 sites across 
the delta, SW162, SW130, SW18 and SW273, with data range over 50 years between 1950 to 2018.and 
1968 to 2018. The decompositions show that over extended periods fluctuations can occur that partially 
reverse the overall rising or falling long term trends. These may be naturally driven, through changes 
in e.g. hydro-morphology or subsidence, or result from anthropogenic factors or potential malfunction 
of tidal recording equipment. 
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Table S17. RLM and Modified Mann-Kendall analysis of long-term high tide time series (>1950 to 
2018). The variable temporal coverage makes comparison of trends between sites less robust, however 
some clear parallels can be drawn between the longer and shorter-term results. 
 

 
 
Figure S18. Correlation between long and short 
term trends at the 17 sites with data availability. A 
moderate R2 of 0.43 is observed between the trends 
(a), however there are two clear outliers (sites 
SW102) and SW171, where trends are reversed. 
Excluding these two sites returns an R2 of 0.89 (b). 
Sites with shorter term decreasing trends in the east 
and fluvially active portion of the delta (e.g. 
SW273, SW277.3 and SW4A) show significant 
decreases between -5.2 to -9.7 mm yr-1, with high 
rates of water level rise in the south-west of 
Bangladesh; e.g. SW241, SW24, SW39 and SW130 
(12.3 to 22.3). The mean rises of 4.4 ± 1.5 mm yr-1 
is lower than the 5.9 ± 3.2 mm yr-1 derived from 
series spanning the period 1990 to 2017, and may 
demonstrate acceleration in SLR proposed by 
Dangendorf et al. (2017). Time series for long term 
analysis have >72% data completeness. 
 
 
  

Site Region RLM (mm yr-1) Mean BS error 
(mm yr-1)

Lower BS rate 
(mm yr-1)

Upper BS rate 
(mm yr-1) p  level est. MMK z p AR(p) Data 

Coverage

SW102 WES -25.8 2.0 -27.5 -23.8 <0.01 -0.43 -14.507 <0.001 5 1968 - 2018
SW107.2 CES 4.8 1.2 3.6 6.0 <0.01 0.22 4.660 0.001 1 1968 - 2016
SW129 WES 5.9 1.4 4.5 7.2 <0.01 0.29 10.555 0.004 3 1968 - 2018
SW130 WES 12.3 0.5 11.8 12.8 <0.01 0.65 17.110 <0.001 5 1968 - 2018
SW136.1 CES - - - - - - - - - 1990 - 2017
SW162 WES 42.1 4.2 37.9 46.2 <0.01 0.52 16.052 <0.001 5 1977 - 2018
SW171 WES -18.3 3.7 -22.0 -15.0 <0.01 -0.30 -14.101 <0.001 3 1966 - 2018
SW18 CES -3.5 0.7 -4.3 -2.8 <0.01 -0.29 -10.649 <0.001 2 1950 - 2018
SW24 WES 14.3 1.9 12.9 16.2 <0.01 0.61 14.485 <0.001 3 1968 - 2015
SW241 WES 15.7 0.6 15.1 16.3 <0.01 0.69 18.500 <0.001 2 1968 - 2018
SW273 EES -5.2 1.5 -6.6 -3.6 <0.01 -0.18 -3.472 <0.001 1 1968 - 2018
SW277.3 EES -8.3 1.8 -9.9 -6.5 <0.01 -0.23 -11.001 <0.001 2 1969 - 2018
SW28 WES 18.0 0.7 18.7 17.3 <0.01 0.61 12.083 <0.001 2 1969 - 2018
SW288.4 EES - - - - - - - - - 1990 - 2017
SW30 WES 10.7 0.7 11.4 9.9 <0.01 0.53 17.811 <0.001 3 1956 - 2018
SW39 CES 22.3 0.8 23.1 21.5 <0.01 0.74 21.425 <0.001 12 1958 - 2018
SW4A CES -9.7 2.4 -12.0 -7.3 <0.01 -0.20 -10.919 0.002 3 1966 - 2018
SW5 CES -6.1 1.8 -7.6 -4.2 <0.01 -0.16 -10.438 0.012 3 1968 - 2018
SW55 WES 6.1 1.3 7.4 4.9 <0.01 0.27 7.625 <0.001 1 1957 - 2018

WES 8.1 1.6 Freq. Positive MMK Tau >0 Std.Dev Series Max 25th Perc -
CES 1.6 1.4 10 0.51 15.9 42.1 -6.1 -
EES -6.7 1.6 Freq. Negative MMK Tau <0 Median Series Min 75th Perc -

CES/EES -0.8 0.2 7 -0.26 5.9 -25.8 14.3 -
Delta 4.4 1.5 0.1 0.03 -

Long Term High Tide

Intra-
regional 

summary Mean Median

BS Confidence Interval 
asymmetry  (mm)
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S12: Water level annual anomalies 
 
Table S19. Summary of trends in annual anomalies for annual mean, 5th percentile (dry season) and 
95th percentile (wet season) tidal water levels at inland monitoring locations and coastal sea-level sites 
over the period 1990 to 2017 in mm yr-1. Trends presented are derived from robust linear models 
developed on anomalies in annual water levels in relation to a nine year tidal epoch (1990 to 1998). 

  

Site Dry (5th) Range p Mean Range p Wet (95th) Range p
SW102 11.7 6.2 0.001 0.1 8.8 0.981 -17.0 18.8 0.087
SW107.2 19.2 13.2 0.009 3.6 6.2 0.268 -13.9 6.4 0.000
SW129 13.0 8.2 0.006 7.5 4.4 0.004 5.6 4.4 0.025
SW130 13.1 6.8 0.001 11.3 3.7 0.000 11.3 3.6 0.000
SW136.1 0.0 5.2 0.988 0.0 -4.1 0.993 -1.4 4.2 0.502
SW162 37.3 15.2 0.000 54.2 17.3 0.000 73.3 25.6 0.000
SW171 41.0 18.2 0.000 32.6 15.9 0.000 14.1 20.9 0.192
SW18 2.0 11.0 0.729 -0.4 8.3 0.926 -2.4 8.7 0.596
SW24 27.6 12.7 0.000 17.5 9.4 0.002 26.5 14.2 0.001
SW241 17.4 6.1 0.000 15.2 5.1 0.000 12.0 6.2 0.001
SW273 6.0 3.9 0.006 -10.4 10.7 0.068 -20.1 21.5 0.073
SW277.3 -13.7 9.8 0.000 -24.7 9.4 0.000 -15.8 11.4 0.010
SW28 26.1 7.3 0.000 16.8 4.5 0.000 14.1 3.6 0.000
SW288.4 7.8 10.2 0.141 11.4 7.1 0.005 14.8 6.8 0.000
SW30 13.4 9.5 0.009 14.3 6.1 0.000 8.0 9.8 0.117
SW39 44.3 8.5 0.000 30.8 6.5 0.000 29.3 6.3 0.000
SW4A -18.4 8.6 0.000 -32.4 11.0 0.000 -35.7 15.9 0.000
SW5 -14.7 4.9 0.000 -28.5 9.3 0.000 -42.2 19.8 0.000
SW55 12.4 7.4 0.002 10.3 9.8 0.051 4.0 19.1 0.685
HP 9.7 3.3 0.000 5.6 3.4 0.003 2.7 6.6 0.424
KP 0.1 6.2 0.973 1.2 5.0 0.651 4.1 8.2 0.324
CC 15.2 6.6 0.000 10.7 6.2 0.002 5.3 12.6 0.409
WES 20.8 10.0 - 18.1 8.9 - 15.3 13.6 -
CES 2.6 7.6 - -6.1 6.2 - -10.5 11.0 -
EES 0.0 8.0 - -7.9 9.1 - -7.0 13.2 -
CES/EES 1.7 7.8 - -6.8 7.3 - -9.2 11.8 -
Delta 11.8 9.0 - 6.4 8.2 - 3.8 12.8 -

Site Dry (5th) Range p Mean Range p Wet (95th) Range p
SW102 5.5 8.2 0.181 -7.4 10.3 0.161 -24.3 21.4 0.035
SW107.2 8.8 4.7 0.002 -2.2 5.5 0.452 -11.3 10.4 0.042
SW129 2.5 6.5 0.469 -0.7 5.6 0.803 -6.9 7.4 0.072
SW130 9.7 3.6 0.000 7.2 2.1 0.000 2.2 3.8 0.266
SW136.1 0.7 4.3 0.739 -3.0 4.5 0.212 -6.7 4.3 0.006
SW162 47.0 17.6 0.000 62.9 19.3 0.000 77.4 26.8 0.000
SW171 38.7 18.9 0.001 30.4 16.7 0.000 12.9 19.7 0.216
SW18 -2.2 6.2 0.487 -4.0 6.8 0.256 0.6 11.5 0.916
SW24 100.4 32.3 0.000 101.3 35.1 0.000 108.2 43.1 0.000
SW241 -19.1 4.2 0.000 -19.1 5.2 0.000 -24.0 -6.4 0.000
SW273 2.7 3.7 0.148 -12.8 11.2 0.033 -20.9 21.5 0.063
SW277.3 -6.5 6.8 0.069 -1.0 9.2 0.823 12.5 16.2 0.136
SW28 42.5 11.3 0.000 44.2 10.2 0.000 34.3 8.1 0.000
SW288.4 15.9 3.6 0.000 15.0 4.6 0.000 12.2 9.0 0.014
SW30 -0.7 7.6 0.855 -7.8 8.0 0.064 -17.6 13.4 0.016
SW39 53.7 9.3 0.000 42.3 7.1 0.000 27.9 10.1 0.000
SW4A -18.1 9.0 0.001 -33.3 11.3 0.000 -37.8 16.3 0.000
SW5 -16.3 5.6 0.000 -31.5 10.2 0.000 -43.0 20.3 0.000
SW55 20.6 8.1 0.000 12.0 7.8 0.006 -2.7 23.8 0.826
HP 0.7 4.7 0.765 0.2 3.0 0.899 2.6 3.8 0.189
KP 9.4 6.7 0.013 11.6 4.5 0.000 11.6 7.7 0.006
CC 12.0 5.6 0.000 9.1 4.9 0.001 7.6 7.4 0.052
WES 20.8 11.0 - 18.5 11.7 - 14.0 16.7 -
CES -9.0 6.3 - -18.0 8.2 - -21.7 13.1 -
EES 4.0 4.7 - 0.4 8.3 - 1.3 15.6 -
CES/EES -3.4 5.6 - -10.1 8.3 - -11.9 14.2 -
Delta 9.5 8.5 - 5.2 10.1 - 2.0 15.5 -

High Tide: Rate of change in the annual anomaly to 1990 - 1998 mean (mm yr-1)

Low Tide: Rate of change in the annual anomaly to 1990 - 1998 mean (mm yr-1)
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Figure S20. Examples of annual anomaly plots with fitted RLM and 96% confidence intervals for dry 
season high tides and wet season low tides within the delta. The plots highlight the inter-annual 
variability of tidal water levels within the Bengal delta, however long-term trends correspond to those 
calculated for monthly data. 
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4.  Spatio-temporal variability of salinity in the Bengal delta, 
Bangladesh – Modulation and enhancement of sea level rise 
induced salinisation in low-lying deltas 

Abstract 

In low-lying deltaic regions, rising sea levels are driving salinisation, with tidal propagation 

and mixing leading to increased river salinity resulting in a growing threat to water security 

and agricultural productivity. As a typical low-lying mega-delta with intricate hydrology and 

geomorphology, combined with significant human disturbance, the Bengal delta for which 

there is substantial in-situ data offers an opportunity to investigate the processes of 

salinisation. A modified Mann-Kendall test and Robust Linear Modelling are combined with 

non-parametric statistical methods and applied in this study for the first time to define the 

spatio-temporal distribution, temporal trends, and evolution of river channel salinity within 

the delta using salinity time series between 2000 and 2017 from 54 river monitoring stations 

in Bangladesh. A distinct intra-regional distribution of salinisation within the delta is 

identified, with an east to west increasing trend in mean salinity from 21 to 94 µS/cm yr-1, 

corresponding to relative increases of tidal water levels in the respective regions which 

appears to be driving saline water further inland particularly in the west of the delta. A 

stepwise increase in salinity, determined through the analysis of annual salinity maxima and 

change-point detection (Pettitt’s test) is observed from 2007, and may be linked to the 

transport of saline water inland through cyclone induced storm-surge episodes. The impact 

of sea-level rise on river water salinity is also exacerbated by reduced freshwater discharge 

in the deltas west, with extensive embankment systems altering channel morphology and 

potentially increasing the inland flow of saline waters. The results of this study can be used 

to enhance the understanding of salinisation processes in large, low-lying deltas in Asia and 

worldwide. 

Keywords: Salinisation; Bengal delta; Salinity; Bangladesh; River salinity; Coasts; SLR; 

Climate change 

4.1. Introduction 

Salinisation is a growing threat to the health, livelihoods and homes of the ca. 500 million 

people, living in the world’s delta regions (Rahman et al., 2019), with relative changes in 

sea-level having the potential to alter the saline – freshwater distribution in the rivers, soils 

and groundwater of coastal regions (Nicholls et al., 2007; Herbert et al., 2015; Smajgl et al., 

2015; Ketabchi et al., 2016). Climate change induced global sea-level rise (SLR) of 3.7 mm 

yr-1 (IPCC, 2021) is threatening to double coastal flooding within decades (Vitousek et al., 
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2017). Variation at the ocean basin scale creates differential risk exposure, with modelled 

decreases in the western Indian Ocean of -15 mm yr-1, whilst coastal regions in the east and 

northern Indian Ocean potentially face increases up to 18 mm yr-1. These rates are derived 

from Kendall Thiel trends calculated for Hybrid Coordinate Ocean Modelling simulations 

at 10 tide-gauge stations, with trend modelling showing small shifts in magnitude in 

comparison to those derived directly from the observed data (Han et al., 2019). This rise 

forms a significant hazard to the multiple large deltas in the region (e.g., the Red River, 

Mekong, Chao Phraya, Ayeyarwady and Bengal delta’s) which share common 

characteristics of low-lying topography, shallow sloping profiles, and multiple tidal channels 

that penetrate inland for tens to hundreds of km (Nicholls et al., 2007; Hoque et al., 2016; 

Vitousek et al., 2017). Variable impacts from anthropogenic activity in the form of upstream 

freshwater abstraction, flood protection embankments and changes in land-use further alter 

natural dynamics (Syvitski et al., 2009; Du et al., 2018; Gain and Giupponi et al., 2014). The 

spatial variation in hydro-morphology and human activity are evident on the inland tidal 

flow observed in the southwest of the Bengal delta, where a rise in mean coastal tidal water 

levels of 6.9 ± 1.7 mm yr-1 translates to average trends on the inland waterways of 17.8 ± 

5.7 mm yr-1 in the west, decreasing to -3.0 ± 3.1 mm yr-1 in the east (Feist et al., 2021 [chapter 

3]). 

 

These delta regions, which already have some of the highest population densities in the world 

(Szabo et al., 2016), have growing populations resulting in rising demand for food 

production and water abstraction (Rasul, 2016). This is occurring concurrently with warming 

of global atmospheric and ocean water temperatures, which are predicted to continue rising 

over the coming century (IPCC, 2021). Climate change induced increases in tidal water 

levels and salinity in the rivers, groundwater and soils threatens the productivity and use of 

these crucial resources (Hoque et al., 2016; Zörb et al., 2019). With elevated river salinity 

reducing freshwater availability for industry, agriculture and drinking water (Clarke et al., 

2015; Shirazi et al., 2019), and in the longer term driving salinisation of groundwater 

(Ketabchi et al., 2016). Increasing sea-surface temperatures (SST) may also lead to a rise in 

the frequency and severity of cyclones (Islam and Peterson, 2009; Bhardwaj et al., 2019). 

These extreme events can cause widespread devastation within vulnerable deltaic settings, 

and further enhance salinisation through storm surge flooding and inundation of vast areas 

of agricultural land and the built environment with sea-water (Brakenridge et al., 2013; Fang 

et al., 2014; Auerbach et al., 2015).  
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Figure 4.1. The study area in Bangladesh, highlighting locations of data collection for electrical 
conductivity (EC) and discharge, and other important features. Freshwater discharge is dominated 
by the flow on the Brahmaputra, Ganges and Meghna Rivers, with a complex network of river and 
tidal channels dominating low-lying delta. The digital elevation model utilised is derived from shuttle 
radar topography mission (SRTM) data at an approximate 30 m resolution (USGS, 2018). Low 
elevations in the southwest (<3m) increase towards the northwest, with 6 to 9 m in the central (CES) 
and eastern (EES) coasts. Regions of higher elevation in coastal areas are associated with mangrove 
forests, including the Sundarbans, a Unesco World Heritage Site. Embanked areas (highlighted in 
green) are predominantly associated with the lowest-lying and coastal regions. Tides propagate >100 
km inland, with elevation playing a key role in ultimately limiting its inland maxima (Kästner et al., 
2019), however SLR may push this limit further inland. Tidal mixing (the inland penetration of saline 
water) is further controlled by river discharge, groundwater discharge, rainfall and extreme weather 
events (e.g. cyclone induced storm surge) (Godin, 1985; Lewis et al., 2013; Sherin et al., 2020).  
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Increasing surface water salinity is already observed in the regions of the Mekong and Pearl 

River deltas (Smajgl et al., 2015; Yuan et al., 2015). With a recent study using short term 

monitoring data (2000 – 2011) in the Bengal delta indicating that increases can occur rapidly 

(Sherin et al., 2020). Mechanisms proposed to modify salinity in the tidal rivers include 

decreased upstream discharge, changes in groundwater flow and SLR (Mirza, 1998; Akter 

et al., 2019; Sherin et al., 2020). With modelling approaches adopted to estimate the response 

of river water salinity to projected climate change (e.g., Bhuiyan and Dutta, 2012; Dasgupta 

et al., 2015; Bricheno et al., 2016). However, these approaches rely on accurate baseline data 

and a well-developed understanding of driving mechanisms, both of which are relatively 

poorly constrained within the delta environment. 

 

The limited data for the majority of deltas is a barrier to building an increased understanding 

of the salinisation process in these regions. The Bangladesh Water Development Board 

(BWDB) monitors river salinity across an extensive regional network by measuring 

Electrical Conductivity (EC – the capacity of a solution to conduct an electrical current), 

with an increase in EC values indicating a rise in salt content. Previous studies have utilised 

a subset of this data to identify changes in salinity over a limited geographical area (Rahman 

et al., 2017) and to investigate potential shifts in salinity and associated driving mechanisms 

 (Sherin et al., 2020), however, limited in depth statistical analyses of this data has been 

performed. This study expands on previous work by increasing the spatio-temporal scale, 

utilising data from 54 stations spanning a maximum period from 1964 to 2017. The 

application of multiple analytical approaches including change-point detection, seasonal-

trend decomposition and non-parametric tests for trend and magnitude (modified Mann-

Kendall and Robust Linear Models), has allowed a robust assessment of the nature and 

pattern of changes in salinity at individual sites and within intra-regional sections of the delta 

for the first time . This detailed analysis of the spatio-temporal evolution of salinity in the 

delta has enabled identification of areas at most risk from salinisation and helps define the 

over-arching pattern of change in salinity, which are linked to variations in SLR and other 

modulating factors. The study improves the understanding of delta scale processes and the 

knowledge gained can be applied to other low-lying deltas within the region which are 

subject to the threat of climate change. 

4.2. Materials and methods 

4.2.1. Study area description 

Located within Bangladesh and the Indian State of West Bengal at the confluence of the 

Ganges, Brahmaputra and Meghna Rivers (figure 4.1), the Bengal delta is home to ca. 150 



 109 

million people (Wilson and Goodbred, 2015). A combined monthly discharge of ca. 7,000 

m3 s-1 (dry season) to 90,000 m3 s-1 (wet season), focussed along the Lower Meghna channel 

(Islam, 2016), reduces coastal salinity in the Bay of Bengal to 29 – 34 parts per thousand 

(PPT) (Sengupta et al., 2016) and delivers an annual sediment load ca. 1 billion tonnes yr-1 

resulting in active progradation in the east of the delta (Wilson and Goodbred, 2015). The 

region can be subdivided into western (WES), central (CES) and eastern (EES) estuary zones 

(Haque et al., 2016), with higher river water salinity in the WES and along the coast, 

combined with strong seasonality (Dasgupta et al., 2015). Semi-diurnal meso-macro tides 

ranging from 1.9 to >4m intrude up to 200 km inland through numerous estuaries and tidal 

creeks (Khuel et al., 2005; Elahi et al., 2020), with a dominant tidal regime in the west 

contrasting with a strong fluvial regime in the east (Wilson and Goodbred, 2015). 

 

Salinisation has already impacted the region on a large scale, with the highest rates of 

increase in river and soil salinity affecting the western portion of the delta during the dry 

season (Dasgupta et al., 2015; Clarke et al., 2015). Rising salinity has been detected on 

multiple river channels (Mirza, 1998; Dasgupta et al., 2015; Shammi et al., 2017; Rahman 

et al., 2017), with a stepwise shift identified in 2006/2007, for which the mechanism remains 

unresolved (Sherin et al., 2020). The high river water salinity observed in coastal areas can 

also be linked to elevated salinity in soils (Salehin et al., 2018), with 20 – 30% of cultivable 

land in Bangladesh affected (Baten et al., 2015).  

 

An increasing risk from salinisation faces the ca. 29 million people living in Bangladesh’s 

coastal regions resulting from the observed regional increase in tidal water levels, which is 

driven by SLR and modulated by the complex hydro-morphology of the delta, including 

changes in river discharge and channel morphology (Feist et al., 2021 [chapter 3]). The Bay 

of Bengal is also a focus for cyclone activity (Woodruff et al., 2013) with an average of 10 

tropical depression to hurricane force storms per decade, making landfall over Bangladesh 

(Islam and Peterson, 2009). The shallow offshore bathymetry and funnel shapes of the deltas 

estuaries increase the potential for storm surges leading to increased risk of coastal 

inundation and salinisation (Woodruff et al., 2013). This is compounded by relatively high 

rates of subsidence (regionally estimated at 5.6 mm yr-1) (Brown and Nicholls, 2015), which 

partially result from anthropogenically driven changes in the delta (Syvitski et al., 2009; 

Auerbach et al., 2015). Polders constructed to protect against tidal flooding in the 1960’s to 

1980’s have modified river channel geometry, altering the bathymetry (Du et al., 2018) and 

leading to infilling and a reduction in the tidal prism where embankment construction has 

isolated the channel network (Wilson et al., 2017).  
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Figure 4.2. Salinity time series for site SW241 (a), with measurements of monthly salinity maxima 
available from November to June. Interpolated data is displayed as black dots, with the decomposed 
trend (shown in c) also plotted. Daily discharge data for the Ganges River was summed into monthly 
series (mean discharge – b) for the months November to June – interpolated data and the decomposed 
trend are shown in black. A significant shift in annual minimum discharge values are highlighted in 
the shaded area, beginning in 1976 and coinciding with the Farakka Barrage’s major flow diversion. 
Decomposed data at SW241 from 1965 to 2017 (c) illustrate the variable seasonal signal recovered 
from the data, with trend and residual components used to determine the magnitude and significance 
of temporal salinity variations. The analyses were carried out on monthly mean, 95th percentile and 
maxima series at 54 salinity monitoring stations and four discharge sites.  
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4.2.2. In-situ water salinity measurements and supplementary data 

BWDB monitoring stations measure surface water EC using handheld conductivity probes, 

with data recorded in micro-mhos/cm (equivalent to µS/cm – used in this work). EC is the 

most commonly utilised salinity parameter in global datasets (Thorsland and Van Vliet, 

2020) and can be used as a proxy for the concentration of total dissolved solids. Monitoring 

occurs at weekly to bi-weekly intervals with data collection primarily in the eight months 

from November to June.  

 

Data may be collected utilising different instrumentation, however those available from 

various manufacturers (e.g. Hanna, Palintest, Cole-Palmer, RS, Sensorex, Extech, Oakton 

and Eutech) typically have an accuracy range of between 1 and 2%, with resolutions of 0.1 

to 10 µS/cm. Collection of the data may also introduce error, with salinity variations due to 

vertical stratification which may also change with seasonal variation in river discharge 

(Stoker, 1992). In practice this can be reduced through taking a mixed sample through the 

water column with data collected by trained personnel. However, some variation in 

procedures may introduce either random, or potentially systematic error if a particular 

technique has been employed over a long period at a specific site. Any error due to sampling 

procedures is most likely to lead to under-estimation of salinity, as sampling deeper within 

the water column will be harder than sampling surface layers. Other potential errors in 

defining the tidal influence of salinity include the potential for inflow of wastewater such as 

sewage, industrial outflow, and irrigation returns (Cañedo-Argüelles et al., 2013; Kaushal et 

al., 2017), with changes in bedforms and artificial channel management also potentially 

trapping saline water within tidal channels (e.g. Hamill et al., 2006). 

 

Measurements during the monsoon period, July to October, co-incident with high river 

discharge (Jian et al., 2009) only account for  ca. 1% of available data and were removed 

along with typographic errors. Temporal coverage of the bi-weekly data-set extends from 

1964 to 2017, however extensive periods of missing values prior to 2000 prevent detailed 

regional analysis before this date. Aggregated monthly mean, 95th percentile and maximum 

EC time series were constructed for each station (n = 54; figure 4.1), with an 8-month 

periodicity applied which retains the seasonal signal (figure 4.2), and has been used to 

provide a spatially extensive analysis of salinity trends within the delta. 

 

Missing values from each series (supplementary information, subsequently SI table S1; 

mean missing data = 12.5%) were interpolated utilising the seasonal splitting method of the 

imputeTS function (Moritz and Bartz-Bielstein, 2017). To enhance temporal coverage 
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monthly EC maxima were also available for eight stations from 1980 to 2018 (<30% missing 

values). Analyses of long-term series from 1964 at the two stations on the Rupsa-Passur 

River system, Khulna (SW241) and Mongla (SW243), with <25% missing data was also 

possible. Whilst utilising maxima includes values associated with sporadic extreme events, 

the parameter is useful in order to determine whether these are occurring more frequently in 

selected areas of the delta. 

Supplementary data on river discharge, available from the BWDB (BWDB, 2021a), was used 

from 4 stations on the Ganges, Brahmaputra and Gorai Rivers (figure 4.1) and provided in 

daily measurements of m3 s-1. These are calculated at specified locations utilising water level, 

river morphology (channel depth) and flow velocity data utilising a simple discharge = area 

x velocity equation. Whilst this data may provide a useful estimate of relative discharge, 

potential errors in flow velocity measurements and the annual measurement of river 

morphology may limit detailed analysis due to intra-seasonal bedform alteration. However, 

annual corrections should enable broad temporal changes to be assessed (BWDB, 2021b). 

4.2.3. Statistical trend analyses 

Non-parametric statistical tests were selected due to the non-normal distribution of the data, 

following methods set out in chapter 3, with brief outline provided in the following sections. 

4.2.3.1. Seasonal trend decomposition 

Seasonal Trend Decomposition by LOESS (Locally Weighted Scatterplot Smoothing) (STL) 

separates seasonal, trend and residual components using robust locally weighted polynomial 

regression (Cleveland et al., 1990; Shamsudduha et al., 2009). The analysis utilised the stl 

function in the core programme {stats} of the R computing environment (R Development 

Core Team, 2018).  

 

Time series were decomposed employing the STL method in the following equation (Eq. 1): 

 

!(#) 	= '(#) 	+ )(#) 	+ *(#)                 (1) 

 

where, Y(t) is equal to the EC at time t, T(t) is the trend component; S(t) is the seasonal 

component; and R(t) is the residual component; with (t) defining the specific time in all 

components (Cleveland et al., 1990). A seasonality window of nine months was selected 

comprising the nearest odd integer exceeding the observed seasonal cycle (adjusted for the 

4 missing months). A robust filter was also applied, increasing the number of looped 

iterations (to 15) which smooth the seasonally defined monthly subseries (Cleveland et al., 
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1990). The trend is then smoothed over a periodic window using a LOESS regression curve 

fitted over a 4.425 yr interval, chosen to account for perigean spring tide cyclicity, associated 

with lunar tidal components, which may influence high tide salinity in coastal regions 

(Haque and Nicholls, 2018). For extended time series, the trend window was extended to 

8.85 years to reduce variability and maintaining the link to perigean cycles. Detail on this 

method and its application can be found in Cleveland et al. (1990). 

4.2.3.2. Modified Mann-Kendall statistics 

A modified Mann-Kendall (MK) test, adjusted for potential serial correlation, was applied 

to each series after removal of the seasonal component in order to assess the presence of a 

monotonic trend. The notrend-test function from the ‘funtimes’ package (Functions for Time 

series Analysis – Lyubchich, 2020) was utilised applying 2,000 boot-strapped randomly 

resampled simulations of the observed EC data and robust difference estimates to determine 

the order of the auto-regressive model, the MK test statistic (Kendall’s tau coefficient) and 

an estimate of statistical significance (p), where the presence of a trend is accepted where p 

< 0.05 (Hall and Kielgom, 2003; Lyubchich, 2020). The value of MK tau was used to 

evaluate the strength of the trend, with values closest to ±1 closest to a perfect monotonic 

shift in the data and values close to zero indicating high variability, and usually rejected at 

the 5% significance level (Kendall, 1975). 

4.2.3.3. Robust linear modelling 

Robust linear models (RLM) combined with boot-strapped confidence intervals have been 

shown to provide reasonable estimates of change in environmental parameters in the 

presence of autocorrelation (Stuart et al., 2007; Becker et al., 2020; Feist et al., 2021 [chapter 

3]). Whilst temporal variability is inherent within the EC data, the RLM reduces the impact 

of outliers by down-weighting more extreme observations which are statistically considered 

as errors within the regression model. Robust linear models were fitted using iteratively re-

weighted least squares with an alternative M estimator replacing the squared residuals 

approach from a standard OLS model. This is defined by Tukey’s bi-square weight function 

of the rlm command in the MASS package (Ripley et al., 2021) with the default tuning 

constant of 4.685 used which provides the OLS model as a starting point for the iterative 

process and has 95% efficiency against outliers – assuming a normal distribution (Venables 

and Ripley, 2002). A total of 2,000 bootstrap simulations were generated using the rob.ci 

function in the “repmod” package to provide error estimates at 95% confidence intervals and 

indicate the variability present  within the timeseries (Marin, 2021). Statistical significance 

has been estimated for RLM models through calculation of a p estimate via the rob.pval 
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Figure 4.3. Salinity distribution in the Bengal delta during 2000 to 2017. Mean series values are
plotted for each station for monthly mean (a), 95th percentile (b), and salinity maxima (c). Spatial
distribution shows relatively freshwater <2000 !S/cm dominant in the eastern and northern sections
of the delta, with elevated salinity in the southwest. Salinity maxima (c) show distinct increases
inland in the southwest of the delta, potentially resulting from stronger tidal influence and a
reduction in river discharge (Feist et al., 2021). Water quality guidelines after Rhoades et al. (1992)
and Herbert et al. (2015).
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function (Marin, 2021). It should be noted that the estimates for trend magnitude (calculated 

as µS/cm yr-1) are applied to aid the understanding of rates of past change, rather than as 

predictive models. 

4.2.3.4. Change point detection 

In order to identify potential shifts in trends or changes within salinity regimes at individual 

sites, the non-parametric Pettitt’s test has been applied, available in the trend package 

(Pohlert, 2020) following previous work on environmental parameters by Jaiswal et al. 

(2015), Becker et al. (2020) and  Feist et al., (2021) [chapter 3]. This method tests the null 

hypothesis that no significant change in series mean occurs at a single point within the time 

series, with a significant change point accepted where  p is less than 0.05. This technique 

can be used on the multiple length time series available to assess change points within the 

delta previously identified within a short term dataset spanning 11 years  (Sherin et al., 

2020). 

4.3.Results 

4.3.1. High river salinity in the southwest and coastal regions 

The salinity of river water shows a distinct distribution within the delta (figure 4.3), with 

monthly mean (3a), 95th percentile (3b), and maxima (3c) between 2000 and 2017, showing 

similar spatial distribution, with salinity exceeding 6,000 µS/cm concentrated in the western 

estuarine system (WES) and on the border with the central estuarine system (CES). The 

inland locations of more saline water (>10,000 µS/cm) can clearly be seen in the vicinity of 

Khulna along the Rupsa – Passur river system, a downstream section of the Gorai River. 

Salinity in the eastern estuarine system remains predominantly low (<2,000 µS/cm), with 

values >3,000 µS/cm identified closer to the mouth of the delta in the lower Meghna river 

channel in the 95th percentile and salinity maxima (figure 4.3 a – c). 

4.3.2. Trend identification and variability 

Modified MK tests indicate high variability in river water salinity between 2000 to 2017 

(table 4.1). Trends are non-monotonic at a maximum of 26 sites in the mean monthly EC 

series, whereas 95th percentile and EC maxima show a greater number of significant trends 

(n = 36 and n = 35 respectively with p <0.05). The tau statistics returned for significant 

positive and negative trends in the maximum EC series, ranging from 0.22 to 0.72 (mean = 

0.36) and -0.31 to -0.48 (mean = -0.39) respectively. For the 95th percentiles, the mean tau 

for positive trends is 0.35 (range 0.11 to 0.78) and -0.39 (-0.29 and -0.49) for negative trends, 

with mean EC yielding a range between 0.13 to 0.70 (mean = 0.35) and -0.37 to -0.25 to 
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0.55 (mean = -0.37) for positive and negative trends, respectively. The serial correlation 

detected within individual time series is variable, with AR(p) between 0 and 10. 

4.3.3. Increasing rates of salinity in the western delta 

Salinity within the delta between 2000 and 2017 is increasing at an average rate of 90 ± 26 

µS/cm yr-1 at the 54 monitoring stations analysed. Trends determined as statistically 

insignificant, where p >0.05 (mean of ten stations per series), have been included in the 

regional and intraregional figures as they are disproportionately represented by low 

magnitude changes (mean = 1.3 µS/cm yr-1). Exclusion has the potential to skew 

intraregional means towards higher magnitude trends and their inclusion is offset through 

the use of confidence intervals which are large for series where p >0.05 (mean ± 13 µS/cm 

yr-1) (table 4.1). Extended statistical results are presented in SI table S2. 

 

The magnitude of the trends identified in salinity are variable (figure 4.4), with increases 

notable in all regions where ca. 81% of monitoring stations experience positive shifts (table 

4.1). Decreases, between -1 and -119 µS/cm yr-1 (mean = -19 ± 6 µS/cm yr-1) are limited in 

two areas, in the west (six sites) and within the CES (five sites). The highest rates of increase, 

up to 802 ± 70 µS/cm yr-1, are observed in monthly salinity maxima and follow a similar 

spatial distribution in mean and 95th percentile series. Increases >300 µS/cm yr-1 occur at 

five sites within the WES and at the western boundary of the CES with a mean rate of 544 

± 67 µS/cm yr-1 focused on the Baleswar, Rupsa-Passur, and Shibsa river systems (figure 

4.4), this correlates with existing areas of high salinity (figure 4.3).  

 

Minor increases of 1 to 100 µS/cm yr-1 (mean = 20 ± 11 µS/cm yr-1) are recorded at 29 to 33 

sites in the three series, with 100 to 300 µS/cm yr-1 increases at five to ten sites (mean = 

201± 77 µS/cm yr-1) and five to six sites experiencing rates >300 µS/cm yr-1 (mean = 544 ± 

67 µS/cm yr-1). The relatively high intervals calculated at the 5% significance level indicates 

high variability within the datasets. Decreases of -2 to -119, -1 to -90 and -1 to -89 µS/cm 

yr-1 are recorded in mean, 95th percentile and maximum series respectively, and are limited 

to eight to twelve locations in the CES and WES. Statistical significance of trends in mean 

EC at the 5% significance level is confirmed at 34 sites with p estimates <0.05, with a further 

two sites where p <0.1 and nine with p >0.1. This increases to 48 and 46 sites respectively 

in the 95th percentile series and 49 and 45 sites in the salinity maxima series. 

 

The lowest rates of change  in salinity are observed in monthly mean high tide data (mean = 

76 ± 22 µS/cm yr-1), with average 95th percentile shifts of 95 ± 27 µS/cm yr-1. Salinity 
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Table 4.1. Annual trends in salinity between 2000 and 2017, calculated using monthly data (Nov–Jun) at 54 monitoring stations in the Bengal delta, 
Bangladesh. The RLM utilised to calculate trend magnitude is resistant to outliers, with a bootstrap function running 2000 simulations providing confidence 
intervals at the 5% significance level. An estimate of statistical significance (p) is calculated on model residuals using a Wald test. The modified Mann-
Kendall test using a block boot-strap to account for serial correlation determines the presence of a monotonic trend, with Kendall’s tau value providing an 
estimate of trend consistency, where values close to 0 indicate high variability and no trend, and higher values a smoother trend. Large error ranges in 
comparison to the calculated rate of change in electrical conductivity are associated with insignificant modified MK results. 

 

Rate      
(µS/cm yr-1)

Error Range 
+/- (µS/cm)

p Kendall's Tau p
Rate      

(µS/cm yr-1)
Error Range 
+/- (µS/cm)

p Kendall's Tau p
Rate      

(µS/cm yr-1)
Error Range 
+/- (µS/cm)

p Kendall's Tau p

SW1 CES 224 62 <0.001 0.27 0.009 291 53 <0.001 0.33 <0.001 291 51 <0.001 0.32 <0.001
SW100.5 WES 4 1 <0.001 0.27 0.011 6 2 <0.001 0.35 <0.001 6 2 <0.001 0.34 0.001
SW101.5 WES 1 1 0.008 0.21 0.076 3 2 <0.001 0.29 0.014 3 2 <0.001 0.31 0.009
SW102 WES 17 3 <0.001 0.31 0.004 16 4 <0.001 0.26 0.007 17 4 <0.001 0.27 0.004
SW106 CES 1 2 0.339 0.17 0.044 3 2 0.006 0.24 0.028 4 2 0.001 0.27 0.020
SW107 CES -15 1 <0.001 -0.55 <0.001 -14 1 0.000 -0.49 <0.001 -14 1 <0.001 -0.48 <0.001
SW107.2 CES 349 58 <0.001 0.70 <0.001 411 49 <0.001 0.72 <0.001 419 48 <0.001 0.72 <0.001
SW108 CES 749 57 <0.001 0.56 <0.001 795 66 <0.001 0.50 <0.001 802 70 <0.001 0.51 <0.001
SW136 CES 17 16 <0.001 0.19 0.051 18 37 <0.001 0.16 0.104 21 38 <0.001 0.14 0.143
SW136.1 CES 0 5 0.849 -0.04 0.730 2 3 0.200 0.03 0.772 2 3 0.162 0.03 0.809
SW161 WES 18 3 <0.001 0.34 0.043 20 3 <0.001 0.34 0.022 20 3 <0.001 0.35 0.029
SW162 WES -10 3 <0.001 -0.24 0.139 -9 4 <0.001 -0.22 0.249 -9 4 <0.001 -0.21 0.264
SW18 CES 3 2 0.001 0.23 0.075 5 2 <0.001 0.32 0.006 6 2 <0.001 0.34 0.008
SW184 EES 11 7 <0.001 0.32 0.016 27 7 <0.001 0.44 <0.001 29 7 <0.001 0.46 <0.001
SW185 EES 78 27 <0.001 0.15 0.358 77 27 <0.001 0.18 0.214 77 27 <0.001 0.19 0.207
SW185.1 EES 33 59 0.010 0.02 0.914 29 46 0.025 0.02 0.931 27 29 0.039 0.00 0.992
SW19 CES -3 2 0.032 0.01 0.895 1 4 0.294 0.17 0.002 3 3 0.036 0.22 <0.001
SW198 CES 5 3 <0.001 0.19 <0.001 8 2 <0.001 0.29 <0.001 9 2 <0.001 0.30 <0.001
SW20 CES 29 8 <0.001 0.42 <0.001 34 11 <0.001 0.45 <0.001 34 9 <0.001 0.45 <0.001
SW206 WES -3 2 0.031 -0.18 0.310 -2 3 0.333 -0.13 0.382 -2 3 0.363 -0.13 0.473
SW207 WES -2 2 0.097 -0.12 0.593 1 3 0.702 -0.01 0.968 1 3 0.541 0.01 0.951
SW208 WES 3 4 0.180 0.13 0.564 5 4 0.066 0.16 0.106 5 4 0.055 0.17 0.084
SW21 WES 20 2 <0.001 0.41 0.054 22 2 <0.001 0.39 0.084 22 2 <0.001 0.39 0.060
SW216 WES 19 2 <0.001 0.46 0.011 20 2 <0.001 0.41 0.006 21 2 <0.001 0.41 0.005
SW219 WES 141 22 <0.001 0.48 <0.001 186 17 <0.001 0.51 0.000 188 26 <0.001 0.49 <0.001
SW22 WES -5 5 0.008 -0.07 0.711 -5 7 0.025 -0.04 0.865 -5 8 0.028 -0.04 0.883
SW23 WES -119 14 <0.001 -0.29 <0.001 -90 12 <0.001 -0.29 0.010 -89 16 <0.001 -0.31 0.006
SW24 WES 88 28 <0.001 0.25 0.007 105 34 <0.001 0.33 0.013 114 37 <0.001 0.33 0.008
SW241 WES 521 50 <0.001 0.53 <0.001 646 75 <0.001 0.47 <0.001 744 79 <0.001 0.45 0.001
SW243 WES 247 48 <0.001 0.31 0.001 183 52 <0.001 0.34 <0.001 197 57 <0.001 0.36 <0.001
SW244 WES 334 58 <0.001 0.36 <0.001 282 98 <0.001 0.34 0.003 277 98 <0.001 0.34 0.007
SW253 CES -4 2 <0.001 -0.25 0.003 -2 2 0.001 -0.06 0.267 -2 2 <0.001 -0.08 0.158
SW254.5 WES 216 159 <0.001 0.09 0.399 275 158 <0.001 0.10 0.225 274 162 <0.001 0.10 0.188
SW258 WES 417 64 <0.001 0.42 <0.001 557 102 <0.001 0.36 >0.001 572 115 <0.001 0.36 <0.001
SW259 WES -75 42 <0.001 -0.12 0.129 49 61 0.019 0.15 0.155 100 58 <0.001 0.19 0.072
SW27 WES 17 13 0.019 0.23 0.030 19 15 0.014 0.22 0.044 20 15 0.017 0.22 0.054
SW277 EES 0 2 0.608 0.13 0.026 5 1 <0.001 0.38 <0.001 3 1 <0.001 0.31 <0.001
SW277.3 EES 2 1 <0.001 0.25 0.005 3 1 <0.001 0.33 0.001 3 1 <0.001 0.34 <0.001

Modified Mann-Kendall
Site Estuary Zone

Monthly Mean Electrical Conductivity Monthly 95th Percentile Electrical Conductivity Monthly Maxima Electrical Conductivity

Robust Linear Model Modified Mann-Kendall Robust Linear Model Modified Mann-Kendall Robust Linear Model
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Table 4.1. Continued 

 
Table 4.2 Annual trends in salinity over variable time-periods for monthly salinity maxima. Extended series between 1980 and 2017 were available at a 
limited number of sites, with 5 in the WES, 2 in the CES and 1 in the EES. Data extending to 1965 was available at 2 localities on the Rupsa-Passur river 
system at SW241 and SW244. High episodic and irregular periodic variability of river water salinity is highlighted by the changes of trend magnitude 
calculated for the same site over different periods (the Sadler effect – Sadler, 1981). Relatively consistent increases are observed at two sites in the WES with 
modified Kendall’s tau of 0.38 (SW244) and 0.48 (SW241), this corresponds to the maximal data coverage ideal for investigating trends in environmental 
data. 

 

Rate      
(µS/cm yr-1)

Error Range 
+/- (µS/cm)

p Kendall's Tau p
Rate      

(µS/cm yr-1)
Error Range 
+/- (µS/cm)

p Kendall's Tau p
Rate      

(µS/cm yr-1)
Error Range 
+/- (µS/cm)

p Kendall's Tau p

SW278 EES 77 29 <0.001 0.28 0.045 169 132 <0.001 0.34 0.004 221 174 <0.001 0.29 0.032
SW279 EES 11 5 <0.001 0.29 0.109 19 9 <0.001 0.33 0.039 20 11 <0.001 0.33 0.045
SW279.1 EES 14 19 0.006 0.25 0.039 10 24 0.025 0.23 0.083 7 27 0.068 0.20 0.126
SW28 WES 399 61 <0.001 0.45 <0.001 488 63 <0.001 0.49 <0.001 498 60 <0.001 0.50 <0.001
SW289 EES 1 2 0.174 0.22 0.066 4 3 <0.001 0.29 0.006 5 4 <0.001 0.29 0.006
SW290 EES -13 2 <0.001 -0.14 0.282 -12 3 <0.001 -0.07 0.591 -12 3 <0.001 -0.06 0.632
SW30 WES 68 10 <0.001 0.52 <0.001 81 12 <0.001 0.44 <0.001 82 12 <0.001 0.44 <0.001
SW300 CES -3 5 0.005 0.10 0.518 8 7 <0.001 0.26 0.043 9 8 <0.001 0.28 0.015
SW318 CES 4 63 0.091 0.28 0.083 0 90 0.869 0.32 0.060 2 95 0.432 0.32 0.062
SW37 CES 1 1 0.238 0.10 0.088 1 2 0.226 0.11 0.041 1 2 0.509 0.10 0.081
SW37.5 CES 0 5 0.905 0.14 0.209 3 7 0.043 0.22 0.024 3 7 0.021 0.23 0.022
SW38 CES 54 11 <0.001 0.35 0.001 70 18 <0.001 0.39 <0.001 74 20 <0.001 0.37 <0.001
SW38.1 CES 3 6 0.274 0.23 0.057 5 7 0.096 0.21 0.145 5 7 0.078 0.37 <0.001
SW39 CES 139 122 0.003 0.16 0.122 224 108 <0.001 0.18 0.156 235 102 <0.001 0.18 0.157
SW54 WES -4 7 0.252 -0.07 0.619 -1 6 0.733 -0.05 0.769 -1 6 0.837 -0.03 0.837
SW56 WES 30 9 <0.001 0.23 0.061 36 14 <0.001 0.26 0.021 33 13 <0.001 0.27 0.014

Delta 76 22 - - - 94 27 - - - 100 29 - - -
WES 94 25 - - - 116 30 - - - 124 32 - - -
CES 82 23 - - - 98 25 - - - 100 25 - - -
EES 21 15 - - - 33 25 - - - 38 28 - - -
CES/EES 61 20 - - - 76 25 - - - 79 26 - - -

Robust Linear Model Modified Mann-Kendall Robust Linear Model Modified Mann-Kendall

Intra-
regional 
means

Site Estuary Zone

Monthly Mean Electrical Conductivity Monthly 95th Percentile Electrical Conductivity Monthly Maxima Electrical Conductivity

Robust Linear Model Modified Mann-Kendall

Rate      
(µS/cm yr-1)

Error Range 
+/- (µS/cm)

p
Kendall's 

Tau
p

Rate      
(µS/cm yr-1)

Error Range 
+/- µS/cm)

p
Kendall's 

Tau
p

Rate      
(µS/cm yr-1)

Error Range 
+/- (µS/cm)

p
Kendall's 

Tau
p

SW101.5 WES 3 2 <0.001 0.31 0.009 0 1 0.892 0.03 0.723 - - - - -
SW102 WES 17 4 <0.001 0.27 0.004 3 1 <0.001 0.18 0.030 - - - - -
SW106 CES -14 1 <0.001 -0.48 <0.001 3 1 <0.001 0.13 0.081 - - - - -
SW136 CES 21 38 <0.001 0.14 0.143 -2 7 <0.001 0.12 0.218 - - - - -
SW241 WES 744 79 <0.001 0.45 0.001 127 43 <0.001 0.17 0.036 194 24 <0.001 0.48 <0.001
SW243 WES 197 57 <0.001 0.36 <0.001 -104 41 <0.001 -0.15 0.066 - - - - -
SW244 WES 277 98 <0.001 0.34 0.007 -16 29 0.313 -0.03 0.698 153 19 <0.001 0.38 <0.001
SW277 EES 3 1 <0.001 0.31 <0.001 2 1 <0.001 0.35 <0.001 - - - - -

Modified Mann-Kendall
Monthly Maximum Electrical Conductivity 1980 - 2017

Robust Linear Model Modified Mann-Kendall
Monthly Maximum Electrical Conductivity 1965 - 2017

Robust Linear Model
Site

Estuary 
Zone

Monthly Maximum Electrical Conductivity 2000 - 2017
Robust Linear Model Modified Mann-Kendall
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Figure 4.4. Annual rates of change in electrical conductivity (EC - !S/cm) between 2000 and 2017 
at 54 monitoring stations in Bangladesh. Warmer coloured symbols with greater size indicate higher 
magnitudes of positive change, with colder colours and smaller symbols highlighting lower 
magnitude changes and decreases in salinity. Plots a, b and c show the trends (calculated utilising 
robust linear models on de-seasonalised data), for the monthly means, 95th percentile and maxima 
respectively. Highest magnitude increases are observed in the southwest for all series, with positive 
rates occurring at most sites (n = 42–45). The highest trends occur in the regions of lowest elevation 
and are also subject to high rates of tidal water level rise (Feist et al., 2021 [chapter 3]) and are 
primarily dependent on freshwater discharge from the Ganges/Gorai Rivers, which show decreasing 
flow rates (refer to section 3.6). 

maxima show the greatest increase with a mean rate of 100 ± 28 µS/cm yr-1 equating to an 

average ca. 1ppt shift in salinity maxima within 23 years. This regional average obscures the 

intra-regional variation present within the delta, with mean rates of 31 ± 23 µS/cm yr-1 in the 

EES showing high variability, 93 ± 24 µS/cm yr-1 in the CES, and 111 ± 28 µS/cm yr-1 in 

the WES. Extreme increasing rates of 607 ± 74 µS/cm yr-1, focused on five stations in the 

WES and CES, could lead to a ca. 1 ppt increase in salinity within four years. As these rates 

are encountered in the regions where mean dry season river water is already classified as 

slightly to highly saline (8,000 – 35,000 µS/cm) (figure 4.3a), a seasonal equilibrium with 

(a) Mean (b) 95th percentile

(c) Maxima

Rate of change in EC (!S/cm yr-1)
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coastal sea-water (ca. 34 ppt) during the peak dry season could be reached between ca. 39 - 

84 years (Lekha et al., 2020). 

4.3.4. Medium to long term trends of salinity maxima 

The trends in the monthly salinity maxima observed at eight locations in the delta between 

1980 and 2017 show greater variation (table 4.2), with rates between -104 ± 41 and 127 ± 

43 !S/cm yr-1 (mean = 2	± 16 !S/cm yr-1). This variability is highlighted by STL trends at 

these sites (SI figure S3), with contrasting positive and negative trends observed in the Rupsa 

– Passur between Khulna (SW241) and downstream sites (SW243 and SW244). The SW136 

and SW106 sites, with connectivity to the EES, show similar characteristics to SW277 on 

the Meghna River (SI figure S4) with minimal change in salinity (table 4.2). Minor 

seasonality is present at locations SW102, SW106 and SW136, where salinity is consistently 

low (<2,000 !S/cm) until ca. 2007 - 2009 when a series of peaks occur, followed by an 

increase in seasonal signal (SI figure S5). A single peak (>1,000 !S/cm) is also notable in 

2007 at location SW101.5 on the upper reach of the Gorai River. 

 

The long-term observation and modelled data of monthly salinity maxima at sites SW241 

(figure 4.2 a and c) and SW244 on the Passur River from 1965 to 2017 show distinct 

increasing trends of 194 ± 24 and 151 ± 19 µS/cm yr-1 respectively (table 4.2; SI figure S6). 

The long-term trend at SW241 is significantly lower than the 17-year trend of 744 ± 79 

µS/cm yr-1; whilst potentially demonstrating an acceleration of salinisation at this location, 

examination of the trend components over this period suggest longer term irregular 

cyclicity/periodicity within the data is responsible (figure 4.2c). 

4.3.5. Change point detection and a stepwise increase in salinity 

Interannual, episodic, and gradual shifts in salinity are evident within time series for 

individual sites – highlighted at SW241 (figure 4.2; SI figure S6), however a sharp increase 

in salinity maxima is noted from 2007 (figure 4.5a). This shift is also evident in the mean 

monthly salinity observations which show increases in the median salinity, 75th, and 95th 

percentiles over a six-year epoch from Nov 2006–June 2012 (figure 4.5b). Although a slight 

decrease is observed in the subsequent five-year epoch (Nov 2012 - June 2017), salinity 

values exceed those recorded between 2000 and 2006. Salinity is observed to increase in the 

second and third epochs in all months (SI figure S7), however extreme values (>95th 

percentiles) do show a slight decrease in the third epoch. Spatial variations are highlighted 

in figure 4.5 (c – e), with low salinity (<2,000 µS/cm) in the first epoch across the CES and 

EES (5c – 2000 to 2006) followed by regionally elevated salinity in the second epoch (5d – 
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2007 to 2012), concentrated in the southwest and Meghna River, and slight recovery in the 

third epoch (5e – 2013 to 2017), particularly in the central and eastern portions of the delta. 

 

The timing and significance of the shifts identified above are supported by results from the 

Pettitt’s test, with change-points detected in the three series between December 2004 and 

January 2016 (figure 4.6; SI table S2). Intra-regional variation is identified with a mean shift 

in the WES occurring between February to June 2008, in the CES during January 2008 to 

March 2009 and in the EES between January to December 2009. Changes in the CES and 

WES are consistently detected earlier within the salinity maxima series during January and 

February 2008, respectively. This analysis also highlights an increase from 2006, with 30% 

of sites in the EES revealing change points in 2006, increasing to 42% in the CES and 55% 

in the WES, respectively. 

 

Change points detected between 1980 and 2017 are more variable with four sites, SW102, 

SW106, SW136 and SW241, identifying shifts between January 2006 and February 2009. 

With SW101.5, SW243, SW244 and SW277 showing changes between December 1996 and 

December 1999 and associated with very minor or negative rates of change in EC over this 

period. In the long-term series at sites SW241 and SW244, the change point shifts further 

back, to May 1985 and February 1980, respectively, highlighting the greatly increased 

seasonality detected from the 1980s onwards at both sites (SI figure S6). 

4.4. Discussion 

4.4.1. Sea level rise and the inland movement of saline water 

This analyses shows an increasing trend in monthly mean salinity of 76 ± 43 !S/cm yr-1 

within the river networks of the Bengal delta during the pre–post monsoon seasons, with the 

wide error interval observed for the regional mean highlighting the high variability in salinity 

trends at the site specific level. A distinct intra-regional variation in the distribution of 

salinity within the Bengal delta was identified (figures 4.3 and 4.4), with highest rates 

occurring where tidal water levels are rising at faster rates (Feist et al., 2021 [chapter 3]. This 

enhanced tidal forcing by SLR is proposed as a leading contributory factor to salinisation in 

the western delta (Bhuiyan and Dutta, 2012; Liu and Liu, 2014) with similar distributions 

shown using integrated rainfall-runoff, hydrodynamic and salinity modelling approaches 

(Dasgupta et al., 2015).  

 

Between 1990 and 2017, the average increase in high- tides at the coast was 6.4 ± 2.6 mm 

yr-1, resulting in an inland rise of 18.3 ± 4.4 mm yr-1 in the western region (Feist et al., 2021  
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Figure 4.5. Distribution and occurrence of salinity maxima in the Bengal delta between Nov 2000 and Jun 2017 (a – e). The
cumulative frequency of salinity maxima for the 54 sites in the study area for mean, 95th percentile and salinity maxima
series (a) shows a distinct increase post 2006, with all series showing similar distribution. The numerical distribution
between each epoch for the salinity maxima series (b) confirms this distinct increase, during epoch 2, with boxes
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Figure 4.6. Change point detection – results of Pettitt’s test on time series from 2000 to 2017 at 54 
sites in Bangladesh showing the year of change. A high degree of variability is observed, particularly 
in the mean EC series (a) where changes >2010 occur across the delta. However, a pattern of earlier 
changes <2010, and in particular during 2006 and 2007, can be observed in the west of the delta, 
particularly within the 95th percentile (b) and salinity maxima (c) series. Three areas, highlighted, 
show trends within the mean EC series (a) where increases in salinity occur upstream in a sequential 
manner, in the extreme West and North West, and with the exception of a single site, on the Lower 
Meghna in the East. 

[chapter 3]), where salinity increased by 94 ± 25 µS/cm yr-1. As far north as Khulna (SW241) 

in the west, salinity can exceed 25,000 !S/cm, however, in the east on the Lower Meghna, 

salinity is consistently <3,000	!S/cm where modest and highly variable rates of change in 

tidal water levels are observed (-3.0 ± 3.1 mm yr-1) (Feist et al., 2021 [chapter 3]). This 

spatial variation in salinity is linked to the strong nonlinear behaviour of hydrodynamics 

within delta environments, where modifying factors influence inland tidal flow (Hoitink & 

Jay, 2016). 

 

(b) 95th percentile

(c) Maxima

(a) Mean
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These results support the findings in the Mekong delta, where a rise in sea-level of 30 cm by 

2050 is expected to increase the area of agricultural land affected by salinisation (Smajgl 

et al., 2015). With increased landward movement of saline water resulting from increasing 

sea levels also predicted in the Pearl (Yuan et al., 2015) and Chao Phraya delta systems 

(Wongsa, 2015). The influence of SLR on river salinity is suggested to be lower on the Red 

River delta (Nguyen et al., 2019), with limited studies in the Ayeyarwady (e.g. Sakai et al., 

2021). However, vulnerability of agriculture, freshwater resources and the built environment 

to future rises in sea level in these regions remains an issue (Brakenridge et al., 2013; Fang 

et al., 2014; Hoque et al., 2016; Jaroenongard et al., 2021). 

4.4.2. Modulation of salinity in the delta system 

4.4.2.1. Geomorphology and channel modification 

Inland tidal flow of saline water can be modified by estuary morphology and anthropogenic 

alteration of channel geometry (Du et al., 2018). With fluvially dominant estuaries (e.g. the 

EES) less likely to amplify inland tidal propagation (Pittaluga et al., 2014), which is reflected 

in the low salinity of river water observed in this area. On the contrary, high salinity is 

observed in the tidally dominant portion of the delta where alteration of channel bathymetry, 

through the construction of polders during the 1960s to 1980s, also enhances tidal range 

(Auerbach et al., 2015; Du et al., 2018). The increases in channel bed sedimentation resulting 

from embankment construction also change the relative elevations between river water 

levels and surrounding land (Wilson et al., 2017), with low elevations in the WES, frequently 

<3 m above sea level (asl), potentially enhanced by increased rates of subsidence (Oryan et 

al., 2019). This low elevation further increases tidal propagation in this region (Kästner et 

al., 2019), with reduced salinity observed where the land surrounding river channels exceeds 

5 m (asl) in the east and northwest. The impact of elevation and changes in channel slope 

can also be observed within the ‘tidal freshwater zone’ (defined by Hoitink and Jay, 2016) 

north of Khulna. Here, increases in tidal water levels of 18.6 ± 4.5 mm yr-1 (Feist et al., 2021 

[chapter 3]) occur, where salinity decreases or displays minimally increasing trends (figure 

4.4). This results from freshwater upstream discharge being retarded by inland tidal 

propagation producing a backwater effect, increasing water levels within the channel 

independent of tidal mixing (Godin, 1985; Kästner et al., 2019). 

4.4.2.2.Reductions in freshwater discharge and reduced tidal damping 

Modulation of inland penetration of saline water is most evident in the monsoon season, 

where increased freshwater discharge suppresses salinity, with increased salinity and 

decreased river discharge also observed during the dry season on the Gorai River (Mirza, 
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1998; figure 4.7). Rapid rates of increase in salinity are associated with regions of reduced 

freshwater discharge in primary river channels in the tidally dominant section of the delta 

(SI table S8). The reduced flow on the Ganges and Gorai rivers from the late 1970s, due to 

upstream abstraction (Mirza, 1998), is observed with a step change in discharge from 1976 

on the Ganges River (figure 4.2c). Salinity trends at SW241 and SW244 from 1965 – 2017, 

shown with discharge trends for the Gorai (figure 4.7 a – b) and Ganges (figure 4.7 c – d) 

show an inverse relationship, with decreasing flow linked to increased salinity. These 

negative shifts predominantly impact the southwest of the delta, where they form the main 

source of freshwater for subsidiary channel networks (Gain and Giupponi, 2014). 

 

Observations in the CES and EES, where channels derive freshwater flow from the 

combined discharge of the Ganges and Brahmaputra rivers, contrasted with the WES. Highly 

variable trends in discharge identified over varying timescales on the Brahmaputra (table 

4.3) correspond with diverging trends in salinity in the east of the delta (figure 4.8), where 

inverse to highly variable relationships can be observed (figure 4.8 d-e). The overall fluvial 

dominance in the EES decreased the impact of SLR (Feist et al., 2021 [chapter 3]) reducing 

inland movement of the saline front, with significantly lower salinities measured at 

comparable distances inland to locations in the WES (figures 4.3 and 4.4). 

 

Reduced discharge, active subsidence and increased channel depths due to sediment 

starvation and anthropogenic bed-level incision may amplify inland salinisation of the river 

 

 
Figure 4.7 Plots of trends in salinity at stations SW241 and SW244 (downstream from Khulna) (in 
black) alongside mean monthly discharge trends for the Ganges and Gorai Rivers (in blue) (b – e) 
show a broad negative association between river discharge and salinity, with EC elevated during 
periods of lower discharge. Areas highlighted in grey show the increasing trend encountered 
regionally within the delta after 2007. Whilst occurring at a similar time to a slight decrease in 
discharge, the scale of increase may point to a secondary influence on salinity during this period. 

(a) (b)

(c) (d)

In-phase response

Relationship between EC 
and dischargeDischarge

Salinity (EC)
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systems within deltas (Mirza, 1998; Eslami et al., 2019). However, the actively prograding 

delta front in the CES and EES, combined with the relative stability and decreased channel 

depths in the WES of the Bengal delta (Wilson and Goodbred, 2015; Wilson et al., 2017) 

indicated that SLR-induced increases of inland tidal water levels and inland tidal propagation 

provide the over-arching mechanism of salinisation within the delta (Feist et al., 2021 

[chapter 3]; Khojasteh et al., 2021). 

 
Figure 4.8. Trends of maximum monthly EC plotted alongside the available discharge trend between 
2000 and 2017, focussing on eight sites located in the east of the delta on channels that receive flow 
from the Ganges, Brahmaputra and Meghna Rivers. Relatively strong negative – in-phase – 
relationships can be identified between discharge and EC (e.g., sites SW277, SW289), however some 
locations show distinct out of phase shifts in salinity in relation to discharge (highlighted in light 
grey). Relatively rapid increases, or strong in-phase shifts are highlighted in dark grey.  
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Figure 4.9. Standardised index values for Niño3.4 and IOD showing occurrence of El Niño (blue) 
and La Niña (red) events where index values exceed +/- 0.5 for three consecutive months (outside of 
the grey shaded area) in association with changes in the Indian Ocean Dipole (black line) (NOAA, 
2021). These regional oceanic climate patterns have been linked with increased cyclone frequency 
and landfall in Bangladesh during La Niña periods (Sahoo and Bhaskeran, 2016), peak frequencies 
of salinity maxima do occur in the years 2007, 2010 and 2011 (red shading), however other peaks 
also occur both during El Niño (2009; blue shading) and neutral periods (2015 and 2017; black 
boxes). Higher frequencies of EC maxima do generally occur in periods of positive IOD (n = 45), 
however this signal is generally mixed.  
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4.4.3. Stepwise elevations in salinity driven by storm surge processes 

Extreme events associated with ocean-climate coupled cycles can also play a role in coastal 

river salinity, with storm surges raising tidal water height and driving saline waters further 

inland (Lewis et al., 2013). Within the Bay of Bengal cyclone activity has been linked with 

variations in el Niño and la Niña events – which occur in the Pacific Ocean and can disrupt 

equatorial heat transfer globally, with related shifts in the Indian Ocean Dipole (IOD)  

representing oscillation of warmer and cooler SST between the western and eastern  regions 

of the ocean. More frequent, higher intensity cyclones track further North towards the 

Bengal Delta during la Niña years, with almost double the amount of cyclonic days per year 

compared to El Niño years (Bhardwaj et al., 2019). 

 

Comparing these cycles with the frequency of salinity maxima (figure 4.9 a and b), revealed 

a mixed signal, with intense cyclone years, for example, 2007 and 2010, corresponding to 

37% of the annual salinity maxima records (figure 4.9b). The IOD is also proposed to 

influence ocean temperatures, wind patterns and monsoon conditions in the Bay of Bengal 

(Bhardwaj et al., 2019), however peak salinity occurrences are observed in both positive and 

negative phases (figure 4.9a). Thirty four (34) sites experienced peak salinity between 2007 

and 2012 (dominantly la Niña conditions), reducing to eighteen sites between 2013 to 2017 

(mixed el Niño/la Niña/neutral) (figure 4.9b). Change point analysis also revealed significant 

shifts in salinity in the southwest between 2006 to 2009 (figure 4.6a – c), highlighted in 

salinity maxima over three 5- to 6-year epochs (Figure 4.5a) and the cumulative frequency 

of salinity maxima (figure 4.5b). This apparent stepwise increased in salinity, also observed 

in the CES (Sherin et al., 2020), is coincident with Cyclones Akash and Sidr (2007 – La 

Niña period), and Cyclones Bijli and Aila in 2009 (el Niño period). 

 

Further investigation of the links between salinisation, cyclone activity, and wider climatic 

forcing systems is required to improve the understanding of how this may change in 

association with shifts in regional climate systems. The frequency of tropical cyclones is 

predicted to increase within the Bay of Bengal due to climate warming (Sahoo and 

Bhaskeran, 2016), combining with rising tidal water levels (Feist et al., 2021 [chapter 3]) to 

increase the risk of inundation and salinisation in low-lying coastal and tidally dominant 

areas in southwest Bangladesh. 

4.4.4. Anthropogenic activity and the growing risk of rising salinity 

The lack of a strong empirical correlation between single driving factors and measured 

salinity highlighted the complexity of controlling mechanisms within the delta environment. 
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Anthropogenic activity during the last century plays an increasingly important role in the 

hydromorphology of the delta, with reduced flow through diversion or abstraction (Mirza, 

1998; Gain and Giupponi, 2014) and increased differential subsidence and channel 

sedimentation resulting from polder construction (Dewan et al., 2015; Wilson et al., 2017). 

Return flows from irrigation, aquaculture, sewage and industrial processes can also enhance 

salinisation within river channels at the local scale (Kaushal et al., 2017). The natural 

dynamics of the delta system (Dewan et al., 2017) and localised variability also displayed in 

tidal water-levels (Feist et al., 2021 [chapter 3]) may also influence salinity at specific sites. 

Mitigation of low flow and increased salinity in the Gorai River through dredging at its 

offtake with the Ganges has been shown to temporarily increase flow, however, this may 

prove both costly and practically unsustainable in the longer term (MoP, 2014; Gazi et al., 

2020) with rising sea levels inducing salinisation further inland (Becker et al., 2020; Feist et 

al., 2021 [chapter 3]). 

 

Wide-scale impacts of anthropogenically enhanced climate change must also be considered, 

with increases in atmospheric and ocean temperatures leading to thermal expansion of 

oceans, land-ice meltwater increasing ocean water volume, and changes to ocean circulation 

patterns which may drive regional variation in sea levels and climate (Church et al., 2013). 

Recent reports indicate a continued global temperature rise and associated SLR even in the 

event of strong global action to limit emissions (IPCC, 2021), placing the region at continued 

risk from increased salinisation. 

4.5. Analytical limitations, uncertainties and research needs 

This study revealed a number of challenges facing the region and areas of research that 

remain in need of investigation in order to increase the understanding of salinisation within 

deltas. Temporal data coverage often restricts analyses, with rates calculated over shorter 

time series frequently exceeding those calculated over longer periods (the Sadler effect – 

Sadler, 1981). Longer term fluctuations and variability can be accounted for in temporally 

extended series, whereas short series may enhance or contradict longer term trends. This is 

evident from the results of this study, with the 2000 to 2017 rates yielding the greatest 

magnitude, whilst mid-length series from 1980 – 2017 reveal a more mixed signal of change 

(table 4.2). Long-term series from a restricted number of sites support the overall increasing 

trend in the region, whilst high rates of change in the recent period should not be easily 

dismissed, with similar patterns recognised in global sea level (Church et al., 2013; 

Dangendorf et al., 2017).  
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Data collection errors and potential systematic measurement error may have a greater effect 

on trend magnitude and change point calculation, with potential to skew the trend or alter 

trend significance. However these potential measurement errors may be minimal in 

comparison to the seasonal variation of up to ca. 30,000 µS/cm (e.g. site SW243) and inter-

annual variations of up to ca. 15,000 µS/cm (e.g. site SW241). Data collection errors may 

have greater impact at sites where lower salinities are recorded (e.g. SW106 and SW136) as 

minor errors will be proportionally greater where salinities are frequently <500 µS/cm. 

However, the natural variability observed within the data (e.g. figure 4.2., SI figures S3 to 

S5) is suggested to be the primary driver of the relatively wide intervals calculated at the 

95% confidence level (table 4.1.), which also impacts the statistical significance of the 

modified Mann-Kendall test. Local modifying factors such as changes in channel 

morphology, outflow from wastewater/irrigation returns, detailed meteorological and 

groundwater flow factors also remain unaddressed, with site specific surveys required to 

understand how local mechanisms may alter the broad intra-regional patterns identified in 

the study. 

 

The potential instrumental measurement error of ca. 2% within datasets is minor, however 

increased variability can widen confidence intervals calculated at the 5% significance level. 

As previously observed in section 3.4.2. [chapter 3], utilising the bootstrap method can also 

result in asymmetric confidence intervals (SI tables S2 and S8) where time series have more 

extreme trends and where the assumption of approximate normal distribution does not hold. 

Whilst the mean skew identified in EC series is limited to between 0.4 and 1.8 µS/cm, high 

variability and skewed distribution consistently impacts sites SW318, SW258, SW254.5, 

SW185.1 and SW107.2, with the 95th percentile for SW244 also affected (SI table S2). This 

highlights potential overestimation of trend significance in calculated p values and the 

validity of utilising confidence intervals and multiple criteria to assess trend variability.  

 

Robust linear models, resistant to outliers, have previously been used to account for temporal 

variability at both regional and site-specific scale (Stuart et al., 2007; Becker et al., 2020, 

Feist et al., 2021 [chapter 3]). However, calculations of confidence intervals do not explicitly 

remove autocorrelation within time series. Removal of seasonality and retention of the 

residual component for trend calculation has reduced autocorrelation, with confidence 

intervals closely corresponding to the statistical significance (p) and variability (tau) of 

trends calculated using the modified Mann-Kendall test (Lyubchich, 2020). This uses a 

block-bootstrap incorporating the AR(p) and indicates that rob.ci method (Marin, 2021) 

supplies a reasonable estimate of the variability within the data, with series showing high  



 131 

 
Figure 4.10. Remote sensing analysis of Landsat satellite images utilising spectral reflectance to 
determine relative soil salinity. Locations adjacent to river water monitoring stations have been 
analysed, applying a salinity indices (SI equation S9). The spatial distribution of high and low salinity 
(a) follows a similar distribution to that identified for river salinity (figure 4.3). Increasing trends in 
salinity, shown by a reduction in salinity indices value, are seen at a number of coastal sites (b – d), 
with a distinct negative shift at SW259 post 2005(e). 
 
variability frequently identified as having low magnitude and statistically insignificant 

trends. However, these should be independently verified by assessing any asymmetry in 

confidence intervals and through qualitative assessment via comparison with STL trends. 

 

Utilising the calculated trends to project future changes in salinity at a given location is also 

problematic due to localised modulation and potential for rapid changes in morphology, 

which can have significant consequences for downstream flow or inland tidal propagation 

(Dewan et al., 2017; Reitz et al., 2015). Projection of these rates would also not account for 

potential future shifts in regional climate variables (e.g., temperature, precipitation, glacial 

meltwater), or further anthropogenic alteration of freshwater flow regimes (e.g., damming, 

flow diversion, dredging, polder construction). The collection of high resolution (e.g. hourly) 

data may be useful to identify local modulation and improve understanding of other small 

scale processes. 

4.6. Impacts of salinity on communities and ecology 

Increasing salinity identified in this study and increased estuarine/river water levels (Feist et 

al., 2021 [chapter 3]) combine with the risk of storm surges to provide a pathway for the 

exposure of soil, drinking water ponds and groundwater to contamination with saline water 

(Clarke et al., 2015; Hoque et al., 2016; Islam et al., 2019). Increased salinity in coastal river 

channels has already been linked to high salinity in adjacent farmland (Salehin et al., 2018) 
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and the occurrence of the 1 ppt isohaline in the Ayeyarwady Delta also coincides with the 

boundary of crop production (Sakai et al., 2021). Available satellite imagery has been 

analysed between 2000 and 2020 at locations (within 500 m) adjacent to river salinity 

monitoring sites, utilising a salinity index (SI equation S9), incorporating the near infrared 

(NIR) bandwidth which is the most effective for estimating soil salinity (Nawar et al., 2014; 

Tran et al., 2019). The approach successfully differentiates between regions of high and low 

salinity at the regional scale (figure 4.10a), with initial analysis in specific localities such as 

SW24, SW258 and SW1, where rapid increases in river salinity were occurring, showed a 

decreasing trend in the values of the indices suggesting increased soil salinity at these 

locations (figure 4.10 b – d). A distinct change is also noted at site SW259 from 2007 (figure 

4.10 e), potentially reflecting extreme events that occurred during this period. Further study 

is therefore required to optimise this approach and fully investigate the association between 

river salinity and soil salinity in adjacent farmlands. 

 

Further impacts could be threats to loss of soil nutrients and regional agricultural 

productivity (Clarke et al., 2015) and issues of freshwater supply to industry (Shirazi et al., 

2019). Disruption to traditional aquaculture and subsistence fishing, which can provide 50 

to 60% of the animal protein available for local communities, is also possible with shrimp 

farming heavily dependent on the supply of wild larvae and juveniles (Lauria et al., 2018). 

Degradation and loss of mangrove habitat will further reduce ecosystem services provided 

by the Sundarbans mangrove forest, which not only provides resources such as firewood and 

honey, but also protection from coastal erosion and storm surge (Newton et al., 2020; Islam 

and Bhuiyan, 2018). The association with saline water and storm surge events also raises the 

risk of inundation of urban areas, with saline water more damaging to infrastructure (e.g. 

Haynes and Bassuoni, 2011) and flooding of agricultural land leading to increased soil 

salinity and shallow groundwater salinisation (Clarke et al., 2015; Islam et al., 2019). 

 

Where the local population is facing multiple threats from climate change (IPCC, 2021) and 

with limited ability to implement large scale infrastructure-based mitigation projects people 

may face stark choices, risking their livelihoods and health by changing agricultural 

practices (Johnson et al., 2016) and utilising potentially life-limiting water supplies (Khan 

et al., 2014; Scheelbeek et al., 2017) or abandoning their land (Szabo et al., 2016). Therefore, 

the rapid changes in salinity identified in the southwest of Bangladesh require urgent 

attention to prevent further hardship and degradation/permanent loss of agricultural land. 

This is particularly critical due to the growing population in the region, associated with an 

anticipated increased demand on freshwater, food and energy resources (Rasul, 2016). 
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4.7. Conclusions 

Using an extensive database of surface water salinity and river discharge measurements 

combined with multiple analytical approaches the work in this study identifies distinct 

intraregional variation in salinity within the Bengal delta, with the lower lying southwest 

region experiencing rapid rates of salinisation. The techniques utilised and findings of this 

study can be applied to other Asian deltas to investigate the drivers of salinisation. 

 

The delta-wide increase of 76 ± 22 µS/cm yr-1 in monthly mean river salinity masks 

intraregional variability with rates in the eastern delta of 21 ± 15 µS/cm yr-1, 82 ± 23 µS/cm 

yr-1 in the central region, and 94 ± 25 µS/cm yr-1 in the west. Sites within each region show 

high levels of spatio-temporal variability in salinity trends, which is reflected in the relatively 

wide confidence intervals. These show increased variability in the east of the delta. Increases 

in monthly salinity maxima show enhanced rates of salinisation, showing peak salinity is 

also rising with a regional average rate of 100 ± 29 µS/cm yr-1. Individual sites with rates 

exceeding 200 µS/cm yr-1 are concentrated in the southwest of Bangladesh, with rates below 

100 µS/cm yr-1 and decreasing trends in central and eastern areas. The extreme rates coincide 

with regions experiencing an increase in coastal and inland tidal water level rise of >10 mm 

yr-1, decreases in river discharge, and rapid changes in salinity associated with periods of 

cyclone activity. 

 

The rise in coastal and inland tidal water levels within the delta drives the increase in salinity 

modulated through freshwater discharge, identifiable by the reduced salinity observed in the 

east of the delta. Reduced freshwater discharge, identified in the west of the region, increases 

salinisation, however the impact of this cannot easily be segregated from other factors, such 

as anthropogenic alteration of channel geometry and sedimentation within tidal channels.  

 

In common with other major deltas in the region, the inland intrusion of saline waters along 

the interlinked channels of the Bengal delta is a critical issue in a region of relative 

freshwater scarcity and high agricultural productivity. Single annual cropping conditions are 

likely to move further inland, threatening national food security. Intervention to mitigate 

against the increase in salinisation within delta systems is therefore critical for both local 

populations and at a national level. 
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Table S1: Details and locations of sites utilised in the study. 

  

Site Code Site Name River System
Estuary 

Zone
Latitude Longitude

2000 to 2017 % 
missing data 
(Nov - Jun)

Remote Sensing 
Target ID

SI Target 
Latitude

SI Target 
Longitude

SW1 Bagerhat Alaipur Khal Daratona CES 22.65 89.81 7.4 SI1  22.654516°  89.812536°
SW100.5 Amalsar Gorai-Madhumati-Haringhata-Baleswar WES 23.45 89.60 8.1 SI100.5  23.448089°  89.596711°
SW101.5 Kamarkhali (Gondhakhali) Gorai-Madhumati-Haringhata-Baleswar WES 23.53 89.54 8.1 SI101.5  23.523058°  89.542833°
SW102 Bhatiapara Gorai-Madhumati-Haringhata-Baleswar WES 23.21 89.70 8.1 SI102  23.210810°  89.692224°
SW106 Patgati Gorai-Madhumati-Haringhata-Baleswar CES 22.88 89.89 7.4 SI106  22.871873°  89.884789°
SW107 Pirojpur Gorai-Madhumati-Haringhata-Baleswar CES 22.58 89.97 13.2 SI107  22.591161°  89.955577°
SW107.2 Rayenda Gorai-Madhumati-Haringhata-Baleswar CES 22.31 89.86 20.6 SI107.2  22.300908°  89.840185°
SW108 Chardoani Gorai-Madhumati-Haringhata-Baleswar CES 22.11 89.91 8.1 SI108  22.113539°  89.917404°
SW136 Kawkhali Kocha CES 22.62 90.06 8.1 SI136  22.604119°  90.049641°
SW136.1 Umedpur Kocha CES 22.50 89.98 7.4 SI136.1  22.508621°  89.974995°
SW161 Tahirpur Kobadak WES 23.34 89.03 23.5 SI161  23.328362°  89.022706°
SW162 Jhikargacha Kobadak WES 23.10 89.10 19.1 SI162  23.099474°  89.115466°
SW18 Barisal Barisal-Buriswar CES 22.70 90.38 7.4 SI18  22.688222°  90.384023°
SW184 Patuakhali Lohalia EES 22.36 90.36 8.1 SI184  22.337594°  90.354203°
SW185 Galachipa Lohalia EES 22.20 90.43 13.2 SI185  22.206010°  90.425195°
SW185.1 Gulbunia Lohalia EES 22.07 90.36 8.8 SI185.1  22.074326°  90.356904°
SW19 Mirzaganj Barisal-Buriswar CES 22.35 90.23 8.1 SI19  22.362383°  90.244086°
SW198 Haridaspur Madaripur Beel Route CES 23.06 89.82 8.1 SI198  23.059972°  89.819473°
SW20 Amtali Barisal-Buriswar CES 22.14 90.23 7.4 SI20  22.149719°  90.233028°
SW206 Hatboalia Mathabhanga WES 23.79 88.86 23.5 SI206  23.785433°  88.861561°
SW207 Chuadanga Mathabhanga WES 23.65 88.85 19.1 SI207  23.651807°  88.849401°
SW208 Darsana Mathabhanga WES 23.53 88.78 19.1 SI208  23.535805°  88.782261°
SW21 Arpara Begabati WES 23.37 89.38 19.1 SI21  23.370093°  89.380022°
SW216 Magura Nabaganga WES 23.50 89.41 19.1 SI216  23.507872°  89.411559°
SW219 Gazirhat Nabaganga WES 22.96 89.56 19.1 SI219  22.963868°  89.567171°
SW22 Navaron Betna-Kholpetua WES 23.06 89.00 19.1 SI22  23.065338°  88.990072°
SW23 Kalaroa Betna-Kholpetua WES 22.85 89.04 19.1 SI23  22.843743°  89.040937°
SW24 Benarpota Betna-Kholpetua WES 22.75 89.10 23.5 SI24  22.751700°  89.094742°
SW241 Khulna Rupsa-Pasur WES 22.81 89.58 14.0 SI241  22.753879°  89.572085°
SW243 Chalna Rupsa-Pasur WES 22.62 89.53 8.1 SI243  22.621999°  89.529269°
SW244 Mongla Rupsa-Pasur WES 22.46 89.60 8.1 SI244  22.464645°  89.571971°
SW253 Swarupkati Swarupkati CES 22.76 90.11 8.1 SI253  22.762745°  90.115757°
SW254.5 Elarchar Satkhira Khal WES 22.67 89.06 25.0 SI254.5  22.674856°  89.065876°
SW258 Paikgacha Sibsa WES 22.58 89.32 8.1 SI258  22.575739°  89.312557°
SW259 Nalianala Hadda Sibsa WES 22.45 89.43 8.1 SI259  22.463769°  89.446220°
SW27 Keshabpur Bhadra WES 22.91 89.23 19.1 SI27  22.909744°  89.230016°
SW277 Chandpur Surma-Meghna EES 23.23 90.64 5.9 SI277  23.211676°  90.643412°
SW277.3 Nilkamal Surma-Meghna EES 23.06 90.58 8.1 SI277.3  23.053448°  90.575319°
SW278 Daulatkhan Surma-Meghna EES 22.61 90.83 8.1 SI278  22.602534°  90.730298°
SW279 Tajumuddin Surma-Meghna EES 22.45 90.87 8.1 SI279  22.435627°  90.837429°
SW279.1 Char Fession Surma-Meghna EES 22.19 90.83 8.1 SI279.1  90.837429°  90.813906°
SW28 Gobrahat Bhadra WES 23.11 89.50 12.5 SI28  23.113965°  89.504082°
SW289 Dumuria Tentulia EES 22.79 89.41 8.1 SI289  22.785301°  89.412145°
SW290 Dhulia Tentulia EES 22.55 90.57 8.1 SI290  22.541859°  90.569697°
SW30 Dasmunia Bhairab (lower) WES 22.29 90.61 19.1 SI30  22.298681°  90.590492°
SW300 Afraghat Torki CES 23.12 89.39 14.0 SI300  23.130530°  89.391881°
SW318 Gournadi Babuganj CES 22.98 90.23 8.1 SI318  22.973505°  90.237594°
SW37 Babuganj Bishkhali CES 22.82 90.32 8.1 SI37  22.814319°  90.322771°
SW37.5 Jhalokati Bishkhali CES 22.63 90.18 14.0 SI37.5  22.617380°  90.191692°
SW38 Betagi Bishkhali CES 22.44 90.18 8.1 SI38  22.437115°  90.190091°
SW38.1 Bamna Bishkhali CES 22.34 90.09 8.1 SI38.1  22.352553°  90.088254°
SW39 Barguna Bishkhali CES 22.16 90.10 8.1 SI39  22.168935°  90.100022°
SW54 Patharghata Bishkhali WES 22.02 89.97 19.1 SI54  22.025699°  89.958080°
SW56 Kaliganj Chitra WES 23.41 89.14 19.1 SI56  23.411076°  89.148027°
SW90 Hardinge Bridge Ganges-Padma 1965 - 2017* 24.064 89.030 2.7 - - -
SW46.9L Bahadurabad Transit Brahmaputra-Jamuna 1974 - 2018* 25.157 89.700 4.4 - - -
SW99 Gorai Railway Bridge Gorai-Madhumati-Haringhata-Baleswar 1965 - 2017* 23.884 89.190 9.7 - - -
SW101 Kamarkhali Transit Gorai-Madhumati-Haringhata-Baleswar 1983 - 2017* 23.532 89.540 25.4 - - -
* Time-series span for missing data
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Table S2: Detailed results including robust linear models, confidence intervals, modified Mann-
Kendall and Pettitt’s tests. Monthly mean electrical conductivity. 

 

Table continued on following page 

  

Rate      
(µS/cm yr-1)

Error Range 
+/- (µS/cm)

Lower CI Upper CI CI Skew p
Kendall's 

Tau
p Ar(p) Date p

SW1 CES 224.2 62.4 169.1 294.0 14.7 <0.001 0.27 0.009 1 Nov-06 <0.001
SW100.5 WES 3.7 1.2 2.5 4.8 -0.1 <0.001 0.27 0.011 1 Dec-06 <0.001
SW101.5 WES 1.3 1.4 0.4 3.1 0.9 0.008 0.21 0.076 1 Dec-06 <0.001
SW102 WES 17.0 3.1 14.1 20.3 0.4 <0.001 0.31 0.004 1 Dec-06 <0.001
SW106 CES 1.0 2.0 -0.9 3.0 0.1 0.339 0.17 0.044 1 Jan-06 <0.001
SW107 CES -15.0 1.3 -16.3 -13.8 0.0 <0.001 -0.55 <0.001 3 Dec-06 <0.001
SW107.2 CES 348.8 58.3 311.6 428.2 42.2 <0.001 0.70 <0.001 7 Dec-07 <0.001
SW108 CES 748.8 56.6 695.1 808.3 5.7 <0.001 0.56 <0.001 1 Jun-11 <0.001
SW136 CES 17.2 15.6 0.2 31.3 -2.9 <0.001 0.19 0.051 2 Feb-09 <0.001
SW136.1 CES 0.2 5.2 -3.9 6.5 2.1 0.849 -0.04 0.730 1 Jun-11 0.005
SW161 WES 17.6 3.2 13.5 19.9 -1.8 <0.001 0.34 0.043 1 Jun-06 <0.001
SW162 WES -9.6 3.2 -13.0 -6.5 -0.3 <0.001 -0.24 0.139 1 Jan-09 <0.001
SW18 CES 3.2 1.7 1.5 4.9 0.1 0.001 0.23 0.075 1 Dec-11 <0.001
SW184 EES 10.8 6.8 3.6 17.2 -0.8 <0.001 0.32 0.016 1 Jan-11 <0.001
SW185 EES 77.9 27.0 51.1 105.1 0.4 <0.001 0.15 0.358 1 Jun-11 <0.001
SW185.1 EES 33.3 58.7 -55.7 61.7 -60.7 0.010 0.02 0.914 1 May-11 <0.001
SW19 CES -2.6 2.3 -4.8 -0.3 0.0 0.032 0.01 0.895 0 Jan-16 0.402
SW198 CES 4.5 2.7 2.1 7.6 0.6 <0.001 0.19 <0.001 0 Feb-08 <0.001
SW20 CES 29.0 8.0 21.3 37.3 0.6 <0.001 0.42 <0.001 2 Apr-06 <0.001
SW206 WES -3.5 2.5 -5.7 -0.8 0.4 0.031 -0.18 0.310 2 Jun-13 <0.001
SW207 WES -2.3 2.2 -4.5 -0.2 -0.1 0.097 -0.12 0.593 2 Jan-11 <0.001
SW208 WES 3.2 4.1 -1.1 7.2 -0.2 0.180 0.13 0.564 2 Jun-10 0.014
SW21 WES 19.8 2.1 17.6 21.7 -0.2 <0.001 0.41 0.054 1 May-06 <0.001
SW216 WES 19.2 2.3 16.8 21.4 -0.3 <0.001 0.46 0.011 1 Jun-06 <0.001
SW219 WES 140.7 22.2 123.3 167.7 9.7 <0.001 0.48 <0.001 1 Jun-06 <0.001
SW22 WES -5.0 5.2 -8.7 1.7 3.0 0.008 -0.07 0.711 1 Jun-14 <0.001
SW23 WES -119.5 13.7 -134.5 -107.1 -2.7 <0.001 -0.29 <0.001 9 Jun-10 <0.001
SW24 WES 87.5 27.7 55.7 111.0 -8.3 <0.001 0.25 0.007 10 Jun-06 <0.001
SW241 WES 521.2 50.3 478.3 578.9 14.8 <0.001 0.53 <0.001 8 Apr-08 <0.001
SW243 WES 247.3 48.1 194.5 290.7 -9.3 <0.001 0.31 0.001 9 Jun-13 <0.001
SW244 WES 333.5 58.1 272.2 388.5 -6.4 <0.001 0.36 <0.001 2 Jun-06 <0.001
SW253 CES -3.8 1.6 -5.2 -2.1 0.4 <0.001 -0.25 0.003 2 Jun-05 <0.001
SW254.5 WES 216.4 159.1 26.0 344.1 -62.8 <0.001 0.09 0.399 1 Jun-06 <0.001
SW258 WES 417.3 64.0 346.0 474.0 -14.6 <0.001 0.42 0.000 1 Mar-07 <0.001
SW259 WES -74.7 41.8 -125.0 -41.4 -17.1 <0.001 -0.12 0.129 1 Jun-10 <0.001
SW27 WES 16.8 13.1 4.3 30.5 1.3 0.019 0.23 0.030 1 Jan-06 <0.001
SW277 EES 0.3 2.2 -1.2 3.1 1.3 0.608 0.13 0.026 0 Jun-13 0.007
SW277.3 EES 2.0 1.2 0.8 3.2 0.0 <0.001 0.25 0.005 1 Jun-06 <0.001
SW278 EES 77.2 29.0 45.7 103.7 -5.0 <0.001 0.28 0.045 3 Dec-08 <0.001
SW279 EES 11.3 5.0 6.3 16.3 0.1 <0.001 0.29 0.109 1 Jun-06 <0.001
SW279.1 EES 14.2 18.8 6.2 43.8 21.6 0.006 0.25 0.039 1 Feb-06 <0.001
SW28 WES 399.1 61.2 338.6 460.9 1.4 <0.001 0.45 <0.001 1 Dec-06 <0.001
SW289 EES 1.0 2.0 -1.2 2.9 -0.4 0.174 0.22 0.066 3 Apr-11 <0.001
SW290 EES -13.4 1.7 -15.2 -11.7 -0.1 <0.001 -0.14 0.282 1 Jun-05 0.008
SW30 WES 68.1 10.3 59.4 80.0 3.2 <0.001 0.52 <0.001 1 Jun-06 <0.001
SW300 CES -2.7 4.5 -5.5 3.5 3.5 0.005 0.10 0.518 1 Jun-11 <0.001
SW318 CES 3.5 63.4 -7.1 119.7 105.5 0.091 0.28 0.083 1 Jun-11 <0.001
SW37 CES 0.9 1.3 -0.3 2.3 0.2 0.238 0.10 0.088 0 Dec-05 0.037
SW37.5 CES -0.1 5.4 -3.7 7.2 3.8 0.905 0.14 0.209 1 Jun-13 0.002
SW38 CES 53.5 10.8 42.5 64.2 -0.4 <0.001 0.35 0.001 1 Mar-08 <0.001
SW38.1 CES 2.8 5.7 -2.0 9.3 1.7 0.274 0.23 0.057 1 Jan-16 0.025
SW39 CES 139.3 122.1 4.2 248.4 -26.1 0.003 0.16 0.122 1 May-07 <0.001
SW54 WES -3.7 6.7 -9.4 3.9 1.9 0.252 -0.07 0.619 1 Mar-14 <0.001
SW56 WES 30.2 8.8 22.3 39.9 1.8 <0.001 0.23 0.061 1 Jun-06 <0.001

76.1 22.2 54.1 98.5 0.4 - - - - Jan-09 -
93.7 24.6 67.3 116.6 -3.4 - - - - Jun-08 -
81.7 22.7 63.0 108.4 8.0 - - - - Mar-09 -
21.5 15.3 4.0 34.5 -4.4 - - - - Mar-09 -
60.9 20.1 42.7 82.9 3.7 - - - - Mar-09 -

CES
EES
CES/EES

Delta
WES

Site Estuary Zone

Monthly Mean Electrical Conductivity

Robust Linear Model Modified Mann-Kendall Pettit's Test
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Table S2 continued: Monthly 95th percentile electrical conductivity. 

 
 
 
  

Rate      
(µS/cm yr-1)

Error Range 
+/- (µS/cm)

Lower CI Upper CI CI Skew p
Kendall's 

Tau
p Ar(p) Date p

SW1 CES 291.3 53.4 234.4 341.2 -6.9 <0.001 0.33 <0.001 1 Nov-06 <0.001
SW100.5 WES 6.0 1.7 4.4 7.8 0.2 <0.001 0.35 <0.001 1 Dec-06 <0.001
SW101.5 WES 2.8 1.6 1.6 4.7 0.7 <0.001 0.29 0.014 1 Dec-06 <0.001
SW102 WES 15.6 4.5 11.4 20.3 0.5 <0.001 0.26 0.007 1 Feb-06 <0.001
SW106 CES 3.5 2.4 1.3 6.0 0.4 0.006 0.24 0.028 2 Jan-06 <0.001
SW107 CES -14.2 1.3 -15.7 -13.0 -0.2 0.000 -0.49 <0.001 2 Dec-06 <0.001
SW107.2 CES 410.9 49.5 372.8 471.7 22.6 <0.001 0.72 <0.001 1 May-07 <0.001
SW108 CES 794.5 66.2 726.8 859.1 -3.2 <0.001 0.50 <0.001 1 Jun-11 <0.001
SW136 CES 18.3 36.7 -13.2 60.2 10.4 <0.001 0.16 0.104 1 Feb-09 <0.001
SW136.1 CES 1.6 3.2 -1.5 5.0 0.3 0.200 0.03 0.772 2 Mar-06 0.020
SW161 WES 20.2 3.3 16.2 22.8 -1.3 <0.001 0.34 0.022 1 Jun-06 <0.001
SW162 WES -8.9 3.7 -12.6 -5.2 0.0 <0.001 -0.22 0.249 2 Jan-09 <0.001
SW18 CES 5.5 2.5 3.1 8.0 0.2 <0.001 0.32 0.006 1 Dec-11 <0.001
SW184 EES 27.2 7.1 20.3 34.4 0.3 <0.001 0.44 <0.001 1 Jan-10 <0.001
SW185 EES 77.4 27.1 51.0 105.3 1.4 <0.001 0.18 0.214 1 Jun-11 <0.001
SW185.1 EES 28.8 45.8 -36.8 54.7 -39.8 0.025 0.02 0.931 1 May-11 <0.001
SW19 CES 1.3 3.8 -0.7 7.0 3.6 0.294 0.17 0.002 0 Feb-12 0.033
SW198 CES 8.3 2.5 5.7 10.6 -0.2 <0.001 0.29 <0.001 0 Feb-08 <0.001
SW20 CES 34.0 10.8 26.8 48.4 7.3 <0.001 0.45 <0.001 2 May-06 <0.001
SW206 WES -1.8 3.3 -4.9 1.8 0.6 0.333 -0.13 0.382 1 May-14 <0.001
SW207 WES 0.7 2.7 -2.1 3.2 -0.2 0.702 -0.01 0.968 2 Dec-13 0.010
SW208 WES 4.7 3.9 0.6 8.4 -0.3 0.066 0.16 0.106 7 Jun-15 0.025
SW21 WES 21.7 2.0 19.4 23.5 -0.4 <0.001 0.39 0.084 1 Feb-06 <0.001
SW216 WES 20.5 2.4 17.9 22.7 -0.4 <0.001 0.41 0.006 1 May-06 <0.001
SW219 WES 186.1 17.3 169.8 204.3 2.0 <0.001 0.51 0.000 1 Dec-06 <0.001
SW22 WES -4.7 6.7 -9.0 4.4 4.8 0.025 -0.04 0.865 2 Jun-14 <0.001
SW23 WES -90.4 11.9 -103.1 -79.3 -1.6 <0.001 -0.29 0.010 2 Jan-11 <0.001
SW24 WES 105.3 33.8 76.2 143.9 9.4 <0.001 0.33 0.013 8 Jun-06 <0.001
SW241 WES 646.0 75.1 584.1 734.3 26.4 <0.001 0.47 <0.001 8 Apr-08 <0.001
SW243 WES 182.5 52.4 129.8 234.5 -0.8 <0.001 0.34 <0.001 9 Mar-06 <0.001
SW244 WES 282.4 98.1 210.4 406.6 52.3 <0.001 0.34 0.003 8 Jun-06 <0.001
SW253 CES -2.1 1.7 -3.4 0.0 0.7 0.001 -0.06 0.267 0 Jun-05 <0.001
SW254.5 WES 275.2 157.7 79.3 394.8 -76.3 <0.001 0.10 0.225 1 May-06 <0.001
SW258 WES 556.7 102.5 439.9 644.8 -28.6 <0.001 0.36 <0.001 1 Jan-07 <0.001
SW259 WES 48.8 60.9 -13.4 108.4 -2.6 0.019 0.15 0.155 9 Jun-05 0.001
SW27 WES 19.3 14.8 6.0 35.6 3.0 0.014 0.22 0.044 1 Jan-06 <0.001
SW277 EES 5.2 1.4 3.8 6.6 -0.1 <0.001 0.38 <0.001 1 Nov-09 <0.001
SW277.3 EES 3.3 1.4 2.0 4.7 0.1 <0.001 0.33 0.001 1 May-06 <0.001
SW278 EES 169.2 131.6 17.1 280.3 -41.0 <0.001 0.34 0.004 3 Apr-08 <0.001
SW279 EES 19.3 9.1 13.6 31.7 6.7 <0.001 0.33 0.039 1 Jun-06 <0.001
SW279.1 EES 10.0 23.7 2.1 49.4 31.6 0.025 0.23 0.083 1 Feb-06 <0.001
SW28 WES 488.0 62.9 422.5 548.3 -5.2 <0.001 0.49 <0.001 8 Nov-06 <0.001
SW289 EES 4.1 3.3 0.8 7.4 0.1 <0.001 0.29 0.006 3 Feb-11 <0.001
SW290 EES -11.8 3.5 -14.0 -7.0 2.6 <0.001 -0.07 0.591 4 Feb-08 0.042
SW30 WES 81.3 12.4 70.1 94.8 2.3 <0.001 0.44 <0.001 1 Jun-06 <0.001
SW300 CES 7.9 7.0 1.6 15.6 1.4 <0.001 0.26 0.043 1 Apr-10 <0.001
SW318 CES 0.5 90.1 -15.3 164.9 148.7 0.869 0.32 0.060 2 Jun-11 <0.001
SW37 CES 1.2 1.8 -0.1 3.4 0.8 0.226 0.11 0.041 0 Dec-05 0.005
SW37.5 CES 2.7 7.1 -2.7 11.5 3.3 0.043 0.22 0.024 1 Feb-12 <0.001
SW38 CES 70.0 17.8 49.6 85.2 -5.2 <0.001 0.39 <0.001 1 Mar-08 <0.001
SW38.1 CES 4.6 6.9 -1.3 12.5 1.9 0.096 0.21 0.145 2 Mar-06 0.005
SW39 CES 224.4 107.8 100.9 316.5 -31.4 <0.001 0.18 0.156 2 Dec-07 <0.001
SW54 WES -1.0 6.1 -7.0 5.3 0.3 0.733 -0.05 0.769 2 Mar-14 <0.001
SW56 WES 35.7 13.7 19.3 46.8 -5.2 <0.001 0.26 0.021 1 Jun-06 <0.001

94.2 27.4 67.7 122.6 1.8 - - - - May-08 -
115.7 30.2 85.1 145.5 -0.8 - - - - Apr-08 -
98.1 24.9 77.3 127.0 8.1 - - - - Apr-08 -
33.3 25.4 6.0 56.8 -3.8 - - - - Jan-09 -
75.8 25.0 52.7 102.8 4.0 - - - - Jun-08 -

CES
EES
CES/EES

Monthly 95th Percentile Electrical Conductivity
Robust Linear Model Modified Mann-Kendall Pettit's Test

Site Estuary Zone

Delta
WES
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Table S2 continued: Monthly maximum electrical conductivity. 

 
 
 
  

Rate      
(µS/cm yr-1)

Error Range 
+/- (µS/cm)

Lower CI Upper CI CI Skew p
Kendall's 

Tau
p Ar(p) Date p

SW1 CES 291 51 238 339 -4.3 <0.001 0.32 <0.001 1 Nov-06 <0.001
SW100.5 WES 6 2 4 8 0.6 <0.001 0.34 0.001 1 Dec-06 <0.001
SW101.5 WES 3 2 2 5 0.6 <0.001 0.31 0.009 1 Dec-06 <0.001
SW102 WES 17 4 13 22 0.1 <0.001 0.27 0.004 1 Feb-06 <0.001
SW106 CES 4 2 2 7 0.1 0.001 0.27 0.020 2 Jan-06 <0.001
SW107 CES -14 1 -15 -12 0.0 <0.001 -0.48 <0.001 1 Dec-06 <0.001
SW107.2 CES 419 48 382 478 22.6 <0.001 0.72 <0.001 1 May-07 <0.001
SW108 CES 802 70 730 871 -3.5 <0.001 0.51 <0.001 1 Jun-11 <0.001
SW136 CES 21 38 -19 57 -5.7 <0.001 0.14 0.143 1 Feb-09 <0.001
SW136.1 CES 2 3 -1 5 0.6 0.162 0.03 0.809 1 Mar-06 0.019
SW161 WES 20 3 17 23 -0.8 <0.001 0.35 0.029 1 Jun-06 <0.001
SW162 WES -9 4 -13 -5 -0.4 <0.001 -0.21 0.264 2 Jan-09 <0.001
SW18 CES 6 2 4 9 0.1 <0.001 0.34 0.008 1 Nov-11 <0.001
SW184 EES 29 7 21 35 -1.2 <0.001 0.46 <0.001 2 Jan-10 <0.001
SW185 EES 77 27 51 104 0.3 <0.001 0.19 0.207 1 Jun-11 <0.001
SW185.1 EES 27 29 -6 51 -8.0 0.039 0.00 0.992 1 Jun-11 <0.001
SW19 CES 3 3 1 7 2.1 0.036 0.22 <0.001 0 Jun-06 0.002
SW198 CES 9 2 7 12 0.7 <0.001 0.30 <0.001 0 Feb-08 <0.001
SW20 CES 34 9 25 43 0.2 <0.001 0.45 <0.001 2 May-06 <0.001
SW206 WES -2 3 -5 2 0.8 0.363 -0.13 0.473 2 May-14 <0.001
SW207 WES 1 3 -2 4 -0.3 0.541 0.01 0.951 1 Dec-05 0.009
SW208 WES 5 4 1 9 0.1 0.055 0.17 0.084 7 Jun-15 0.024
SW21 WES 22 2 20 24 -0.3 <0.001 0.39 0.060 1 Feb-06 <0.001
SW216 WES 21 2 18 23 -0.4 <0.001 0.41 0.005 1 May-06 <0.001
SW219 WES 188 26 160 212 -3.6 <0.001 0.49 <0.001 1 Jun-06 <0.001
SW22 WES -5 8 -9 6 6.8 0.028 -0.04 0.883 2 Jun-14 <0.001
SW23 WES -89 16 -109 -77 -7.8 <0.001 -0.31 0.006 2 Feb-11 <0.001
SW24 WES 114 37 82 156 9.2 <0.001 0.33 0.008 8 Jun-06 <0.001
SW241 WES 744 79 677 835 23.9 <0.001 0.45 <0.001 8 Apr-08 <0.001
SW243 WES 197 57 138 252 -3.6 <0.001 0.36 <0.001 9 Feb-06 <0.001
SW244 WES 277 98 201 397 44.6 <0.001 0.34 0.007 8 Jun-06 <0.001
SW253 CES -2 2 -4 0 1.0 <0.001 -0.08 0.158 0 Jun-05 <0.001
SW254.5 WES 274 162 71 396 -81.7 <0.001 0.10 0.188 1 May-06 <0.001
SW258 WES 572 115 442 671 -31.7 <0.001 0.36 <0.001 2 Jan-07 <0.001
SW259 WES 100 58 38 154 -7.5 <0.001 0.19 0.072 9 Jan-06 <0.001
SW27 WES 20 15 6 36 2.9 0.017 0.22 0.054 1 Jan-06 <0.001
SW277 EES 3 1 2 5 -0.1 <0.001 0.31 <0.001 1 Dec-08 <0.001
SW277.3 EES 3 1 2 5 0.3 <0.001 0.34 <0.001 1 May-06 <0.001
SW278 EES 221 174 -11 337 -116.1 <0.001 0.29 0.032 3 Apr-08 <0.001
SW279 EES 20 11 14 35 7.9 <0.001 0.33 0.045 1 Jun-06 <0.001
SW279.1 EES 7 27 1 55 41.6 0.068 0.20 0.126 1 Feb-06 <0.001
SW28 WES 498 60 440 561 5.1 <0.001 0.50 <0.001 8 Nov-06 <0.001
SW289 EES 5 4 1 9 0.8 <0.001 0.29 0.006 3 Feb-11 <0.001
SW290 EES -12 3 -14 -8 1.6 <0.001 -0.06 0.632 4 Feb-08 0.032
SW30 WES 82 12 70 95 0.8 <0.001 0.44 <0.001 1 Jun-06 <0.001
SW300 CES 9 8 2 17 1.8 <0.001 0.28 0.015 1 Apr-10 <0.001
SW318 CES 2 95 -17 172 150.9 0.432 0.32 0.062 2 Jun-11 <0.001
SW37 CES 1 2 -1 3 0.8 0.509 0.10 0.081 0 Dec-04 0.016
SW37.5 CES 3 7 -3 12 2.8 0.021 0.23 0.022 1 Feb-12 <0.001
SW38 CES 74 20 53 93 -2.5 <0.001 0.37 <0.001 1 Jun-06 <0.001
SW38.1 CES 5 7 -1 13 2.3 0.078 0.37 <0.001 1 Mar-06 0.005
SW39 CES 235 102 128 331 -10.6 <0.001 0.18 0.157 2 Jan-08 <0.001
SW54 WES -1 6 -7 6 -0.2 0.837 -0.03 0.837 2 Mar-14 <0.001
SW56 WES 33 13 18 44 -3.5 <0.001 0.27 0.014 1 Jun-06 <0.001

99.5 28.7 71.2 128.6 0.7 - - - - Mar-08 -
123.6 31.7 91.0 154.3 -1.9 - - - - Feb-08 -
100.2 24.9 79.5 129.2 8.4 - - - - Jan-08 -
38.1 28.4 6.1 62.9 -7.3 - - - - Dec-09 -
78.8 26.1 54.2 106.3 3.0 - - - - Apr-08 -

WES
CES
EES
CES/EES

Site Estuary Zone

Delta

Monthly Maxima Electrical Conductivity
Robust Linear Model Modified Mann-Kendall Pettit's Test
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Figure S3: Seasonal Trend Decomposition (STL) and robust linear models (RLM) for EC maxima 
between 1980 to 2017 for three sites, SW241, SW243 and SW244 on the Rupsa – Passur River system 
in the southwest of Bangladesh. The extremes of inter-annual variation can be clearly observed in the 
time-series (plots on the right) which comprise the trend and residual data. Negative values of EC may 
result from the re-combination of this data as the error (residuals) is defined around 0 (zero), whilst the 
trend is a smoothed value, not the sum of the observation minus the seasonality. Whilst the RLM is 
resistant to outliers, the width of the resulting 95% confidence intervals are influenced by the variability 
in the data. 
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Figure S4: Seasonal Trend Decomposition (STL) and robust linear models (RLM) on monthly EC 
maxima between 1980 to 2017 for three sites, SW106, SW136 and SW277 where relatively low salinity 
results from limited tidal influence and freshwater discharge is influenced by the combined discharge 
of the Ganges – Brahmaputra systems. Distinct increases are recorded during the period ca. 2009 to 
2015, potentially resulting from increased tidal mixing due to inland progression of tidal influence (Feist 
et al., 2021 [chapter 3]. 
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Figure S5: Seasonal Trend Decomposition (STL) and robust linear models (RLM) on monthly EC 
maxima between 1980 to 2017 for two sites, SW101.5 and SW102, which show minimal change in 
salinity over the period analysed. A clear increase can be noted from 2009 to 2015 at site SW102 which 
is located northeast of Khulna on the Gorai River system ca. 93 km inland from the coast.  
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Figure S6: Seasonal Trend Decomposition (STL) and robust linear models (RLM) on monthly EC 
maxima between 1965 to 2017 for two sites, SW241and SW244 on the Rupsa – Passur River system in 
the southwest of Bangladesh. Increasing salinity is notable at both locations, with seasonal variability 
driven by the increased tidal influence during the dry season, with the high rates of discharge during 
the wet season suppressing salinity. This occurs even at the coast, where sea water salinity in the 
northern Bay of Bengal is recorded as low as 29 ppt (parts per thousand), in comparison during the dry 
season it rises to 44 ppt, whilst Atlantic seawater is commonly 35 ppt (Sengupta et al., 2016). 
 

Sengupta, D., Bharath Raj, G. N., Ravichandran, M., Sree Lekha, J., & Papa, F. (2016). Near-surface 
salinity and stratification in the north Bay of Bengal from moored observations. Geophysical 
Research Letters, 43(9), 4448–4456. https://doi.org/10.1002/2016GL068339  
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Figure S7: Monthly distribution of EC at the 54 stations utilised in the study over three epochs between 
November 2000 to June 2017. Extremes of salinity are notably increased during epoch 2, with a 
subsequent decrease in epoch 3. Salinity maxima shift between months, occurring in the late pre-
monsoon season.   
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Table S8: Detailed results including robust linear models, confidence intervals and modified Mann-
Kendall tests on monthly aggregated series for minimum, mean and maximum discharge at 4 
monitoring stations on the ganges, Brahmaputra and Gorai Rivers in Bangladesh. Rates of discharge 
are quoted in cubic meters per second (m3/s). Changes in discharge are highly variable, with relatively 
low values of tau. 

 
  

Rate      
(m3/s yr-1)

Error Range 
+/- (m3/s)

Lower CI Upper CI CI Skew p
Kendall's 

Tau
p AR(p)

SW90 Ganges 2000 - 2017 -0.9 14.9 -14.2 15.6 3.3 0.889 -0.02 0.544 3
SW90 Ganges 1980 - 2017 7.2 4.1 3.0 11.3 0.0 0.001 0.10 0.035 1
SW90 Ganges 1934 - 2018 -17.4 1.7 -5.1 -2.6 1.7 <0.001 -0.04 <0.001 8
SW46.9L Brahmaputra 2000 - 2017 -70.3 91.6 -172.9 10.3 -21.9 0.033 -0.17 0.049 1
SW46.9L Brahmaputra 1980 - 2017 19.2 16.5 4.1 37.2 3.0 0.026 0.10 0.048 1
SW46.9L Brahmaputra 1974 - 2018 38.5 12.4 26.8 51.5 -5.5 <0.001 0.14 <0.001 1
SW99 Gorai 2000 - 2017 -3.4 2.1 -5.5 -1.2 0.2 0.002 -0.22 0.014 1
SW99 Gorai 1980 - 2017 1.9 0.7 1.2 2.6 0.1 0.001 0.21 0.014 8
SW99 Gorai 1964 - 2018 -2.1 1.3 3.0 0.5 -2.5 <0.001 0.21 0.014 8
SW101 Gorai 2000 - 2017 -2.9 1.6 -4.8 -1.5 -0.5 <0.001 -0.25 0.009 1
SW101 Gorai 1983 - 2017 -1.5 0.5 -2.1 -1.0 -0.1 <0.001 -0.22 0.002 12
SW101 Gorai n/a - - - - - - - - -

-2.9 13.4 -15.1 11.2 -2.0 - - - -
-3.7 6.9 -5.4 8.1 1.7 - - - -
-4.2 40.2 -47.3 33.0 -8.1 - - - -
-1.6 1.2 -1.6 -0.1 -0.6 - - - -

Rate      
(m3/s yr-1)

Error Range 
+/- (m3/s)

Lower CI Upper CI CI Skew p
Kendall's 

Tau
p AR(p)

SW90 Ganges 2000 - 2017 -24.0 17.5 -38.5 -3.4 6.2 0.001 -0.21 0.004 3
SW90 Ganges 1980 - 2017 17.3 5.4 11.9 22.7 0.1 <0.001 0.15 0.008 1
SW90 Ganges 1934 - 2018 -15.0 2.3 7.9 9.5 1.7 <0.001 -0.04 <0.001 1
SW46.9L Brahmaputra 2000 - 2017 -10.9 77.6 -98.5 56.7 -20.0 0.740 -0.09 0.367 1
SW46.9L Brahmaputra 1980 - 2017 27.9 20.1 6.8 46.9 -2.0 0.006 0.09 0.145 1
SW46.9L Brahmaputra 1974 - 2018 11.9 13.3 -1.4 25.2 -5.5 <0.001 0.07 <0.001 1
SW99 Gorai 2000 - 2017 -9.2 2.1 -11.3 -7.2 -0.1 <0.001 -0.42 <0.001 1
SW99 Gorai 1980 - 2017 1.4 0.8 0.6 2.2 0.1 <0.001 0.09 0.113 2
SW99 Gorai 1964 - 2018 -3.5 0.7 -4.3 -2.9 -0.2 <0.001 -0.33 <0.001 7
SW101 Gorai 2000 - 2017 -4.5 1.1 -5.5 -3.3 0.2 <0.001 -0.36 <0.001 1
SW101 Gorai 1983 - 2017 -2.6 1.3 -3.5 -2.0 -0.2 <0.001 -0.26 <0.001 0
SW101 Gorai n/a - - - - - - - - -

-1.0 12.9 -12.4 13.1 -1.8 - - - -
-7.2 8.4 -6.2 9.6 2.6 - - - -
9.6 37.0 -31.0 43.0 -9.2 - - - -
-3.7 1.2 -4.8 -2.6 0.0 - - - -

Rate      
(m3/s yr-1)

Error Range 
+/- (m3/s)

Lower CI Upper CI CI Skew p
Kendall's 

Tau
p AR(p)

SW90 Ganges 2000 - 2017 -77.8 26.7 -101.0 -47.7 6.8 <0.001 -0.33 <0.001 3
SW90 Ganges 1980 - 2017 4.3 8.2 -3.3 13.2 1.3 0.324 0.03 0.495 0
SW90 Ganges 1934 - 2018 -10.9 2.8 -19.0 -15.6 1.7 0.001 -0.02 <0.001 1
SW46.9L Brahmaputra 2000 - 2017 -198.3 121.8 -349.7 -106.1 -59.2 0.000 -0.21 0.001 0
SW46.9L Brahmaputra 1980 - 2017 -1.3 36.3 -36.6 36.1 2.1 0.943 0.01 0.83 0
SW46.9L Brahmaputra 1974 - 2018 36.2 23.8 12.3 60.0 0.0 <0.001 0.16 0.001 1
SW99 Gorai 2000 - 2017 -19.3 2.5 -21.5 -16.6 0.5 <0.001 -0.58 <0.001 2
SW99 Gorai 1980 - 2017 -0.1 1.3 -1.4 1.2 0.0 0.886 -0.02 0.504 0
SW99 Gorai 1964 - 2018 -6.3 0.9 -7.1 -5.4 0.0 <0.001 0.21 0.014 9
SW101 Gorai 2000 - 2017 -3.7 1.3 -5.1 -2.5 -0.2 <0.001 -0.28 <0.001 0
SW101 Gorai 1983 - 2017 -3.7 0.8 -4.5 -3.0 -0.1 <0.001 -0.27 <0.001 8
SW101 Gorai n/a - - - - - - - - -

-25.5 20.6 -48.8 -7.9 -4.3 - - - -
-28.1 12.6 -41.1 -16.7 3.3 - - - -
-54.5 60.7 -124.6 -3.3 -19.0 - - - -
-6.6 1.3 -7.9 -5.3 0.0 - - - -

Ganges mean
Brahmaputra mean 

Gorai mean

Site Code River
Data 

Coverage

Monthly Minimum Discharge
Robust Linear Model Modified Mann-Kendall

Monthly Mean Discharge
Robust Linear Model Modified Mann-Kendall

Monthly Maximum Discharge
Robust Linear Model Modified Mann-Kendall

River
Data 

Coverage

Series means

Series Means

Series Means

Site Code River
Data 

Coverage

Site Code

Ganges mean
Brahmaputra mean 

Gorai mean

Ganges mean
Brahmaputra mean 

Gorai mean



Supplementary Information  Appendix. 2 

 156 

Equation S9: Relative salinity at sites adjacent to the 54 monitoring stations (locations provided in 
table S1) has been calculated utilising the following indices which employs 4 bands derived from 
Landsat images including near infrared (NIR), plus the Red and Blue visible spectra (Tran et al., 2019). 
 

!" =	%('()	*	)+,).(/0++1	*	234+)
('()	*	)+,)5(/0++1	*	234+)               (eq. S9) 

 

Tran, T. V., Tran, D. X., Myint, S. W., Huang, C. ying, Pham, H. V., Luu, T. H., & Vo, T. M. 
T. (2019). Examining spatiotemporal salinity dynamics in the Mekong River Delta using 
Landsat time series imagery and a spatial regression approach. Science of the Total 
Environment, 687, 1087–1097. https://doi.org/10.1016/j.scitotenv.2019.06.056 
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5. Groundwater and soil salinity characterisation adjacent to a 

tidal river in coastal Bangladesh – Salinisation processes in 

low-lying deltas 

Abstract 

Salinisation of water resources in low-lying deltas places the local populace at risk from 

increased poverty and health issues associated with high sodium consumption. The source 

of salinity in shallow Holocene fluvial aquifers, located within embanked polders in the 

southwest of Bangladesh, has been associated with both ancient and modern origins. 

However, the mechanisms driving the spatial variation of groundwater salinity remain 

relatively poorly constrained. An extensive field investigation has been performed, utilising 

sedimentological analyses, geochemistry and electro-magnetic induction to investigate the 

potential for contemporary sources of salinity within the low-lying and flood prone region 

of Dacope (Polder 31) in southwest Bangladesh. Salinity varies extensively across the polder 

with groundwater sodium concentrations between 287 to 1766 mg/L, frequently at levels 

potentially harmful to human health. Magnitude of groundwater salinity can be associated 

with the percentage of sand recorded within the sedimentary succession and the thickness of 

the overlaying silt/clay semi-confining unit, with statistically significant correlations at 7 of 

the sites investigated, with R2 = 0.8 for sand content and R2 = 0.67 for aquitard thickness. 

Contemporary salinisation is also identified, with increased groundwater salinity adjacent to 

the primary tidal channel in the east of the study area, and the identification of shallow 

subsurface salinity through electro-magnetic surveying, with a localised source from 

elevated shrimp ponds adjacent to an area of peak apparent conductivity response. Evidence 

from a shallow monitoring well (<3 m bgl) also shows the flushing of salts from very shallow 

sediments, with increases in shallow groundwater salinity in the upper part of the saturated 

zone during the monsoon season. Developing effective methods of investigation and 

increasing the understanding of the drivers of groundwater salinity is critical for the 

protection of groundwater resources which remain potable. Identifying the sources of 

salinity is the first step to initiating mitigation, that can be used to isolate or remediate areas 

suffering from high levels of salinity. The findings of this study can be applied across many 

Asian deltas that suffer from similar issues and face expanding threats from future climate 

change. 

Keywords: Salinisation; Groundwater; Soil salinity; Bengal delta; Bangladesh 
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5.1.  Introduction 

5.1.1. The growing threat of salinisation in delta regions 

Salinisation of groundwater and soil is a growing problem worldwide (Oude Essink, 2001; 

Ketabchi et al., 2016; Hassani et al., 2020) with climate change and an increasing global 

population forecast to threaten the sustainability of these vital resources (Green et al., 2011; 

Hoque et al., 2016; Butcher et al., 2016; Maja and Ayano, 2021). Delta regions are at 

particularly high risk due to their low-lying topography, shallow sloping profile, high 

subsidence rates and the presence of multiple tidal river channels, which increases 

vulnerability to sea level rise (SLR) and the inland penetration of seawater (Syvitski, 2008; 

Michael et al., 2013; Rahman et al., 2019; Feist et al., 2021 [chapter 3]; chapter 4). The link 

between rising sea levels and increasing coastal groundwater salinity is well established 

(Werner et al., 2013; Ketabchi et al., 2016), with connate pore-water associated with 

previous sea level high-stands found within aquifer bodies in multiple deltas, e.g. the Red 

River delta (Larsen et al., 2017), and the Bengal delta (Ayers et al., 2016). Groundwater 

salinisation is driven by local and regional scale processes including changes in land-use, 

drainage congestion, over-abstraction, storm surge inundation, density driven flow in tidal 

channels and sea-water intrusion (Smith and Turner, 2001; Werner et al., 2013; Ketabchi et 

al., 2016; Islam et al., 2019; Rahman et al., 2019). This is compounded by increasing salinity 

in tidal rivers, such as observed in the pearl River delta (Yuan et al., 2015) and the Bengal 

delta (chapter 4; Sherin et al., 2020). Increasing soil salinity in coastal regions is also closely 

linked to high salinity in adjacent rivers (Salehin et al., 2018), with changing agricultural 

activity and increased aquaculture providing a source of salt ions (e.g. Na+, K+, Mg2+ and 

Cl-), which can be flushed into shallow aquifer units (Rahman et al., 2018; Naus et al., 2019a. 

The consequences for the ca. 500 million inhabitants of these dynamic delta environments 

are observed through decreased crop yields (Salehin et al ., 2018; Zörb et al., 2019), increases 

in hypertensive and cardio-vascular disorders and increased infant mortality, which result 

from consumption of groundwater with high sodium content (Khan et al., 2014; Dasgupta et 

al., 2016; Scheelbeek et al., 2017). The impact of changing climates, rising sea levels and 

growing populations creates rising demand for freshwater resources and agricultural 

productivity, which places increased pressure on these regions (Michael et al., 2013; 

Ketabchi et al., 2016; Szabo et al., 2016; Butcher et al., 2016; IPCC, 2021). 

5.1.2. Salinisation in the Bengal delta 

The Bengal delta, the world’s largest with a population density ca. 1,300 people km2 (Szabo 

et al., 2016), faces significant increased risk from salinisation, particularly in the southwest 

of Bangladesh. This results from rising tidal water levels (Becker et al., 2020; Feist et al., 
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2021 [chapter 3]), decreasing discharge on the Gorai River (Mirza, 1998; chapter 4) and 

rapidly increasing river salinity in the tidally dominated portion of the delta (chapter 4). 

Increased risk from flooding associated with high rates of relative subsidence within polders, 

initially built for flood protection (Auerbach et al., 2015a), is compounded by the projected 

rise in frequency and magnitude of cyclones in the region (Sahoo and Bhaskeran, 2015). 

This may lead to increased inundation with saline water through embankment overtopping 

and breaching during storm surges, such as occurred during cyclone Sidr in 2007 (Lewis et 

al., 2013). Links between inundation and salinity in soils (Auerbach et al., 2015a & b), and  

increased river salinity and soil salinity of adjacent farmland in the south of Bangladesh have 

already been established (Salehin et al., 2018; chapter 4). With increasing soil salinity 

associated with decreased crop yields (Zörb et al., 2019) anticipated to reduce agricultural 

productivity by the middle of the century (Clarke et al., 2015). 

 

The accessible semi-confined shallow aquifers in the southwest of Bangladesh, up to 150m 

depth below ground level (bgl), are spatially heterogenous and comprise very fine-coarse 

grained palaeo-channel sands, interbedded with inter-fluvial clays and silts, which also form 

a discontinuous low-permeability capping layer of variable thickness (a few to tens of 

metres) (Hoque et al., 2017). Despite multiple studies the source and drivers of spatial 

variation in groundwater salinity remains under review (e.g. Ayers et al., 2016; Rahman et 

al., 2018: Islam et al., 2019; Rahman et al., 2021). Strong associations are observed between 

the thickness of the overlaying silt/clay layer and shallow aquifer salinity, with regulation of 

freshwater recharge and limited mixing/freshening of the connate pore-water trapped during 

sediment deposition where these silt/clay units are well developed (Worland et al., 2015; 

Ayers et al., 2016). However, infiltration of saline water into the shallow aquifer through the 

semi-confining silt/clay layer, previously regarded as an aquitard, may occur at rates of ca. 

0.3 cm/day (Rahman et al., 2018). Other studies have shown a strong association between 

shallow groundwater salinity and land-use, with fresher groundwater associated with zones 

of habitation, increased elevation or the presence of freshwater drinking ponds, with higher 

salinity linked to surface ponding of saline water such as below shrimp farms and in areas 

outside of the polder e.g. (Rahman et al., 2018; Naus et al., 2019a). 

 

The region is classified as having high drinking water vulnerability (Hoque et al., 2016), 

with the threat to surface water quality from pathogens (Knappet et al., 2011) along with 

widespread arsenic in groundwater recognised as a significant risk to human health  
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Figure 5.1. Map of the study area in southwest Bangladesh, Polder 31 showing locations of sampled 
tube-wells (W), boreholes (BH) and the monitoring sensor station (M-W). Polder 31 is located in 
Dacope, Khulna Province, with typical elevations <3m and is bounded by tidal river channels 
associated with the Rupsa and Shibsa Rivers. Key features and land use is highlighted, including the 
extensive shrimp farm development has occurred between 2016 and 2019, which intersects the 
central – western section of the study area. 

(DPHE/BGS, 2001; Hoque et al., 2011). Salinity in drinking water is also now recognised 

as a growing problem linked to negative health impacts (Khan et al., 2014; Dasgupta et al., 

2016; Scheelbeek et al., 2017). Whilst >70% of drinking water in coastal regions is 

reportedly derived from alternative sources (e.g. rainwater harvesting and pond-sand filters) 

(Hoque et al., 2016), local studies in the southwest of Bangladesh reveal that despite 

groundwater salinity between ca. 1.5 and 4.7 parts per thousand (ppt) (Ayers et al., 2016), it 

can remain an intermittent source of potable water for up to 75% of the population (Worland 

et al., 2015). The protection of this resource is also important for potential future demands, 

with use anticipated in desalinisation plants (Islam et al., 2018) where energy demand for 
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the desalinisation process is directly linked with the TDS concentration of the water being 

processed. 

 

Whilst links between salinity, geology and land-use in the region have been proposed (Ayers 

et al., 2016; Rahman et al., 2018: Islam et al., 2019; Rahman et al., 2021), some key aspects 

of the spatial distribution and regulation of groundwater salinity remain poorly defined (e.g. 

Peters and Hornberger, 2020). Multiple ground investigation, monitoring and analytical 

approaches have been applied in Polder 31, Khulna Province in southwest Bangladesh, to 

characterise the spatial distribution of groundwater salinity in relation to the local geological 

framework and natural/anthropogenic sources of salinity. The detailed spatio-temporal 

properties of salinity in the shallow subsurface, at the interface between saturated – 

unsaturated horizons, were also investigated using a novel approach through installation of 

soil, groundwater and climate sensors. Following established methods (e.g. Hoque et al., 

2012), shallow borehole drilling, tube-well sampling and geophysical methods (EM) were 

employed to establish groundwater chemistry, detailed lithological characteristics and the 

potential for EM techniques to locate contemporary saline sources in delta environments. By 

combining the results from these analyses the aim is to provide a detailed characterisation 

of salinisation in the region, with the techniques and knowledge gained providing a guide to 

methodology and insights that are applicable to other delta settings. 

5.2.   Materials and methods 

Polder 31, in southwest Bangladesh – an embanked region protected from the regions semi-

diurnal tides, was selected due to the multiple land use types and position bounded by tidal 

rivers. Annual mean salinity at monitoring stations adjacent to the polder on the Rupsa – 

Passur River varies between 5,850 to 9,556 µS/cm. The region is prone to flooding and the 

adjacent polder, P32, has attracted much attention (e.g., Auerbach et al., 2015; Worland et 

al., Ayers et al., 2016; Peters and Hornberger, 2020), partly due to the prolonged large scale 

inundation which occurred from 2009 to 2011. The investigation is focused on the variability 

associated with potential medium to long-term sources of salinity and was carried out along 

a ca. 3.7 km line of traverse from E-W between the Chunkuri River at Baroikhali, and the 

Baddar Channel near Khuna Village (figure 5.1). The location provides a contrast between 

areas adjacent to the tidal channel in the east, open cropland (rice) and grazing land, locations 

adjacent to shrimp farms, terminating at a sluice controlled channel in the west. The section 

follows a small canal, bounded by embankments, which provide access to adjacent farmland. 
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5.2.1. Soil and groundwater salinity monitoring 

In order to characterise soil and shallow groundwater salinity within the polder a site isolated 

from external driving mechanisms (such as tidal channels, shrimp farms and surface water 

ponds) was chosen on typical farmland for the installation of monitoring sensors (site 

location provided in figure 5.1). Configuration of the station is highlighted in figure 5.2, with 

instrumentation comprising two Thermofox soil analysis sensors, with an accuracy for EC 

of ca. 10%, were attached to a universal HUB expansion module to record data and placed 

at depths of 0.25m and 0.75m below ground level (bgl). Depths were selected in order to 

capture data within the variably saturated zone and within and below the shallow rooting 

zone of rice crops, with groundwater levels estimated to occur between 4 and 190 cm 

(Mainuddin et al., 2021). Measurements of temperature compensated electrical conductivity 

(EC) were collected at hourly intervals to investigate temporal and depth variation of soil 

conditions. Temperature sensors have an accuracy of 0.1 ºC, with volumetric soil moisture 

recorded as a percentage, where measurement accuracy is ±1 e (permittivity) with a 

volumetric conversion accuracy of ±3%. 

  

The relationship between soil and groundwater salinity was established through construction 

of a shallow, narrow diameter dug well with open screening from 0.3 to 3m depth (bgl). This 

was sited adjacent to the soil sensors and fitted with a Solinst level-logger, providing  

 
Figure 5.2. Configuration of the monitoring station, showing surface structure and subsurface sensor 
layout. Soil monitoring sensors were installed at depths of 0.25 and 0.75m, with a narrow diameter 
dug well installed to a depth of 3m with open screening. In order to monitor meteorological 
parameters rain-gauge was installed, combined with Solinst Rain and Baro-loggers. The site was 
chosen due to the distance away from key sources of salinity e.g. shrimp ponds, tidal channels, and 
artificial freshwater sources e.g. drinking water ponds. 
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readings of water table depth (accuracy ± 0.05%) and shallow groundwater EC (accuracy ± 

1 to 2%) at hourly intervals. The monitoring station was fitted with a rain-gauge and Solinst 

Rain-logger to collect measurements for daily precipitation in mm, with typical accuracy of 

0.25 mm. The absolute accuracy may be affected by localised meteorological conditions, 

such as wind gust, however these were minimised by placing the gauge in an open location. 

A Solinst Baro-logger was also installed to provide atmospheric temperature (ºC; accuracy 

of 0.05 ºC) and pressure (mbar; accuracy of 0.05 kPa) at hourly intervals for the barometric 

correction of water level data. Monitoring commenced on the 22/06/2019, with data 

collection on 29/12/2019 and 23/11/2020. 

5.2.2. Geological and hydro-geological traverse 

Investigation of the geological profile and groundwater chemistry in the shallow aquifer was 

undertaken between 29/12/2019 to 12/1/2020. Water sampling and field measurements were 

carried out at the shallow dug well, constructed for monitoring in 2019, and thirty three hand- 

pumped tube-wells which were previously installed between 2000 and 2019 (mean 

installation year 2015) screened at depths between 13.7 and 55m (figure 5.3 a - c). During 

sampling field measurements of dissolved oxygen (DO – CHEMets® K-7512 

spectrophotometric method), electrical conductivity (EC – HANNA® HI-9033 multi-range 

conductivity meter), pH  and oxygenation – reduction potential (ORP) (HANNA® HI-98190 

pH/ORP meter) were recorded. Two sets of filtered samples (0.45µm) were collected, with 

one acidified (1% HNO3 – nitric acid) for cation analysis, subsequently undertaken using 

Inductively Coupled Plasma - Optical Emission Spectroscopy (ICP-OES) (AMETEK – 

Spectroblue FMX-26). The second set of non-acidified samples were frozen for preservation 

and intended for anion analysis, however, this was limited to laboratory testing for chloride 

(Cl-) content utilising a HANNA® HI-3185 titration kit. 

 

For ICP-MS analysis twelve standards were prepared using Centripur multi-element IV, 

Arsenic (As) ICP and Silica (Si) standards, at concentrations between 5 ppb (µg/L) to 1000 

ppm (mg/L), with a five point minimum calibration curve adopted for each analyte 

dependant on anticipated concentration. Milli-Q distilled water and nitric acid (HNO3) 

blanks indicate no contamination during sample preparation or analytical processes, with 

analytical precision demonstrated through replicate sample analysis for major cations 

(supplementary information, hereafter SI, table S1). Dilute sea-water samples (x 10 dilution 

OSIL Atlantic Seawater salinity 35.0 ± 0.2%) were used as a reference to ensure analytical 

accuracy of the major ions. Sample replicates were limited (x4) due to sample volume 

limitations, with multiple runs required in order to optimise analyses for both major and trace 
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cations with undilute, x7 and x10 Milli-Q dilutions utilised. Comparison between runs show 

strong correlation, with R2 between 0.83 (Na) and 0.99 (Fe) (SI figure S2), however undilute 

runs underestimate major elemental concentrations by a minimum of 8 to 31% where major 

cations exceed high concentration standards (1000 ppm maximum), justifying the dilution 

approach adopted. 

 

To determine detailed sedimentology along the transect, nine boreholes were drilled using 

the hand-operated reverse circulation percussion method outlined in  Hoque et al. ( 2012) 

(figure 5.3 d). Samples were collected at 5ft intervals (ca. 1.52 m; figure 5.3 c) and described 

according to BS 5930 soil description standards (BSI, 2015). 

 
Figure 5.3. Images of three typical tube-wells, local hand-percussion drilling techniques and 
sediments sampled from borehole 3. Tube-wells pictured include a = sample location W4; b = sample 
location W15; c = sample location W20. The images show variable conditions of the well base and 
pump. Dependant on prior usage, wells were pumped between 5 – 10 minutes (c) with on-site 
readings and sampling carried out once well parameters stabilised. Picture d shows the local hand 
operated reverse circulation method of percussion drilling utilised in the region, with samples of grey 
– reduced sediments collected at 5’ (ca. 1.52 m) intervals (e).  
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Laser granulometry was carried out on each sample to determine detailed grainsize 

distribution utilising a Malvern Panalytical Mastersizer 3000E, after removal and estimation 

of organic matter content via loss on ignition (LOI440) following BSI 1377-3 (BSI, 2018; 

Chapman-Greig, 2021). The method was chosen for practicality due to the high number of 

samples, and potentially over-estimates organic content due to de-watering of clay minerals, 

however temperatures < 500 ºC minimise additional mass loss from CaCO3 and free iron 

(Hoogsteen et al., 2015). Calculation and application of a detailed correction factor for clay 

content is beyond the scope of this study. Detailed borehole logs have been created utilising 

BGS Groundhog visualisation software and Rockworks 14 (Wood et al., 2015; figure 5.4; 

SI figures S3 – S11). 

5.2.3. Electro-magnetic survey 

Electro-magnetic (EM) surveys have previously been used to investigate shallow subsurface 

sediment composition and recharge potential in delta environments (Hoque et al., 2009; 

Worland et al., 2015; Peters and Hornberger, 2020), with the potential for use in conjunction 

with borehole sedimentology for the investigation of groundwater salinity (Triantifilis and 

Buchanan, 2010). Surveying was carried out between 31/12/2019 and 12/01/2020 using a 

Geonics EM34-3 ground conductivity meter returning apparent conductivity in millisiemens 

per meter (mS/m – with  a measurement accuracy of ± 5% at 20 mS/m) at three inter-coil 

spacings (10 m – 6.4 kHz, 20 m – 1.6 kHz and 40 m 0.4 kHz) providing vertical soundings 

to a theoretical maximum depth of 60 m (McNeill, 1997). Focus is placed on the horizontal 

dipole mode, whilst more sensitive to shallow conductivity this provides a greater range of 

proportional linearity between measured and actual ground conductivity in the ranges 

anticipated for the region (McNeill, 1980; McNeill, 1997; McDonald et al., 1998; Triantifilis 

and Buchanan, 2010). For optimal spatial coverage surveys are normally carried out on a 

transect (McNeill, 1997) or grid pattern (Triantifilis and Buchanan, 2010), however access 

was limited in the field due to variable soft ground. Readings were therefore obtained on a 

more random distribution on firm ground or where small embankments (<50 cm height) 

permitted access, readings where interference was detected (e.g. unstable instrument 

response close to power lines) have been discarded from further analyses. 

5.3. Results 

5.3.1. Geological variability and channel migration 

Sediments show distinct spatial variability along the transect, where the upper ca. 40m bgl 

in the west is dominated by inter-fluvial deposits of silts and clays, with increasing palaeo-

channel sands towards the east (figure 5.4). Percentages of sand within boreholes varies from  

15 to 20% in BH8 and BH9 (respectively), this increases to 67% at BH4, with 44 to 56% at 
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BH1, BH2 and BH3. Organic content, primarily observed as woody fragments with traces 

of leaf material and fish scales, was also recorded and varies within individual samples 

between 0.4 and 10.3%. The relationship between organic content and sand within each 

borehole is linear (SI figure S12), with the highest overall content per borehole, 3.4 to 4.0%, 

where silt and clay is dominant in the west, and 1.8 to 2.7% recorded in the central to eastern 

section of the transect where thicker sand units are present. 

5.3.2. Seasonal salinity at the water table and shallow soil horizons 

Temporal monitoring of groundwater reveals distinct seasonal shifts associated with 

increased rainfall during the monsoon season (figure 5.5). A period of instrumental 

equalisation occurred during the first month of operation (June – July) with increasing 

groundwater level and salinity, from initial values of ca. 4,000 µS/cm over the first 48 hours, 

to a daily average of 8,300 µS/cm. A peak in daily means, ca. 9,790 µS/cm between the 15th 

to 20th November 2019, was observed at the end of the monsoon season, with values 

exceeding 9,600 µS/cm by the 4th September 2020 indicating consistently elevated salinity 

during the monsoon seasons. This contrasts with the post and pre-monsoon periods 

(December to April) where a drop in groundwater salinity to ca. 7,770 µS/cm was noted 

until the 9th February 2020. A gradual and irregular increase between February to April is 

potentially related to rising air and groundwater temperatures.  

 

Groundwater levels over this period increase in association with rainfall events, with the 

largest change occurring during the late pre-monsoon, and the onset of rainfall in late April 

 
Figure 5.4. Simplified lithological section derived from grain size analysis on samples from nine 
boreholes (BH) along a 3.7 km E – W transect across Polder 31. The semi-confining silt/clay unit 
varies in thickness from 3 to 38 m, showing a decreasing trend towards the central – eastern section 
of the Polder. The Chunkuri channel in the east appears in contact with the shallow sand units in this 
area, BH1 was drilled within five metres of the channel outside of the main polder embankment. 
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– May resulting in a marked, pulsed increase in water level. The water table rises above 

ground-level at the monitoring station, a result of flooding for rice crop production, with 

periodic rainfall also observed to cause flooding at the site. Low salinity standing water, 

1,360 µS/cm, was observed over the period 29th December to 11th January 2020.  However, 

these rainfall events do not instantaneously impact salinity within the well, indicating 

successful isolation from any direct communication with surface water. Groundwater 

monitoring continued until November 2020, with data from rainfall, air temperature and 

pressure monitoring available until 20th June 2020. 

 

Less variability is observed in soil salinity, with no distinct seasonal signal (figure 5.5). 

Increased salinity is noted with depth, where values between 2,340 and 3,200 µS/cm are 

recorded at 0.25m, and 3,710 to 4,540 µS/cm at 0.75m depth. Soil moisture readings indicate 

consistent saturation at and below 0.75m, with a period during the late monsoon of decreased 

moisture (minimum 64%) at 0.25m depth despite high groundwater levels (SI figure S13). 

Monitoring was disrupted from 25th February 2020 at the shallow sensor depth and 13th 

March 2020 at 0.75m depth due to faunal disturbance of the monitoring probes. 

5.3.3. Groundwater chemistry 

Groundwater chemistry (presented in table 5.1) suggests a predominantly Na-Cl type, with 

mean pH (6.9) close to neutral (range 6.4 to 7.3). EC of water samples ranges from 3.0 to 

9.3 mS/cm (mean 6.9 mS/cm), with major cations occurring in the order Na+ > Ca2+ >Mg2+ 

> K+.  Linear correlations on log10 concentrations of Na, Mg and Sr with Cl indicate these 

elements behave relatively conservatively in groundwater (figure 5.6) with elemental 

concentrations  from OSIL seawater and published rainfall data from the Bay of Bengal 

(Budhavant et al., 2010) plotting close to the regression line for each element, suggesting a 

sea-water end member with freshwater mixing. The Bangladesh government guideline for 

salinity of 2 mS/cm EC is surpassed in all tube wells, with WHO guidelines of 200 mg/L 

and 250 mg/L for Na and Cl respectively also exceeded (Ayers et al., 2016). Concentrations 

of Na are highest in two regions, with samples from four wells in the west exceeding 1,500 

mg/L, whilst five wells in the east, in close proximity to the tidal Chunkuri Channel, exceed 

1,250 mg/L (figure 5.7a).   

 

Whilst focussing on the risk posed by salinity, other water quality issues are evident within 

groundwater – notably the occurrence of arsenic (As; >2 ppb detection limit) in two regions 

of the study area also affected by elevated salinity (figure 5.7b). Correlation between Na and 

As is relatively low (R2 = 0.33, p = 0.019), indicating a weak association. ORP is reportedly  
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Figure 5.5. Environmental and subsurface monitoring data from Polder 31 including hourly records 
of soil EC, groundwater EC, water level, air and groundwater temperature, and daily precipitation 
measurements. 
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Table 5.1. Geochemical analysis of tube-wells and groundwater at 34 locations in Polder 31. Measurements are derived from recordings made in the field, 
combined with titration and ICP-OES carried out at the University of Portsmouth (please refer to section 5.3.3.). 

 

Sample Latitude Longitude Date Depth Temp Eh pH EC DO Cl Na Ca Mg K Sr Fe B Si As Mn Ba
(m) (°C) (mV) (mS/cm) ppm mg/L ppm ppm ppm ppm ppm ppm ppm ppm ppb ppm ppm

W1 22.5947 89.4912 29/12/2019 0.09 23.9 256.6 6.607 7.31 <1 2280 1303.2 363.0 238.6 79.2 1.700 0.001 0.578 22.50 5.477 0.081
W2 22.5941 89.4851 29/12/2019 53.6 26.2 -238.1 6.723 7.35 <1 2580 1728.7 269.5 155.3 28.9 1.825 7.576 0.676 43.86 172 2.270
W3 22.5927 89.4922 29/12/2019 25.9 26.4 -264.5 7.220 2.95 <1 780 706.7 43.3 68.3 25.2 0.709 2.375 0.692 61.22 0.001
W4 22.5962 89.4809 03/01/2020 24.4 26.5 -221.5 6.481 3.73 <1 540 287.1 302.4 216.7 19.1 2.027 0.170 0.364 74.80 0.053
W5 22.5939 89.4900 05/01/2020 45.7 25.3 -193.3 6.848 6.73 1 2080 1515.8 181.5 149.0 29.3 1.330 6.087 0.788 40.17  1.344
W6 22.5920 89.4801 03/01/2020 24.4 26.8 -223.9 6.415 7.40 <1 2480 813.1 687.5 299.2 25.8 3.269 28.903 0.257 80.12 33 0.357 1.190
W7 22.5962 89.4830 03/01/2020 36.6 26.4 -252.6 7.015 5.70 1 1320 1125.0 85.3 90.2 22.2 0.752 0.559 0.756 46.96 56 0.215
W8 22.5962 89.4833 03/01/2020 45.7 26.4 -246.6 7.029 5.31 <1 1280 1064.5 82.4 82.9 20.7 0.729 4.222 0.725 43.19 69 0.608
W9 22.5963 89.4835 04/01/2020 45.7 26.2 -230.0 6.940 4.14 <1 1400 985.0 65.3 73.6 19.7 0.613 0.691 47.69 36 0.045
W10 22.5963 89.4829 04/01/2020 53.3 25.8 -241.0 6.953 4.08 <1 900 942.4 63.2 74.8 20.0 0.604 3.629 0.661 54.84 21 0.283
W11 22.5936 89.4860 04/01/2020 45.7 26.0 -235.3 6.773 7.23 <1 2080 1766.2 229.3 195.5 32.4 1.377 0.554 36.87 43 0.874
W12 22.5941 89.4836 04/01/2020 51.8 26.1 -219.4 6.643 7.64 <1 2420 1661.8 290.9 142.7 24.9 1.540 3.343 0.459 45.57 96 1.831
W13 22.5945 89.4835 04/01/2020 51.8 25.7 -205.3 6.718 6.35 <1 1740 1368.3 210.6 115.5 22.4 1.196 7.540 0.484 40.75 97 1.418
W14 22.5929 89.4892 04/01/2020 36.6 25.9 -227.2 6.975 4.01 <1 800 840.1 57.7 85.1 23.3 0.795 3.198 0.607 63.92
W15 22.5932 89.4900 04/01/2020 27.4 25.8 -222.9 6.970 3.52 <1 580 787.7 35.9 59.2 21.6 0.518 0.637 73.16
W16 22.5934 89.4908 04/01/2020 27.4 26.1 -223.8 7.029 3.04 <1 560 674.8 41.3 58.7 22.1 0.567 2.584 0.532 69.02
W17 22.5938 89.4894 05/01/2020 54.9 25.8 -236.4 6.935 4.40 <1 1220 933.1 85.5 99.7 30.5 0.930 5.226 0.585 74.30 0.003
W18 22.5924 89.4917 05/01/2020 13.7 26.3 -221.3 7.065 4.92 <1 1020 770.8 106.0 123.7 29.7 1.272 4.213 0.469 57.53 0.066
W19 22.5925 89.4925 05/01/2020 29.0 26.3 -174.9 7.153 3.65 <1 700 578.2 98.9 100.8 25.7 0.925 3.459 0.426 58.71
W20 22.5914 89.4963 05/01/2020 29.0 26.3 -182.3 7.044 7.37 <1 1940 1188.1 179.0 192.1 42.4 1.672 6.903 0.414 52.41 0.280
W21 22.5899 89.4998 05/01/2020 35.1 26.2 -219.7 7.277 4.39 1<2 720 852.3 39.2 65.1 28.0 0.596 3.181 0.753 42.33
W22 22.5906 89.5044 05/01/2020 29.0 26.0 -196.4 6.939 3.25 1<2 600 475.0 126.1 112.4 23.3 1.087 6.162 0.274 63.92 0.074
W23 22.5851 89.5130 06/01/2020 42.7 26.1 -153.0 6.817 6.82 1<2 2100 1485.5 159.1 151.1 45.0 1.362 6.280 0.663 48.62 95 0.882
W24 22.5855 89.5109 06/01/2020 36.6 26.2 -185.1 6.816 6.48 1 1860 1627.7 160.9 173.5 50.7 1.288 0.716 46.69 51 0.250
W25 22.5859 89.5107 06/01/2020 36.6 25.4 -153.2 6.646 6.29 <1 1740 973.7 348.7 125.6 14.1 1.062 16.308 0.067 68.69 0.113 0.739
W26 22.5869 89.5073 06/01/2020 36.6 25.8 -158.2 6.680 6.99 <1 1760 1022.9 255.0 189.1 38.2 2.015 8.274 0.381 53.52 6 0.639
W27 22.5871 89.5062 06/01/2020 39.6 26.2 -161.1 6.700 6.66 <1 1580 1096.1 202.9 185.6 42.6 1.764 0.643 54.35
W28 22.5865 89.5101 06/01/2020 45.7 26.2 -168.3 6.784 8.19 <1 2280 1418.2 219.1 177.2 39.6 1.681 6.043 0.509 51.68 52 0.905
W29 22.5873 89.5079 06/01/2020 16.8 25.2 -163.8 6.940 5.52 <1 1460 1000.5 78.9 102.0 38.8 0.660 5.629 0.494 57.59 0.215
W30 22.5876 89.4994 10/01/2020 38.1 26.4 -149.6 6.835 9.07 <1 2660 1248.3 421.0 293.9 60.8 2.421 8.402 0.210 42.12 0.403 0.261
W31 22.5882 89.4991 10/01/2020 38.1 26.4 -155.8 7.142 6.70 1 1640 1100.2 122.7 136.5 37.6 1.348 2.967 0.485 41.10
W32 22.5883 89.5153 10/01/2020 42.7 26.3 -141.8 6.848 7.70 <1 1960 1256.5 185.3 168.7 40.5 1.700 5.828 0.513 55.93 107 0.917
W33 22.5884 89.5153 10/01/2020 51.8 26.1 -135.3 6.887 7.81 <1 1980 1344.4 202.1 180.2 43.3 1.723 5.716 0.513 56.97 112 0.940
W34 22.5893 89.5157 10/01/2020 22.9 26.0 -110.1 6.770 9.30 1 2760 1157.3 390.8 291.9 57.4 2.471 13.269 0.200 40.16 0.373 0.819

MQ-1 - - - - - - - - <2
MQ-2 - - - - - - - - <1
MQ-3 - - - - - - - - - 0.067
Nit-1 - - - - - - - - <1
Nit-2 - - - - - - - - <1
Nit-3 - - - - - - - - -
Nit-4 - - - - - - - - -

Min - - 0.09 23.90 -264.50 6.42 2.95 - 540 287.1 35.9 58.7 14.1 0.518 0.001 0.067 22.50 6 0.113 0.001
Max - - 54.86 26.80 256.60 7.28 9.30 - 2760 1766.2 687.5 299.2 79.2 3.269 28.903 0.788 80.12 172 5.477 2.270
Mean - - 36.32 26.02 -183.97 6.87 5.94 - 1582 1091.2 187.9 146.3 33.1 1.339 6.140 0.523 53.27 70 1.345 0.506
St.D - - 12.67 0.51 87.20 0.20 1.80 - 683 359.3 139.7 67.4 14.0 0.639 5.592 0.177 12.78 43 2.313 0.591
Median 36.58 26.15 -200.85 6.87 6.42 - 1690 1080.3 169.9 139.6 29.1 1.309 5.629 0.523 52.96 56 0.373 0.256
Method 
Detection 
Limit

- - - - - - - 1 1.00 0.02 0.03 0.001 0.003 0.001 0.001 0.05 0.001 2 0.001 0.001
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Figure 5.6. Groundwater mixing on Polder 31. Regression of Log10 distributions of chloride and 
concentrations of sodium, magnesium and strontium showing conservative behaviour and 
distribution along a regression line indicating potential sea-water and rainwater end members. 
Samples W4 and W1 are highlighted to show the variety of chemical signatures within the 
distribution. With the deeper sample (4) showing deviation from the regression line, potentially 
indicating increased freshening from an alternative source, whilst the very shallow sample (W1) 
collected from <3m bgl depth is more typical of the overall distribution and closer to the sea-water 
end member. 

a greater control on As mobility (Hoque et al., 2017), however poor correlation is noted 

between drift corrected measurements of Eh (mV) and As. Association between manganese 

(Mn), recorded in only five samples above detection limits (table 5.1), iron (Fe) and As is 

also lacking. Distribution of arsenic shows a greater association with depth and is recorded 

from >90% of wells which are screened at depths greater than 40m (bgl) (n = 12; mean As 

83 ppb), whilst only 20% of wells with screening depths less than 40 m(bgl) have detectable 

As (n = 4; mean As 37 ppb). In total eleven wells exceed the local guideline limit of 50 ppb, 

with a further four exceeding the WHO limit of 10 ppb (Hoque and Burgess, 2012). 

 

Groundwater chemistry recorded within polder 31 corresponds closely to results from the 

adjacent polder (P32) located to the south of the study area, with waters sampled at 

comparable depths (15.2 to 51.8 m) (Ayers et al., 2016). Median concentration of cations 

show very high correlation (R2 = 0.998), with the southerly location yielding concentrations 
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Figure 5.7. Sodium (Na – figure a) and Arsenic (As – figure b) concentrations in tube-wells on 
Polder 31. Salinity broadly increases in the east, shown by increased Na concentration, with a distinct 
region of highly elevated Na also present in the west. High arsenic concentrations, exceeding the 
WHO guideline of 10 ppb and local guideline of 50 ppb are also observed in these two regions 
exacerbating issues of poor water quality.  
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ca. 10% above those measured in the study (figure 5.7a). Salinity in polder 32 is also higher, 

with a mean EC of 6.9 mS/cm (range 6.4 to 7.9 mS/cm), compared to the transect in this 

study where EC values between 3.0 to 9.3 mS/cm are recorded, with a mean of 5.9 mS/cm. 

The conservative behaviour of Na, Mg, Sr and Cl ions noted by Ayers et al. (2016) follow a 

similar distribution in the study area (figure 5.6). However the Bay of Bengal rainwater and 

seawater end members show a slight deviation from the regression curve for both Na and 

Mg, potentially resulting from the use of a 35 ppt salinity standard, with waters in the head 

Bay of Bengal more typically between 34 – 29 ppt due to freshwater discharge from the delta 

during the monsoon season (Sengupta et al., 2016; chapter 3). A single sample from a 

relatively shallow depth (24.4m bgl) located in the west of the region adjacent to a pond 

(sample 4), plots further from the mixing line than other samples (highlighted in figure 5.6), 

with distinctly lower Cl (540 mg/L) and Na (287 ppm) concentrations. This could indicate a 

more freshwater origin, or greater freshwater recharge, potentially from flooding of the tube-

well base 

5.3.4. Apparent ground conductivity 

Results from EM surveying shows variation of response between theoretical depth of 

exploration (receiver spacing) and di-pole modes (figure 5.8; SI figure S14). The irregular 

spacing of survey points, is a result of fieldwork logistics: with varying ground conditions 

limiting access in areas where rice remained unharvested, or ground remained soft due to 

rainfall encountered before and during the period of field investigation. Natural neighbour 

interpolation (Sibson, 1981) has been utilised in spatial representations of the data 

(performed in ArcMap 10.7), in order to generate a modelled surface of apparent 

conductivity for three theoretical depth slices which increase with separation distance 

between the transmitter and receiver coil. 

 

Whilst the vertical di-pole mode offers greater theoretical depth of investigation (McNeil, 

1980), readings of apparent conductivity between 8 to 95 mS/m, with a mean of 52 mS/m, 

extend beyond the predicted linear response between indicated and true conductivity 

(Geonics, 1994). Spatial plots show an inverse response in relation to the horizontal di-pole 

mode (SI figure S14), with a significant offset between recorded values. Horizontal dipoles, 

used with spacings of 10m, 20m and 40m, measure apparent ground conductivities in the 

range of 60 to 240 mS/m, within the predicted linear response range ( £ 300 mS/m). Apparent 

conductivity in the HD mode is predominantly influenced by the upper 75% of the combined 

sediment column/pore water composition below the survey point (McNeil, 1980; McDonald 

et al., 1998). Whilst a variable spatial response is noted, elevated conductivity can be   
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Figure 5.8. Spatial distribution of measured apparent conductivity (data points) with a natural 
neighbour interpolation method (solid colours) on results obtained from the EM-34-3 survey at three 
inter-coil spacings in the horizontal dipole mode (10m - a, 20m - b and 40m - c). Plots show a broad 
association with lithological variation and percentage sand content from nine borehole locations, 
however distinct increases are noted in the central section of the study area. These may result from 
positions adjacent to sources of saline water, with the tidal channel in the east and shrimp in the 
central area. A geometric scale is used in order to increase contrast between low and high values, 
whilst enabling presentation of smaller scale variation clustered in the central area of data 
distribution. 
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observed in three distinct areas; in the east adjacent to the tidal Chunkuri channel, towards 

the centre of the transect adjacent to a number of shrimp ponds, and in the west (figure 5.8). 

Highest values of conductivity are recorded using the widest coil spacing, corresponding to 

the potential increased conductivity induced within the greater theoretical depth of ground 

penetration. 

5.4. Discussion 

5.4.1. Groundwater salinisation and palaeo-salinity 

Groundwater salinity in the shallow aquifers of southwest Bangladesh is consistently 

recorded at elevated concentrations (e.g. table 5.1; Worland et al., 2015; Ayers et al., 2016; 

Naus et al., 2019b), and has been linked to connate pore-water trapped within sediments 

deposited in estuarine brackish-water environments during rapid SLR after the last glacial 

maxima – ca. 15 ka BP (Goodbred and Khuel, 2000; Ravenscroft et al., 2005; Rahman et 

al., 2021). The similarities of behaviour in conservative ions between polders 31 and 32, 

combined with anoxic groundwater conditions across the study area could indicate a 

comparable source. With a primarily palaeo-tidal channel origin, defined using 14C and 

tritium ages, proposed for polder 32 (Worland et al., 2015; Ayers et al., 2016). However, 

this assumption does not account for some of the variation observed within the results of this 

study. 

5.4.2. Soil as a salinity receptor and source 

Soils in coastal regions are a receptor for salts, being derived from multiple sources including 

sea-water inundation, spray, capillary rise (from saline groundwater) and evapotranspiration 

(Salehin et al., 2018; Shahid et al., 2018). A distinct seasonal trend, previously suggested by 

other studies (Salehin et al., 2018), is not identified at this locality. Two minor positive shifts 

in shallow (0.25m) soil salinity at the end of the monsoon and during the pre-monsoon, may 

result from increased evapotranspiration and capillary rise (Clarke et al., 2015), with 

minimal change in EC recorded from the deep sensor (0.75m). However, the salts present 

within these soils may form a source of salinity for the shallow groundwater, with elevated 

salinity recorded in the monitoring well exceeding soil salinity (figure 5.5). 

 

Geochemical analysis from the shallow dug well yields results closely matching those from 

deeper wells, with conservative ions indicating a position on the same marine – freshwater 

mixing line – being closer to the sea-water end member than many deeper samples (figure 

5.6). However, recharge at depths of ca. 3 m, even within silt/clay units, are likely to be 

associated with more modern – contemporary groundwater flow, suggested by the high ORP 
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(256.6 mV), and induced by rainfall and annual rice crop irrigation (Islam et al., 2018; 

Rahman et al., 2019). The seasonal variation observed in the data suggests that the flushing 

of salts from these shallow sediments is a likely source of the salinity at this monitoring site 

(Wang et al., 2013), with no tidal inundation reported during the period of monitoring. 

Whilst the high concentrations of ions associated with salinity (Cl, Na, Mg, K) may be 

associated with the initial pore water composition, relatively low salinity within the shallow 

soils (mean 2.9 mS/cm at 0.25 m bgl and 3.7 mS/cm at 0.75 m bgl) supports a mechanism 

associated with advection – diffusion through shallow groundwater flow. The alternative, 

that the water is mainly of connate origin at this shallow depth seems unlikely given the 

findings of Rahman et al. (2018) regarding rates of groundwater flow within the shallow 

subsurface, and the temporal variations observed in the data collected within this study. 

5.4.3. Geological heterogeneity and controls on salinity 

Assuming similar rates of deposition to adjacent localities (Ayers et al., 2016), the Holocene 

sediments forming the shallow aquifer and aquitard units in the study area were most likely 

deposited post 8 to 9 ka BP. A lack of 14C data from the wood fragments recorded in borehole 

samples prevents confirmation of the relative ages of sediments and palaeo-channel 

migration. However, the lithological heterogeneity, driven by palaeo-environmental 

processes including channel migration and changes in sea-level (Hoque et al., 2017), is 

evident within the distribution of sand units along the transect. This suggests migration of 

the current Chunkuri river channel from a more westerly location, close to boreholes 5 and 

6 (figure 5.4), with a previous channel migration from the east in a location comparable to 

its current position. 

 

In areas where thick inter-fluvial units are recorded, lower salinity groundwater (<4.5 

mS/cm) is present in isolated pockets, with a general decreasing trend in salinity from the 

east to west potentially related to the increased thickness of sand units and thinning of the 

overlying inter-fluvial silt/clay from ca. 40 m, to between 3.0 and 6.1 m. At the regional 

scale, groundwater flow is increased where thin inter-fluvial silt/clay units and a greater 

proportion of fluvial sand deposits allows greater recharge (Hoque et al., 2017). However 

the low elevation in the region and subsequent lack of elevation head is interpreted to reduce 

groundwater flow in the polder (Ayers et al., 2016; Rahman et al., 2021). Excluding two 

outlying sites, data from the seven remaining borehole locations indicate a strong association 

between EC in nearby wells and percentage of sand in the closest borehole with R2 of 0.88 

(p = 0.06). For EC and aquitard thickness the association is slightly reduced, R2 = 0.67, but 

remains significant (p = 0.02) (SI figure S15). These findings correspond with previous 
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studies (Ayers et al., 2016; Naus et al., 2019a), and indicate that thicker sand units and 

increased sand content within silt layers, combined with variations in the thickness of the 

aquitard, constitute an underlying control on shallow groundwater salinity. 

5.4.4. Contemporary sources of salinity and groundwater flow 

High salinity recorded in the east of the polder adjacent to the tidal Chunkuri channel suggest 

more contemporary recharge in this location, associated with density driven flow of tidal 

saline water (Smith and Turner, 2001) and localised inundation (Naus et al., 2019a). The 

trend between measured EC and distance from the channel is statistically significant, with p 

= 0.02, however relatively wide confidence intervals (plotted at the 5% significance level; 

figure 5.9) indicate a considerable degree of variability, with pockets of saline water (Na 

>1,250 mg/L) also located at depths of >30 m (bgl) where the inter-fluvial sediments form 

a thick layer (figures 4 and 7a). This suggests either highly variable conditions during 

deposition and/or localised variability in freshwater recharge and groundwater flow (Hoque 

et al., 2017). The presence of saline shallow groundwater (ca. 3m bgl), with a proposed 

recent origin, also provides a contemporary source of salinity that can be flushed into 

underlying aquifer units. This infiltration of saline water may occur preferentially where the 

silt/clay layers are thinnest and partially explain the elevated salinity in the eastern section 

 
Figure 5.9. East to west variation of groundwater salinity with a significant trend of increasing 
salinity towards the east. This occurs in association with a decreasing thickness of the upper semi-
confining aquitard unit and increase in fluvial channel sands. 
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of the transect. Where groundwater flow and abstraction occurs in the fluvial channel sands, 

flushing of salts from silt/clay units at greater depths may also contribute to salinity within 

the aquifer, with a strong correlation between salinity in aquitard pore water and the 

underlaying aquifer in the Pearl River delta (Wang et al., 2013). 

 

The local-scale variability in groundwater flow is highlighted by the variable occurrence of 

redox sensitive elements, with areas of high arsenic concentration in deeper wells (>40m 

bgl) adjacent to the tidally active channel and in a distinct cluster in the west of the region, 

suggesting relatively low rates of flow (table 5.1) (Hoque et al., 2017). Negative values of 

ORP, indicating reducing conditions, are also more indicative of older groundwater and low 

flushing rates. However, significant temporal variation between positive and negative values 

of ORP has been noted within individual wells on polder 32 (Ayers et al., 2016), with 

seasonal changes between oxic – anoxic conditions during the monsoon and post monsoon 

periods recorded in other shallow fluvial aquifers (Kumar et al., 2021). Relatively modern 

recharge prior to the construction of large embankments during the 1960’s – 1980’s, could 

also provide a source of salinity, when low-lying areas in current polders would have been 

flooded by daily tides (Auerbach et al., 2015; Van Staveren et al., 2017; chapter 2). Repeated 

inundation, combined with hydraulic conductivity of ca. 0.3 cm/d in the interfluvial deposits 

would allow infiltration of saline - brackish water, which would be mixed with freshwater 

and flushed deeper into the subsurface during monsoon season flooding (Auerbach et al., 

2015; Hoque et al., 2015; Rahman et al., 2018).  

 

The mixed seawater/freshwater signal in the shallow aquifers of polder 31 could therefore 

result from variable groundwater flow and relatively recent recharge, with the spatial 

heterogeneity of sediments and land elevation enhancing or retarding infiltration of both 

fresh and saline groundwater. A strong similarity is acknowledged between the geochemical 

signature of modern and palaeo-channel conditions (Ayers et al., 2016), with the potential 

for 14C dates from dissolved organic carbon recorded on polder 32 to represent the 

dissolution of sedimentary organic carbon by younger water (Worland et al., 2015). 

5.4.5. EM response to geology and contemporary sources of salinity 

EM results from previous studies have been used to confirm the relative persistence of the 

shallow semi-confining silt/clay unit (Worland et al., 2015), but have had limited success in 

locating zones of freshwater recharge (Peters and Hornberger, 2020). EM response in the 

HD mode shows variable spatial distribution, with the smoothed values broadly 

corresponding to sediment composition (figure 5.10). This is highlighted in results from the 
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40m inter-coil spacing, where significantly reduced apparent conductivity is noted close to 

BH4 where an increase in sand is recorded in the upper 30m of the sediment profile. A 

gradual increase towards the east is then observed, where silt units increase in thickness over 

the same depth interval. Whilst soil moisture readings were only available from a single site 

in the study area, the consistent full saturation through the monitoring period at a depth of 

0.75cm bgl (SI figure S13), suggests minimal influence from this factor is likely within the 

EM survey data, with results dominantly reflecting sediment composition and groundwater 

salinity. At borehole locations, the correlation between measured EM response and 

calculated sand content shows a variable relationship (SI figure S16), confirming the 

influence of pore water salinity on measured apparent conductivity (McDonald et al., 1997; 

Triantifilis and Buchanan, 2010). Decreasing correlation between the results from different 

coil spacings, with R2 = 0.7 for spacings of 10 – 20m, and R2 = 0.4 between 20m – 40m, 

also suggest the method can be used to differentiate between varying depth response (SI 

figure S16). 

 

Notable increases in conductivity are recorded outside of the main polder embankment 

(figure 5.6). Whilst a slight increase in the occurrence of silts is observed adjacent to the 

river sands remain dominant, with the EM response similar to regions where the upper 30m 

of sediment are dominated by silt/clay. This suggests that the presence of (low conductivity) 

sand is being offset by higher salinity pore-water, with EM response in areas adjacent to 

tidal water bodies previously shown to respond to tidal conditions (McDonald et al., 1997). 

Increased saline inundation is likely in the area outside of the polder due to regular flooding, 

with thicker sand units and potentially increased infiltration in areas of greater porosity. 

Increased head-gradient during high tides or monsoon flooding potentially increases 

groundwater flow adjacent to the channel (Smith and Turner, 2001) with increased leaching 

of salts from connate pore water, or salts accumulated within the palaeo-interfluvial deposits 

(Wang et al., 2013). 

 

A peak in conductivity is also observed in proximity to boreholes 5 and 6 despite the increase 

in sand units in this area. This response is suggested to be a result of saline water in the very 

shallow sand layer and the upper silt/clay layer (figure 5.10) with infiltration from brackish 

water shrimp ponds adjacent to the location a potential source. These were constructed in 

2016/2017 and are filled during the dry season with tidal channel water with salinity between 

12,000 and 36,000 µS/cm (EC values from Rahman et al., 2018). Preparation for transfer of 

this saline water along the Khuna – Baroikhali canal was observed in January 2019. The 

ponds are elevated above ground level and provide the head gradient required for surface – 
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groundwater flow, which would enable infiltration of saline water (Rahman et al., 2018). 

This occurs in a location where the clay/silt semi-confining layer thins to between 7.6 to 

19.4 m. With potential depth of infiltration calculated at ca. 7.7 m in the three years between 

pond construction and EM surveying. These peaks therefore demonstrate, not only a 

potential contemporary source and pathway for salinisation, but also the potential for 

shallow salinity to be detected using the EM method and the relatively high influence 

shallow saline water has on EM response in the HD mode at varying inter-coil separations. 

 
Figure 5.10. Smoothed EM response in comparison to the E-W lithological profile generated from 
borehole logs. Highlighted Zones of high EM response are highlighted, and occur where the 
lithological profile indicates the increase in sand thickness should result in lower values. This 
deviation from the anticipated response is suggested to be driven by saline groundwater within the 
depths penetrated by the EM at the three inter-coil spacings. Contemporary sources of saline water 
are located in the east within the tidal Chunkuri Channel and in elevated shrimp ponds adjacent to 
locations of BH 5 and 6. The response in the eastern section of the study area, particularly adjacent 
to BH3 suggests theoretical depth of penetration in this area is close to that realised under field 
conditions, with the 40m coil spacing picking up the increased conductivity associated with the silt 
layer at a depth between 15.24 and 25.91 m (bgl). 
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5.5. Implications for local communities in the face of climate change 

Shallow groundwater in the polder is currently not fit for human consumption due to high 

salinity (Ayers et al., 2016), with the majority of residents indicating that it is not used as a 

potable source. However, groundwater use in the adjacent polder, where 75% of respondents 

indicated use for drinking water (Worland et al., 2015), combined with rare positive 

responses from well owners suggests the resource is retained for limited use at certain times 

of the year. The potential health impacts of drinking water with elevated sodium are now 

well documented in the region (Khan et al., 2014; Dasgupta et al., 2016; Scheelbeek et al., 

2017), with increased risk to human health from the variable arsenic contamination recorded 

above local guideline concentrations (Hoque and Burgess, 2012). 

 

The polder also faces increased risk from salinisation associated with climate change (IPPC, 

2021). Rising sea-levels and inland tidal water levels (Feist et al., 2021 [chapter 3]), 

combined with increasing salinity within the channel network surrounding the polder 

(chapter 4), raises the risks from both short-term inundation and longer term processes of 

salt accumulation in soil and water resources. More frequent overtopping of embankments, 

resulting from higher water levels (Feist et al., 2021 [chapter 3]) and potentially increased 

cyclone frequency (Islam and Peterson, 2009) can increase salinity in soils and shallow 

groundwater (Islam et al., 2019). With the increased head gradient in rivers potentially 

resulting in a larger salt-water wedge adjacent to tidal channels (Smith and Turner, 2001). 

Rising water tables in coastally located polders will further reduce drainage, increasing 

water-logging and soil salinity – even in areas where groundwater remains fresh (Ketabchi 

et al., 2016). The increase in soil salinity observed in the region has resulted in decreased 

agricultural productivity (Clarke et al., 2015) and a shift to brackish water aquaculture within 

the polder (Johnson et al., 2016). Results from this study suggest this provides a further 

source of salinity that is being flushed into the shallow groundwater. 

 

The impact of Cyclone Aila in 2009 on polder 32 resulted in prolonged inundation and 

repeated exposure to tidal flow resulting in deposition of sediments with high salinity 

porewater and providing a new source of salinity within the polder (Auerbach et al., 2015a; 

Auerbach et al., 2015b). The area is only slowly recovering land lost to storm-surge flooding, 

with potential long-term effects from salinisation. The potential for future use of 

groundwater in local reverse osmosis desalinisation plants (Islam et al., 2018) warrants 

protection of this resource from contemporary salinisation. With the prospect of decreased 

agricultural yields, resulting from further increases in soil salinity, negatively impacting the 
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low-incomes of the local community and potentially increasing outward migration from the 

region (Szabo et al., 2016). 

5.6. Further study 

Integrated studies in the region are required to bring together aspects of groundwater 

evolution covered by individual investigations e.g. (Ayers et al., 2016; Rahman et al., 2018; 

Naus et al., 2019a; Peters and Hornberger, 2020; and this study). Whilst some initial work 

has furthered the understanding of localised groundwater flow under the influence of 

changing land-use and climate change (e.g., Islam et al., 2019), more detailed investigations 

at the local scale are required to provide data for groundwater modelling utilising varying 

head gradients for sites such as elevated shrimp ponds, and incorporating the observed 

heterogeneity within subsurface sedimentology. Further analyses of tube-wells for anions, 
14C, tritium and contaminants of emerging concern in the region – such as chemicals added 

to shrimp ponds and potential pathogenic contamination from surface latrines would also 

help assess surface – groundwater flow and locate areas of localised recharge. 

6. Conclusions 

A combined approach of shallow borehole drilling, tube-well sampling and electro-magnetic 

surveying has been used to investigate water quality issues and salinisation in southwest 

Bangladesh. Saline groundwater is spatially variable and frequently associated with 

thickness of the overlying aquitard. However the flushing of salts from silt/clay units in the 

very shallow subsurface is shown to produce a similar geochemical signature to deeper 

groundwater previously interpreted as connate pore water with a palaeo-channel source. 

These localised variations of geology, salinity and associations between current sources of 

saline water demonstrates the potential for more contemporary drivers of salinity distribution 

within the shallow groundwater on polder 31. 

 

The negative impacts of poor groundwater quality are common to many low-lying Asian 

deltas, with the findings of this study supporting contemporary sources of salinisation, such 

as saline water ponding from shrimp farms and tidal river channels. The effective use of EM 

in this region to aid in groundwater investigations has been demonstrated, with increased 

apparent ground conductivity response in the horizontal dipole mode adjacent to modern 

saline water sources such as shrimp farms and tidal channels contrasting with the response 

anticipated from lithological profiles. 

 

The findings of this study can aid the development of polder management practices, effective 

land-use policies and groundwater management to minimise further salinisation of 



 182 

groundwater in the region, particularly in polders where shallow groundwater remains fresh. 

Alleviating the water quality and security issues in the region should be a priority for local 

governance, with water and soil salinity creating a significant risk to health and agricultural 

productivity in the region. 
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SI. Table S1. Replicate analysis from ICP-MS runs at dilutions of x7 and x10. OSIL Atlantic sea-water provides 
an estimate of analytical accuracy, however the mean value for each element is not a certified standard. 
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SI. Figure S2a. Correlation between significant cations from ICP-MS runs at x7 and x10 dilutions. 

 
SI. Figure S2b. Correlation between significant cations from this study and Polder 32 (Ayers et al., 2016). 
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SI. Figure S2c. Sum of cations plotted against measured groundwater EC for Polder 31 above, and sum of ions 
including Cl- plotted against measured groundwater EC for samples on Polder 31, below. Correlation between the 
laboratory analysis and field records indicate the validity of using EC as a measure of salinity. 
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SI. Figure S3. Borehole summary log for BH1. 
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SI. Figure S4. Borehole summary log for BH2. 
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SI. Figure S5. Borehole summary log for BH3. 
  

1

Page 1 of 1

BH5
Borehole: BH5

Location: 757501.4 2500216.07 Borehole ground level (m): 5

Depth

m Feet

2.0  

4.0  

6.0  

8.0  

10.0  

12.0  

14.0  

16.0  

18.0  

20.0  

22.0  

24.0  

26.0  

28.0  

30.0  

32.0  

34.0  

36.0  

38.0  

40.0  

42.0  

44.0  

46.0  

48.0  

5.0  

10.0  

15.0  

20.0  

25.0  

30.0  

35.0  

40.0  

45.0  

50.0  

55.0  

60.0  

65.0  

70.0  

75.0  

80.0  

85.0  

90.0  

95.0  

100.0  

105.0  

110.0  

115.0  

120.0  

125.0  

130.0  

135.0  

140.0  

145.0  

150.0  

155.0  

160.0  

Legend

[D] 6.10

[D] 15.24

[D] 25.91

[D] 38.10

[D] 42.67

DESCRIPTION

soft to firm high plasticity dark grey sandy, 
clayey SILT with traces of fine black organic 
fragments (<7mm) 

non-plastic dark grey slightly silty poorly 
sorted very fine to coarse SAND with 
abundant brown - black fine to coarse woody 
and organic fragments (rarely >50mm) 

soft to firm variable plasticity dark grey 
clayey to very sandy SILT with rare fine black 
organic fragments 

non-plastic dark grey silty poorly sorted 
micaceous very fine to medium SAND with 
rare fine to coarse brown and black organic 
fragments (<20mm) 

non-plastic dark grey moderately well sorted 
very fine to coarse SAND with variable trace 
to abundant organic fragments 
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SI. Figure S6. Borehole summary log for BH4. 
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DESCRIPTION

soft to firm variable plasticity dark grey 
sandy, very clayey SILT with rare fine black 
organic fragments (<5mm) 

non-plastic dark grey slightly silty, slightly 
clayey moderately well sorted very fine to 
medium SAND 

very soft to soft low plasticity dark grey 
slightly clayey, sandy SILT 
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sorted very fine to medium SAND with rare 
shell fragments (<10mm) 

non-plastic dark grey slightly silty moderately 
well sorted very fine to coarse SAND with 
variable trace to common fine organic 
fragments and shell fragments 

very soft to soft low plasticity dark grey 
slightly clayey, sandy SILT 

non-plastic dark grey silty, moderately well 
sorted very fine to coarse SAND with variable 
trace to abundant organic fragments 
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SI. Figure S7. Borehole summary log for BH5. 
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DESCRIPTION

soft to firm variable plasticity dark grey 
slightly sandy, clayey SILT with variable rare 
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fine to medium SAND 
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SI. Figure S8. Borehole summary log for BH6. 
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DESCRIPTION

soft to firm high plasticity dark grey slightly 
sandy, clayey SILT with variable common to 
abundant brown and black organic fragments 
(<50mm) and rare rootlets 

non-plastic dark grey clayey very silty poorly 
sorted micaceous very fine to fine SAND 

soft low plasticity dark grey slightly clayey, 
sandy to very sandy SILT with rare black 
organic fragments 

non-plastic dark grey poor to moderately well 
sorted micaceous very fine to medium SAND 
with rare black organic woody fragments 
(>20mm) and rare layer of bivalve and 
gastropod shell fragments 

soft to firm high plasticity dark grey variably 
sandy and very silty CLAY 
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SI. Figure S9. Borehole summary log for BH7. 
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DESCRIPTION

soft to firm variable plasticity dark grey 
clayey to sandy SILT with rare fine black 
organic fragments 

firm high plasticity dark grey silty CLAY 

very soft to soft low plasticity dark grey 
slightly clayey, sandy SILT 

non-plastic dark grey silty poorly sorted 
micaceous very fine to medium SAND 
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sorted micaceous very fine to coarse SAND 
with rare black organic fragments 

soft to firm low plasticity dark grey sandy, 
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SI. Figure S10. Borehole summary log for BH8. 
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DESCRIPTION

soft to firm dark grey high plasticity slightly 
silty, slightly sandy CLAY with variably 
common to abundant black organic woody 
fragments (<30mm) 

very soft to firm dark grey slightly sandy, 
clayey SILT with variable rare to common 
black organic fragments 

soft to firm variable plasticity dark grey silty 
CLAY 
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SI. Figure S11. Borehole summary log for BH9. 
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DESCRIPTION

soft to firm variable plasticity dark grey very 
clayey SILT with variable common to 
abundant fine black organic fragments 

soft to firm variable plasticity dark grey 
slightly clayey, very sandy SILT with variable 
fine brown - black organic fragments 

non-plastic dark grey poorly sorted silty 
micaceous very fine to fine SAND 
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SI. Figure S12. The negative correlation between sand and organic matter content calculated from the mean 
values from each of the nine boreholes drilled on polder 31.  
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SI. Figure S13. Time series of soil electrical conductivity, moisture and temperature at 0.25m and 0.75m depths 
recorded between June 2019 and March 2020.   

Jul Sep Nov Jan Mar May
20

30

40

50

60
Soil EC (0.75m)

EC
 d

S/
cm

)

Jul Sep Nov Jan Mar May
0

20
40
60
80

100
Soil Moisture (0.75m)

 S
oi

l M
oi

st
ur

e 
(%

)

Jul Sep Nov Jan Mar May
0

10

20

30

40
Soil Temperature (0.75m)

Month

Te
m

pe
ra

tu
re

 (d
eg

 C
)

Jul Sep Nov Jan Mar May
20

30

40

50

60
Soil EC (0.25m)

EC
 d

S/
cm

)

Jul Sep Nov Jan Mar May
0

20
40
60
80

100
Soil Moisture (0.25m)

 S
oi

l M
oi

st
ur

e 
(%

)

Jul Sep Nov Jan Mar May
0

10

20

30

40
Soil Temperature (0.25m)

Month

Te
m

pe
ra

tu
re

 (d
eg

 C
)



Supplementary Information                                                        Appendix.3 

 205 

 
 

SI. Figure S14. Spatial distribution of electro-magnetic induction utilising a natural neighbour interpolation 
method on results obtained from the EM-34-3 survey at three inter-coil spacings in the vertical dipole mode (10m 
- a, 20m - b and 40m - c). Results are included for completeness, however, the relatively high induction numbers 
recorded within this mode are beyond the scale of proportional linearity between measured and actual ground 
conductivity (McNeill, 1980). 
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SI. Figure S15. Plots showing the association between EC in nearby wells and percentage of sand in the closest 
borehole with R2 of 0.88 (p = 0.06) – above, and for EC and aquitard thickness, below, with R2 = 0.67 (p = 0.02).  
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SI. Figure S16. Correlation matric between measured EM response in the HD mode, calculated sand content and 
groundwater EC in tube-wells closest to the nine borehole locations. 
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6. Salinisation within Asian deltas 

6.1. Introduction 

Through examination of the key literature surrounding salinisation, sea level rise (SLR), 

hydro-morphology and the evolution of hydrological management, combined with extensive 

analysis of in-situ monitoring data collected within the Bengal delta, this study is able to 

characterise the spatial distribution and define the temporal evolution of salinity in a large 

Asian mega-delta. This improved knowledge helps to develop the conceptual understanding 

of the controlling mechanisms of salinisation and key modulating processes. Whilst the 

natural dynamics of the delta system play a crucial role in the spatio-temporal variability 

observed, anthropogenic activity is increasingly significant, with on-going threats from 

regional population growth and processes linked to climate change (chapter 1; Szabo et al., 

2016; Feist et al., 2021 [chapter 3]). Here a brief summary and discussion of the findings are 

presented, indicating how these improve the conceptual model of salinisation at the local 

and regional scale, and highlighting the potential for increased risk from salinisation due to 

climate change and anthropogenic activity. 

6.2. Rising sea-levels and salinity in large Asian deltas 

In common with many deltas in Asia, the Bengal delta is experiencing increasing salinity in 

tidal channel networks e.g., (Sherin et al., 2020; Eslami et al., 2019; Yuan et al., 2015). 

Rising tidal water levels provide a source of increasingly high salt concentrations further 

inland (Feist et al., 2021 [chapter 3]; chapter 4), with potential pathways to surface and 

groundwater, soil and human receptors (e.g. via drinking water ponds and shallow aquifers) 

through density driven flow in proximity to tidal channels (chapter 5; Smith and Turner, 

2001), storm surge inundation (Auerbach et al., 2015a &b; Islam et al., 2019) and through 

deliberate introduction within embanked areas for brackish water shrimp farms (chapter 5; 

Islam et al., 2019). The primary issues associated with excess salts in soil and water 

resources include reduced crop yields (Zörb et al,. 2019), with southwest coastal Bangladesh 

already experiencing limitations on agricultural productivity (Haque et al., 2014; Rahman et 

al., 2011). The threat to human health from consumption of water with high levels of sodium 

is also well documented in the region (Khan et al., 2014; Dasgupta., 2016; Scheelbeek et al., 

2017). The spatial variation of salinity at the regional and local scale is driven by the 

interaction of multiple natural and anthropogenic mechanisms. 

 

The natural hydro-dynamics within the delta have been altered by increased anthropogenic 

activity and changing strategies of hydrological management (Dewan et al., 2015; Van 
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Staveren et al., 2017; chapter 2). The need for increased agricultural productivity to feed a 

growing population and to prevent the large scale disasters that occurred in the delta during 

the 1950’s led to large scale engineering solutions (Dewan et al., 2015; chapter 2). However, 

due to rising sea levels through the 20th Century (Church and White, 2011; Becker et al., 

2020; Feist et al., 2021 [chapter 3]) and externally controlled water diversion (Mirza, 1998), 

the embankments, designed for protection, have resulted in relative subsidence between the 

internal land areas and external channels and floodplains (Auerbach et al., 2015 a). This has 

occurred through compaction and isolation from sediment supply (Syvitski et al., 2009; 

Auerbach et al., 2015a), with increased sediment deposition within channels, combined with 

the isolation of large parts of the tidal channel network and a decrease of the tidal prism 

(Wilson et al., 2017). The combination of SLR, reduced discharge along the Gorai river 

network and modification of channel geometry has enabled increased inland penetration of 

sea-water and an associated rise in salinity within southwest Bangladesh (Du et al., 2018; 

Feist et al., 2021 [chapter 3]; chapter 4). 

 

The non-linear hydrodynamics anticipated within delta settings (Hoitink and Jay, 2016) is 

demonstrated in the key findings of this study. In regions where the system is fluvially 

dominant, inland tidal propagation and tidal mixing is dampened by the large volumes of 

freshwater discharge. This is manifested in the variable rates of change in both water levels 

and salinity on major channels in the east of the delta (-3.0 ± 3.1 mm yr-1 and 21 ±15 µS/cm 

yr-1 respectively), with more extreme rates in the tidally dominant channels in the west of 

the delta (17.8 ± 5.7 mm yr-1 and 76 ±22 µS/cm yr-1) (Feist et al., 2021 [chapter 3]; chapter 

4). This response is also observed on tidal channels in the Pearl River delta, China, where 

channel deepening and greater volumes of discharge strongly modulate inland tidal 

propagation (Yuan et al., 2015; Cao et al., 2020) and sea level is reportedly rising at a rate 

of 4.08 mm yr-1 (He et al., 2014). Rising sea levels in the Mekong delta, Vietnam, estimated 

at 7.47 mm yr-1 (Fujhara et al., 2016), are also associated with a 0.2 – 0.5 ppt increase in 

salinity (Eslami et al., 2019). 

 

Whilst salinisation is observed on the regional scale e.g., (chapter 4; Sherin et a., 2020; 

Eslami et al., 2019), the impacts are also demonstrated within water and soil resources at the 

local scale (chapter 5). The relatively poor quality water within the shallow aquifers in 

coastal southwest Bangladesh, in common with many Holocene delta aquifers (Larsen et al., 

2017), has a proposed ancient pore-water origin with geochemical alteration through 

variable recharge e.g., (Worland et al., 2015; Ayers et al, 2016; Naus et al., 2019; Akter et 

al., 2020). Results from this study are broadly comparable with this mixed sea-water 
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freshwater origin (chapter 5), however new data indicates the importance of contemporary 

sources of saline water to variations in groundwater salinity observed in the region. With 

flushing of salts into shallow groundwater from soils during the monsoon season, and 

increased apparent ground conductivity outside of the embanked area in Polder 31 and in 

proximity to brackish-water shrimp farms, suggesting the infiltration of saline water into 

shallow sediments (chapter 5). The rapidly rising water levels and salinity in the adjacent 

channel network, ca. 16.1 ±1.5 mm yr-1 and 247 to 521 µS/cm yr-1 respectively (Feist et al., 

2021 [chapter 3]; chapter 4), combined with the potential for increasing frequency of cyclone 

induced inundation, results in increased risk of soil salinisation and infiltration into the 

shallow aquifer system (Yu et al., 2010; Rahman et al., 2018; Islam et al., 2019).  

6.3. Future risks from climate change and water management strategies 

Several factors increase the risk of salinisation in the deltas of Asia, with Bangladesh at 

significant risk from the results of projected changes in climate and international competition 

for water resources (Chen and Mueller, 2018; IPPC, 2021; Vij et al., 2020). The vulnerability 

of water resources in the delta have previously been highlighted by Hoque et al. (2016), with 

the potential negative impacts of rising salinity on regional crop production (Clarke et al. 

2015) also present at the global scale (Butcher et al., 2016). This study identifies the 

increasing risk from higher salinity river water, which can be associated with elevated soil 

salinity within the coastal zone (Salehin et al., 2018; chapter 4), with the impact of river 

salinity on rice crop production also demonstrated in the Ayeyarwady and Mekong deltas 

(Sakai et al., 2021; Smajgl et al., 2015). 

 

At the local scale, results from this study define an increase in risk to soils and groundwater 

in coastal areas from rising river salinity (chapter 5; Rahman et al., 2018), which is enhanced 

by the risk of inundation during storm surge events (Adnan et al., 2019; Islam et al., 2019). 

Rising tidal water levels (Becker et al., 2020; Feist et al., 2021 [chapter 3]), fuelled by 

localised subsidence and accelerating global scale SLR (Brown and Nicholls, 2015; Becker 

et al., 2020; Dangendorf et al., 2017), increase the likelihood of embankment overtopping. 

With the increased frequency of extreme sea levels predicted in the delta through the 21st 

century (Kay et al., 2015) also anticipated in the Pearl River delta (Yin et al., 2017). The 

resulting flooding of embanked areas by brackish river water, which in the southwest of 

Bangladesh is increasing in salinity at alarming rates (chapter 4), exposes the soil and 

shallow groundwater receptors to increased salt concentrations. Findings, from the analysis 

of historical in-situ monitoring data (chapter 4), are supported by predictive models in the 

delta which demonstrate the potential future increase in salinisation linked to projected 
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climate change (Bricheno et al., 2021). As demonstrated in this study (chapters 3 and 4), the 

future risk is concentrated in the central and western sections of the delta, with projections 

of increased river discharge in the east maintaining a barrier to SLR (Bricheno et al., 2021). 

 

The current and historical rise in atmospheric CO2 concentrations are likely to continue into 

the near future, regardless of the actions of the global community to curb emissions, resulting 

in continued warming of the oceans and SLR (IPPC, 2021). This increases the risk from 

cyclone events, particularly during La Niña periods (Bhardwaj et al., 2019), with an 

increasing trend in cyclone activity identified in the Bay of Bengal (Sahoo and Bhaskeran, 

2015). Whilst not coinciding with peaks in river water salinity, the storm surge forces large 

volumes of sea-water inland, with the resulting flooding inundating large areas of the delta 

with saline water (Adnan et al., 2019). This influence of SLR and storm surge on the scale 

of flooding is also noted in the Red River delta, Vietnam, with a predicted increase in 

frequency and area of inundation (Neumann et al., 2015). If not remediated, infiltration of 

saline water into the shallow groundwater will occur (Yu et al., 2010; Rahman et al., 2018), 

with failure to repair embankments leading to a more natural tidally dynamic system, with 

saline porewater trapped within tidally deposited sediments providing a further source of 

salinity (Auerbach et al., 2015a & b). 

 

The influence of SLR and hydrological management strategies on rising tidal water levels 

and salinity within the channel networks of other Asian deltas also demonstrate the potential 

for future risk to Bangladesh associated with upstream water management (Smajgl et al., 

2015; Eslami et al, 2019). The observed changes in the Mekong delta are interpreted to be 

driven by sediment starvation caused by poor upstream management, with hydro-power 

dams, aggregate mining and flood protection embankments all reducing sediment delivery 

to the delta (Fujhara et al., 2016; Eslami et al., 2019). In common with the Bengal delta, the 

Mekong is a trans-boundary river system, requiring the co-operation of upstream riparian 

partners (Vij et al., 2020). This exposes the delta to greater potential risk from actions of 

other nations, who will not have to deal with potential negative impacts, as already 

demonstrated in the southwest of Bangladesh by the reduction of water flow on the Ganges 

and Gorai river systems downstream of the Farakka Barrage, constructed in India (Mirza, 

1998; Gain & Giupponi, 2014; chapter 4). A proposal for three more dams on the Mekong 

river is projected to significantly increase salinity and decrease the number of rice crop 

rotations in the delta, adversely  affecting the local farming communities who have limited 

strategies to adapt (Smajgl et al., 2015). Further dams proposed on the Brahmaputra (Vij et 

al., 2020) could result in increasing salinisation in the southwest of Bangladesh which is 
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already observed to contribute to outward migration from the region, with further increases 

likely to enhance this process (Szabo et al., 2016). 

 

These increases in water management are associated with the regional rise in population and 

economic growth which raise demand for water resources (Boretti and Rosa, 2019). 

Combined with increased precipitation and heavy rainfall events associated with climate 

change (Caesar et al., 2015), this may necessitate changing management strategies within 

Bangladesh and in upstream riparian nations. With more dams proposed on the Brahmaputra 

River threatening both water and sediment delivery to the delta-plains (Vij et al., 2020). 

Despite a projected increase in river discharge on the Lower Meghna due to increased 

precipitation (Bricheno et al., 2021) any anthropogenic reduction in discharge in the central 

and eastern sections of the Bengal delta threatens to reduce the counterbalance to the 

observed coastal rise in extreme sea levels of 6.9 ± 2.1 mm yr-1 (Feist et al., 2021 [chapter 

3]), with the potential for increased inland tidal propagation and saline water intrusion, as 

observed in the southwest of Bangladesh (chapter 4; Bricheno et al., 2021). Addressing these 

risks is critical for the food and water security, not only of Bangladesh, but other deltas in 

the region. Co-operation is required between upstream riparian partners and the countries 

which face the impacts of water abstraction/diversion, with concerted action at a global level 

to curb the harmful impacts of climate change. 

6.4. The conceptual model of salinisation in southwest Bangladesh 

The conceptual model of salinisation, focussed on the local/polder scale, has been developed 

from the results of this study (figure 6.1). The macro-scale processes of SLR, inland tidal 

propagation and mixing, combined with salts derived from ancient pore-water and 

evapotranspiration in the shallow soil horizon provide the primary source of salts within the 

region. The model reveals complexities within the SPR framework developed in chapter 2, 

with soils being both a source and receptor for salts. With the potential for shallow 

groundwater to receive salts, flushed from the soil horizons, with feedback into the soil 

through capillary rise. Surface waters, including the tidal channels also act as both a pathway 

and receptor, with SLR driving increased inland progression of the saline front. Apparent 

ground conductivity readings suggest the formation of a saline wedge adjacent to tidal river 

channels, although its extent is uncertain (chapter 5). Storm surge inundation, infiltration  

and anthropogenic transfer to shrimp farms, form the primary pathways for salinity to enter 

the polder system, with primary receptors in the area of polder 31 comprising soil horizons,
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Figure 6.1. the conceptual model of salinisation at the polder scale in southwest Bangladesh. The impacts of global and regional scale processes, such as climate change, 
SLR, changes to extreme event (e.g. cyclone) frequency and rainfall patterns have implications at the local level. Rising tidal water levels introduce higher concentrations 
of salinity within the adjacent channel network, increasing the potential impact from embankment overtopping or failure during a storm surge event. This risk is also increased 
through the deliberate introduction of saline water within the polder for shrimp farming, water from these brackish ponds infiltrates into the underlying palaeo-channel sands 
and  interfluvial clays/silt units. Salts present within shallow soil horizons also provide a source for groundwater salinisation, with leaching of  salt ions observed during the 
monsoon season.
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surface water, groundwater, crops, livestock and local inhabitants. The model requires 

expanding at the site specific scale, with further investigation of mechanisms such as 

capillary rise and ion exchange in the shallow soil horizons. Broad models also require 

development at the regional scale, which incorporate the major driving mechanisms and 

risks from climate or anthropogenically driven change in the freshwater balance (e.g. 

through changes in rainfall, or increased impoundment of water). 

6.5. Uncertainties and research needs 

The integrated nature of coastal, hydrological, geo-morphological and anthropogenic 

processes influencing large delta environments make quantifying the relative impacts of the 

driving mechanisms of salinisation problematic. Whilst associations between SLR and river 

discharge can be made within the delta, other impacts are less well defined. The uncertainties 

within individual analytical techniques applied during data analysis are discussed within the 

relevant sections of each chapter. However, whilst the application of robust statistical 

methods is crucial for defining estimates for the rates of change, the large inter-annual 

variations and periodic shifts identified within tidal water level, river discharge and salinity 

data derived from in-situ monitoring are challenging to address. Piecewise models, such as 

those proposed by Tomé and Miranda (2004), may provide a suitable method, however, 

these are computationally expensive and time-consuming to apply to extensive data sets. 

Ultimately the time-averaged rates derived from simple piecewise models, and simpler 

statistical methods e.g., (Shamsudduha et al., 2009) yield similar results, with intra-regional 

averages consistently similar to those derived from robust linear methods (chapters 3 and 4). 

The use of the temporal rates of change calculated on the historic data analysed in this study 

to provide future predictions should also be carefully considered due to localised 

modulation, anthropogenic activity and potential shifts in atmospheric and hydrological 

parameters due to projected climate change (IPPC, 2021). 

 

The SPR framework used to outline the problem of salinisation within the delta assists in 

defining the complex network of feedback loops between natural and anthropogenic systems 

which have been investigated in this study. However, integration into a single model is 

challenging, with further development necessary to expand on the regional scale processes 

and better define mechanisms of control at the site-specific and polder scales. The research 

needs, highlighted in section 2.6., have been addressed through the detailed analysis of the 

local to regional behaviour of tidal water levels, river salinity and the characterisation of 

salinisation at the local scale within the delta. However, further investigation into the local 

and regional variation in rates of subsidence, atmospheric pressure, rainfall, river discharge, 
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channel depth, groundwater discharge and geomorphological changes, would allow more 

accurate constraint of the relative impact of these driving mechanisms on both tidal 

propagation and tidal mixing. Detailed investigations at the local scale are also required to 

provide ground-truthing for the further development of groundwater models, which need to 

incorporate the spatio-temporal heterogeneity in hydrology, geology and land-use observed 

in the delta. 

 

Whilst acknowledging the potential costs to government bodies (e.g. the Bangladesh Water 

Development Board), improving the temporal consistency and accuracy of monitoring data, 

through application of automated methods with greater sensitivity would assist in building a 

more robust picture of the local changes within the delta. The development of appropriate 

remote sensing techniques would also improve spatial coverage, with progress on the 

application of remote sensing for monitoring salinity in river networks noted in Sakai et al. 

(2021). The ability to develop risk management plans depends upon the baseline data 

generated through monitoring and research, by better integrating these and adopting a multi-

disciplinary approach, a more fully integrated understanding of the threats posed by 

salinisation and climate change can be achieved. 

6.6. Conclusions 

This study provides an in depth investigation into the processes of salinisation within the 

Bengal delta by applying multiple research, analytical and statistical approaches. The 

availability of an extensive monitoring dataset within the delta has enabled the definition of 

the spatial variation within tidal water levels and river water salinity at the local to regional 

scale. With a field based monitoring, survey and sampling programme aiding in the 

characterisation of salinisation at the local scale in southwest Bangladesh. 

 

The key findings of the study are outlined below: 

 

• Hydrological management, designed to improve agricultural productivity and protect 

the population and infrastructure from cyclone induced storm-surge flooding, has 

impacted the naturally dynamic hydro-morphological processes in the delta. Raising 

the risks associated with salinisation. 

 

• SLR of 6.9 ± 2.1 mm yr-1 at the delta front manifest into a mean rise in tidal water 

levels of 5.1 ± 4.2 mm yr-1 within the tidal river network. Significant spatial variation 
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is identified, linked to the dominant hydrological regime, with the west of the delta 

identified at greatest short term risk from SLR. 

 

• SLR and propagation of the saline front provides the principal source of salinity 

within the delta. The rise in tidal water levels are linked to increasing river water 

salinity, which is occurring at a delta-wide rate of 76 ± 22 µS/cm year-1. Significant 

spatial variability is observed between the western (94 ± 25 µS/cm year-1) and eastern 

(21 ± 15 µS/cm year-1) sections of the delta linked to variation in rates of tidal water 

level rise and decreasing rates of river discharge. 

 

• Within polder 31, the distribution of saline groundwater is spatially variable and 

associated with the thickness of the overlying aquitard. Flushing of salts from 

silt/clay units in the very shallow subsurface is shown to produce a similar 

geochemical signature to deeper groundwater, previously interpreted as connate pore 

water with a palaeo-channel source. The spatial heterogeneity in geology, salinity 

and associations between current sources of saline water demonstrates the potential 

for more contemporary drivers of groundwater salinity distribution and potential for 

ongoing salinisation at the individual polder scale. 

 

 These findings help to build the conceptual understanding of salinisation processes and 

feedback mechanisms within large delta environments and can be applied to other deltas 

within the region. Protection and mitigation of salinisation is a priority within areas where 

population growth is leading to increased demands on food production and freshwater. 

Upstream abstraction linked to this, threatens to exacerbate the rising sea-levels observed 

regionally within low-lying deltas, with climate change increasing risk from SLR and natural 

hazards in the region. 

References 

Adnan, M. S. G., Haque, A., & Hall, J. W. (2019). Have coastal embankments reduced 

flooding in Bangladesh? Science of the Total Environment, 682, 405–416. 

https://doi.org/10.1016/j.scitotenv.2019.05.048 

Auerbach, L. W., Goodbred, S. L., Mondal, D. R., Wilson, C. A., Ahmed, K. R., Roy, K., 

… Ackerly, B. A. (2015a). Flood risk of natural and embanked landscapes on the 

Ganges-Brahmaputra tidal delta plain. Nature Climate Change, 5(2), 153–157. 

https://doi.org/10.1038/nclimate2472 



 217 

Auerbach, L. W., Goodbred, S. L., Mondal, D. R., Wilson, C. A., Ahmed, K. R., Roy, K., 

… Ackerly, B. A. (2015b). Reply to’Tidal river management in Bangladesh’. Nature 

Climate Change, 5(6), 492–493. 

Ayers, J. C., Goodbred, S., George, G., Fry, D., Benneyworth, L., Hornberger, G., … Akter, 

F. (2016). Sources of salinity and arsenic in groundwater in southwest Bangladesh. 

Geochemical Transactions, 17(1), 1–23. https://doi.org/10.1186/s12932-016-0036-6 

Becker, M., Papa, F., Karpytchev, M., Delebecque, C., Krien, Y., Khan, J. U., … Shum, C. 

K. (2020). Water level changes, subsidence, and sea level rise in the Ganges-

Brahmaputra-Meghna delta. Proceedings of the National Academy of Sciences of the 

United States of America, 117(4), 1867–1876. 

https://doi.org/10.1073/pnas.1912921117 

Bhardwaj, P., Pattanaik, D. R., & Singh, O. (2019). Tropical cyclone activity over Bay of 

Bengal in relation to El Niño-Southern Oscillation. International Journal of 

Climatology, 39(14), 5452–5469. https://doi.org/10.1002/joc.6165 

Boretti, A., & Rosa, L. (2019). Reassessing the projections of the World Water Development 

Report. Npj Clean Water, 2(1). https://doi.org/10.1038/s41545-019-0039-9 

Bhuiyan, M. J. A. N., & Dutta, D. (2012). Assessing impacts of sea level rise on river salinity 

in the Gorai river network , Bangladesh. Estuarine, Coastal and Shelf Science, 96, 219–

227. https://doi.org/10.1016/j.ecss.2011.11.005 

Bricheno, L. M., Wolf, J., & Sun, Y. (2021). Estuarine , Coastal and Shelf Science Saline 

intrusion in the Ganges-Brahmaputra-Meghna megadelta. Estuarine, Coastal and Shelf 

Science, 252(August 2020), 107246. Retrieved from 

https://doi.org/10.1016/j.ecss.2021.107246 

Brown, S., & Nicholls, R. J. (2015). Subsidence and human influences in mega deltas: The 

case of the Ganges-Brahmaputra-Meghna. Science of the Total Environment, 527–528, 

362–374. https://doi.org/10.1016/j.scitotenv.2015.04.124 

Butcher, K., Wick, A. F., Desutter, T., Chatterjee, A., & Harmon, J. (2016). Soil salinity: A 

threat to global food security. Agronomy Journal, 108(6), 2189–2200. 

https://doi.org/10.2134/agronj2016.06.0368 



 218 

Caesar, J., Janes, T., Lindsay, A., & Bhaskaran, B. (2015). Temperature and precipitation 

projections over Bangladesh and the upstream Ganges, Brahmaputra and Meghna 

systems. Environmental Sciences: Processes and Impacts, 17(6), 1047–1056. 

https://doi.org/10.1039/c4em00650j 

Cao, Y., Zhang, W., Zhu, Y., Ji, X., Xu, Y., Wu, Y., & Hoitink, A. J. F. (2020). Impact of 

trends in river discharge and ocean tides on water level dynamics in the Pearl River 

Delta. Coastal Engineering, 157(March 2018). 

https://doi.org/10.1016/j.coastaleng.2020.103634 

Chen, J., & Mueller, V. (2018). Coastal climate change, soil salinity and human migration 

in Bangladesh. Nature Climate Change, 8(11), 981–987. 

https://doi.org/10.1038/s41558-018-0313-8 

Church, J. A., & White, N. J. (2011). Sea-Level Rise from the Late 19th to the Early 21st 

Century. Surveys in Geophysics, 32(4–5), 585–602. https://doi.org/10.1007/s10712-

011-9119-1 

Clarke, D., Williams, S., Jahiruddin, M., Parks, K., & Salehin, M. (2015). Projections of on-

farm salinity in coastal Bangladesh. Environmental Sciences: Processes and Impacts, 

17(6), 1127–1136. https://doi.org/10.1039/c4em00682h 

Dangendorf, S., Marcos, M., Wöppelmann, G., Conrad, C. P., Frederikse, T., & Riva, R. 

(2017). Reassessment of 20th century global mean sea level rise. Proceedings of the 

National Academy of Sciences of the United States of America, 114(23), 5946–5951. 

https://doi.org/10.1073/pnas.1616007114 

Dewan, C., Mukherji, A., & Buisson, M. C. (2015). Evolution of water management in 

coastal Bangladesh: from temporary earthen embankments to depoliticized 

community-managed polders. Water International, 40(3), 401–416. 

https://doi.org/10.1080/02508060.2015.1025196 

Dasgupta, S., Huq, M., & Wheeler, D. (2016). Drinking water salinity and infant mortality 

in coastal Bangladesh. Water Economics and Policy, 2(01), 1650003 

Du, J., Shen, J., Zhang, Y. J., Ye, F., Liu, Z., Wang, Z., … Wang, H. V. (2018). Tidal 

Response to Sea-Level Rise in Different Types of Estuaries: The Importance of Length, 

Bathymetry, and Geometry. Geophysical Research Letters, 45(1), 227–235. 

https://doi.org/10.1002/2017GL075963 



 219 

Eslami, S., Hoekstra, P., Nguyen Trung, N., Ahmed Kantoush, S., Van Binh, D., Duc Dung, 

D., … van der Vegt, M. (2019). Tidal amplification and salt intrusion in the Mekong 

Delta driven by anthropogenic sediment starvation. Scientific Reports, 9(1), 18746. 

https://doi.org/10.1038/s41598-019-55018-9 

Feist, S. E., Hoque, M. A., Islam, M. A., Ahmed, K. M., & Fowler, M. (2021). Recent trends 

in inland water level change in coastal Bangladesh–implications of sea level rise in low-

lying deltas. Global and Planetary Change, 206(September), 103639. 

https://doi.org/10.1016/j.gloplacha.2021.103639 

Fujihara, Y., Hoshikawa, K., Fujii, H., Kotera, A., Nagano, T., & Yokoyama, S. (2016). 

Analysis and attribution of trends in water levels in the Vietnamese Mekong Delta. 

Hydrological Processes, 30(6), 835–845. https://doi.org/10.1002/hyp.10642 

Gain, A., & Giupponi, C. (2014). Impact of the Farakka Dam on Thresholds of the 

Hydrologic Flow Regime in the Lower Ganges River Basin (Bangladesh). Water, 6(8), 

2501–2518. https://doi.org/10.3390/w6082501 

Haque, M. A., Jahiruddin, M., Hoque, M. A., Rahman, M. Z., & Clarke, D. (2014). Temporal 

Variability of Soil and Water Salinity and Its Effect on Crop at Kalapara Upazila. 

Journal of Environmental Science & Natural Resources, 7(2), 111–114 

He, L., Li, G., Li, K., & Shu, Y. (2014). Estimation of regional sea level change in the Pearl 

River Delta from tide gauge and satellite altimetry data. Estuarine, Coastal and Shelf 

Science, 141, 69–77. https://doi.org/10.1016/j.ecss.2014.02.005 

Hoitink, A. J. F., Wang, Z. B., Vermeulen, B., Huismans, Y., & Kästner, K. (2017). Tidal 

controls on river delta morphology. Nature Geoscience, 10(9), 637–645. 

https://doi.org/10.1038/ngeo3000 

Hoque, M. A., Scheelbeek, P. F. D., Vineis, P., Khan, A. E., Ahmed, K. M., & Butler, A. P. 

(2016). Drinking water vulnerability to climate change and alternatives for adaptation 

in coastal South and South East Asia. Climatic Change, 136(2), 247–263. 

https://doi.org/10.1007/s10584-016-1617-1 

IPCC, (2021). Climate Change 2021: The Physical Science Basis. Contribution of Working 

Group I to the Sixth Assessment Report of the Intergovernmental Panel on Climate 

Change [Masson-Delmotte, V., P. Zhai, A. Pirani, S. L. Connors, C. Péan, S. Berger, 

N. Caud, Y. Chen, L. Goldfarb, M. I. Gomis, M. Huang, K. Leitzell, E. Lonnoy, J.B.R. 



 220 

Matthews, T. K. Maycock, T. Waterfield, O. Yelekçi, R. Yu and B. Zhou (eds.)]. 

Cambridge University Press. In Press 

Islam, M. A., Hoque, M. A., Ahmed, K. M., & Butler, A. P. (2019). Impact of Climate 

Change and Land Use on Groundwater Salinization in Southern Bangladesh—

Implications for Other Asian Deltas. Environmental Management, 64(5), 640–649. 

https://doi.org/10.1007/s00267-019-01220-4 

Khan, A. E., Scheelbeek, P. F. D., Shilpi, A. B., Chan, Q., Mojumder, S. K., Rahman, A., 

… Vineis, P. (2014). Salinity in Drinking Water and the Risk of (Pre)Eclampsia and 

Gestational Hypertension in Coastal Bangladesh: A Case-Control Study. PLoS ONE, 

9(9), 1–8. https://doi.org/10.1371/journal.pone.0108715 

Larsen, F., Tran, L. V., Van Hoang, H., Tran, L. T., Christiansen, A. V., & Pham, N. Q. 

(2017). Groundwater salinity influenced by Holocene seawater trapped in incised 

valleys in the Red River delta plain. Nature Geoscience, 10(5), 376–381. 

https://doi.org/10.1038/ngeo2938 

Mirza, M. M. Q. (1998). Diversion of the Ganges Water at Farakka and Its Effects on Salinity 

in Bangladesh. Environmental Management, 22(5), 711–722. 

https://doi.org/10.1007/s002679900141 

Naus, F. L., Schot, P., Groen, K., Matin Ahmed, K., & Griffioen, J. (2019). Groundwater 

salinity variation in Upazila Assasuni (southwestern Bangladesh), as steered by surface 

clay layer thickness, relative elevation and present-day land use. Hydrology and Earth 

System Sciences, 23(3), 1431–1451. https://doi.org/10.5194/hess-23-1431-2019 

Neumann, J. E., Emanuel, K. A., Ravela, S., Ludwig, L. C., & Verly, C. (2015). Risks of 

coastal storm surge and the effect of sea level rise in the Red River delta, Vietnam. 

Sustainability (Switzerland), 7(6), 6553–6572. https://doi.org/10.3390/su7066553 

Rahman, A. K. M. M., Ahmed, K. M., Butler, A. P., & Hoque, M. A. (2018). Influence of 

surface geology and micro-scale land use on the shallow subsurface salinity in deltaic 

coastal areas: a case from southwest Bangladesh. Environmental Earth Sciences, 

77(12), 423. https://doi.org/10.1007/s12665-018-7594-0 

Rahman, M. H., Lund, T., & Bryceson, I. (2011). Salinity impacts on agro-biodiversity in 

three coastal, rural villages of Bangladesh. Ocean and Coastal Management, 54(6), 

455–468. https://doi.org/10.1016/j.ocecoaman.2011.03.003 



 221 

Sahoo, B., & Bhaskaran, P. K. (2016). Assessment on historical cyclone tracks in the Bay 

of Bengal, east coast of India. International Journal of Climatology, 36(1), 95–109. 

https://doi.org/10.1002/joc.4331 

Sakai, T., Omori, K., Oo, A. N., & Zaw, Y. N. (2021). Monitoring saline intrusion in the 

Ayeyarwady Delta, Myanmar, using data from the Sentinel-2 satellite mission. Paddy 

and Water Environment, 19(2), 283–294. https://doi.org/10.1007/s10333-020-00837-0 

Salehin, M., Chowdhury, M. M. A., Clarke, D., Mondal, S., Nowreen, S., Jahiruddin, M., & 

Haque, A. (2018). Mechanisms and drivers of soil salinity in coastal Bangladesh. In 

Ecosystem Services for Well-Being in Deltas (pp. 333–347). Palgrave Macmillan, 

Cham 

Scheelbeek, P. F. D., Chowdhury, M. A. H., Haines, A., Alam, D. S., Hoque, M. A., Butler, 

A. P., … Vineis, P. (2017). Drinking Water Salinity and Raised Blood Pressure: 

Evidence from a Cohort Study in Coastal Bangladesh. Environmental Health 

Perspectives, 125(5), 057007. https://doi.org/10.1289/EHP659 

Shamsudduha, M., Chandler, R. E., Taylor, R. G., & Ahmed, K. M. (2009). Recent trends 

in groundwater levels in a highly seasonal hydrological system: the Ganges-

Brahmaputra-Meghna Delta. Hydrology and Earth System Sciences, 13(12), 2373–

2385. https://doi.org/10.5194/hess-13-2373-2009 

Sherin, V. R., Durand, F., Papa, F., Islam, A. S., Gopalakrishna, V. V., Khaki, M., & Suneel, 

V. (2020). Recent salinity intrusion in the Bengal delta: Observations and possible 

causes. Continental Shelf Research, 202(January). 

https://doi.org/10.1016/j.csr.2020.104142 

Smajgl, A., Toan, T. Q., Nhan, D. K., Ward, J., Trung, N. H., Tri, L. Q., … Vu, P. T. (2015). 

Responding to rising sea levels in the Mekong Delta. Nature Climate Change, 5(2), 

167–174. https://doi.org/10.1038/nclimate2469 

Smith, A. J., & Turner, J. V. (2001). Density-dependent surface water-groundwater 

interaction and nutrient discharge in the Swan - Canning estuary. Hydrological 

Processes, 15(13), 2595–2616. https://doi.org/10.1002/hyp.303 

Syvitski, J. P. M., Kettner, A. J., Overeem, I., Hutton, E. W. H., Hannon, M. T., Brakenridge, 

G. R., … Nicholls, R. J. (2009). Sinking deltas due to human activities. Nature 

Geoscience, 2(10), 681–686. https://doi.org/10.1038/ngeo629 



 222 

Szabo, S., Brondizio, E., Renaud, F. G., Hetrick, S., Nicholls, R. J., Matthews, Z., … 

Dearing, J. A. (2016). Population dynamics, delta vulnerability and environmental 

change: comparison of the Mekong, Ganges–Brahmaputra and Amazon delta regions. 

Sustainability Science, 11(4), 539–554. https://doi.org/10.1007/s11625-016-0372-6 

Tomé, A. R., & Miranda, P. M. A. (2004). Piecewise linear fitting and trend changing points 

of climate parameters. Geophysical Research Letters, 31(2), 2–5. 

https://doi.org/10.1029/2003GL019100 

Van Staveren, M. F., Warner, J. F., & Khan, M. S. A. (2017). Bringing in the tides. from 

closing down to opening up delta polders via Tidal River Management in the southwest 

delta of Bangladesh. Water Policy, 19(1), 147–164. 

https://doi.org/10.2166/wp.2016.029 

Vij, S., Warner, J. F., Biesbroek, R., & Groot, A. (2020). Non-decisions are also decisions: 

power interplay between Bangladesh and India over the Brahmaputra River. Water 

International, 45(4), 254–274. https://doi.org/10.1080/02508060.2018.1554767 

Wang, J., Church, J. A., Zhang, X., & Chen, X. (2021). Reconciling global mean and 

regional sea level change in projections and observations. Nature Communications, 

12(1). https://doi.org/10.1038/s41467-021-21265-6 

Wilson, C., Goodbred, S., Small, C., Gilligan, J., Sams, S., Mallick, B., & Hale, R. (2017). 

Widespread infilling of tidal channels and navigable waterways in human-modified 

tidal deltaplain of southwest Bangladesh. Elem Sci Anth, 5, 78. 

https://doi.org/10.1525/elementa.263 

Worland, S. C., Hornberger, G. M., & Goodbred, S. L. (2015). Source, transport, and 

evolution of saline groundwater in a shallow Holocene aquifer on the tidal deltaplain 

of southwest Bangladesh. Water Resources Research, 51(7), 5791–5805. 

https://doi.org/10.1002/2014WR016262 

Yu, W. (2010). Implications of climate change for fresh groundwater resources in coastal 

aquifers in Bangladesh. The Worldbank, Washington D.C., 

http://documents.worldbank.org/curated/en/ 2010/02/12752932/implications-climate-

change-fresh-groundwater-resources-coastal-aquifers-bangladesh 



 223 

Yuan, R., Zhu, J., & Wang, B. (2015). Impact of sea-level rise on saltwater intrusion in the 

Pearl River Estuary. Journal of Coastal Research, 31(2), 477–487. 

https://doi.org/10.2112/JCOASTRES-D-13-00063.1 

Zörb, C., Geilfus, C. M., & Dietz, K. J. (2019). Salinity and crop yield. Plant Biology, 21, 

31–38. https://doi.org/10.1111/plb.12884 



Ethics                                                                                                  Appendix.4 

 224 

 
  

UPR16 – April 2018                                                                      

 
FORM UPR16 
Research Ethics Review Checklist 
 

Please include this completed form as an appendix to your thesis (see the 
Research Degrees Operational Handbook for more information 
 

 

 

Postgraduate Research Student (PGRS) Information 
 

 

Student ID: 
 

UP831072 

 

PGRS Name: 
 

 

Sean Edward Feist 

 

Department: 
 

SEGG 

 

First Supervisor: 
 

Dr Mohammad Hoque 

 

Start Date:  
(or progression date for Prof Doc students) 
 

 

October 2017 
 

Study Mode and Route: 
 

Part-time 
 

Full-time 
  

 

 
 

 

 

MPhil  

 

PhD 

 

 

 
 

 
 

 

MD 

 

Professional Doctorate 

 

 
 

 

 

 

 

Title of Thesis: 
 

Salinisation in the Bengal delta, Bangladesh – Implications for Asian delta 
systems 

 

Thesis Word Count:  
(excluding ancillary data) 

 

 

37906  

 

 

 

If you are unsure about any of the following, please contact the local representative on your Faculty Ethics Committee 

for advice.  Please note that it is your responsibility to follow the University’s Ethics Policy and any relevant University, 

academic or professional guidelines in the conduct of your study 

Although the Ethics Committee may have given your study a favourable opinion, the final responsibility for the ethical 

conduct of this work lies with the researcher(s). 
 

 

 

UKRIO Finished Research Checklist: 
(If you would like to know more about the checklist, please see your Faculty or Departmental Ethics Committee rep or see the online 

version of the full checklist at: http://www.ukrio.org/what-we-do/code-of-practice-for-research/) 

 
 

a) Have all of your research and findings been reported accurately, honestly and 

within a reasonable time frame? 
 

 

YES 

NO    

 

 

 
 

 

b) Have all contributions to knowledge been acknowledged? 

 

 

YES 

NO    

 

 

 
 

 

c) Have you complied with all agreements relating to intellectual property, publication 

and authorship? 

 

YES 

NO    

 

 

 
 

 

d) Has your research data been retained in a secure and accessible form and will it 

remain so for the required duration?  

 

YES 

NO    

 

 

 
 

 

e) Does your research comply with all legal, ethical, and contractual requirements? 

 

 

YES 

NO    

 

 

 
 

      

 

Candidate Statement: 
 

 

I have considered the ethical dimensions of the above named research project, and have successfully 

obtained the necessary ethical approval(s) 
 
 

Ethical review number(s) from Faculty Ethics Committee (or from 
NRES/SCREC): 
 

 

1DDB-2940-DD36-6D70-

2C08-44A6-799D-

493E      

 

If you have not submitted your work for ethical review, and/or you have answered ‘No’ to one or more of 

questions a) to e), please explain below why this is so: 
 

 

      

 

 

Signed (PGRS): 
 

 

 
 

 

Date:  29/09/2021     



Ethics                                                                                                  Appendix.4 

 225 

 

Certificate Code: 1DDB-2940-DD36-6D70-2C08-44A6-799D-493E Page 1

Certificate of Ethics Review
Project Title: Salinisation and Salinity Management: The Impact on

Asian Delta Coastal Areas
User ID: 831072
Name: Sean Edward Feist
Application Date: 21/09/2018 16:18:27

You must download your certificate, print a copy and keep it as a record of this review.

It is your responsibility to adhere to the University Ethics Policy and any
Department/School or professional guidelines in the conduct of your study including
relevant guidelines regarding health and safety of researchers and University Health and
Safety Policy.

It is also your responsibility to follow University guidance on Data Protection Policy:

• General guidance for all data protection issues
• University Data Protection Policy

You are reminded that as a University of Portsmouth Researcher you are bound by the
UKRIO Code of Practice for Research; any breach of this code could lead to action being
taken following the University's Procedure for the Investigation of Allegations of
Misconduct in Research.

Any changes in the answers to the questions reflecting the design, management or
conduct of the research over the course of the project must be notified to the Faculty
Ethics Committee. Any changes that affect the answers given in the
questionnaire, not reported to the Faculty Ethics Committee, will invalidate this
certificate.

This ethical review should not be used to infer any comment on the academic merits or
methodology of the project. If you have not already done so, you are advised to develop
a clear protocol/proposal and ensure that it is independently reviewed by peers or others
of appropriate standing. A favourable ethical opinion should not be perceived as
permission to proceed with the research; there might be other matters of governance
which require further consideration including the agreement of any organisation hosting
the research.

GovernanceChecklist
A1-BriefDescriptionOfProject: Salinity is a widespread problem in Asian deltas where
most people live, work and feed off the reclaimed land. Episodic storm surges associated
with tropical cyclones and low-lying topography are the main factors causing intermittent
inundation and contamination of drinking water by salinity. The role of tropical cyclones
on long-term salinity of water and soil resources has remained unresolved. The project
aim is to broaden the research community’s understanding of water resources
salinisation and its temporal dimension. This will link to water security practice, and
influence water management policy, for impoverished communities in Asian delta coastal



Dissemination                                                                                    Appendix.5 

 226 

External 

Paper: Global 
& Planetary 
Change 

Feist, S. E., Hoque, M. A., Islam, M. A., Ahmed, K. M., & Fowler, M. 
(2021). Recent trends in inland water level change in coastal 
Bangladesh–implications of sea level rise in low-lying deltas. Global 
and Planetary Change, 206 (September), 103639. 
https://doi.org/10.1016/j.gloplacha.2021.103639 

Conference: 
GASS 2021, 
Oral 
presentation 

Geologist Association Student Symposium 2021, London: 21/05/2021: S. E. 
Feist, M. A. Hoque, K. M. Ahmed and M. Fowler. Groundwater quality in the low 
lying delta setting of southwest Bangladesh: Relationships between geology 
and groundwater chemistry. 

Conference: 
ICAS 2019, 
Oral 
presentation 

International Conference on Applied Statistics 2019, Dhaka: 27/12/2019: 
Feist, S.E., Hoque, M.A., Bloor., M.C., Ahmed, K. M., Islam, M. A. & 
Dewan, M. A. Spatio-temporal controls on salinisation within the Ganges 
Delta, southwest Bangladesh. 

Conference: 
EGU 2019, 
Oral – PICO 
presentation 

Environmental Geoscience Union 2019, Vienna: 12/04/2019:  Identification 
of spatio-temporal patterns and controls in surface water salinity of the 
Bengal Delta, southern Bangladesh. Sean Feist, Mohammad Hoque & 
Michelle Bloor. Geophysical Research Abstracts, Vol. 21, EGU2019-1296, 
2019, EGU General Assembly 2019 

Conference: 
GASS 2018, 
Poster 
presentation 
 

Geologist Association Student Symposium 2018, London: 25/05/2018: Sean 
Feist, Mohammad Hoque & Michelle Bloor. Salinisation and Salinity 
Management: The Impact on Asian Deltas. 

Internal 

Research 
Seminars: Oral 
presentation 

Research in Progress, SEGG, 27/03/2019: S.E. Feist, M.A Hoque, M.C. 
Bloor & K.M. Ahmed. Salinisation and Salinity Management: The Impact 
on Asian Deltas. 

Research 
Seminars: Oral 
presentation 

Research in Progress, SEGG, 07/03/2018: S.E. Feist, M.A Hoque, M.C. 
Bloor & K.M. Ahmed. Salinisation and Salinity Management: The Impact 
on Asian Deltas. 

Research 
Seminars: 
Poster 
presentation 

Research Together, University of Portsmouth, 16/04/2018: S.E. Feist, M.A 
Hoque, M.C. Bloor & K.M. Ahmed. Salinisation and Salinity 
Management: The Impact on Asian Deltas. 

 


