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Glossary of Terms 

Anisotropy The condition under which the hydraulic properties of an aquifer vary according 
to the direction of flow. 

Aquifer Rock or sediment in a geologic formation that is saturated with water and 
sufficiently permeable to transmit quantities of water to wells and springs. 

Confined A confined aquifer is one that is immediately overlain by a low-permeability unit 
(confining layer), and thus does not have a water table. 

Darcy's Law Q = KiA. The discharge of water (Q) through a unit area of porous medium is 
directly proportional to the hydraulic gradient (i) normal to that area (A). The 
constant of proportionality is the hydraulic conductivity (K). 

Deposition The geologic process by which material (sediment) is added to a land mass. 

Dispersion The spread of solutes, colloids, particulate matter, or heat by the combined 
processes of diffusion and physical mixing of fluids along the path of 
groundwater flow. 

Heterogeneous The condition in which the property of a parameter or a system varies with space. 

Homogeneous The condition in which the property of a parameter or a system does not vary 
with space. 

Hydraulic conductivity The volume of fluid that flows through a unit area of porous medium for a unit 
hydraulic gradient normal to that area. Hydraulic conductivity = 
(permeability)( water density )(gravitational acceleration )/( water viscosity). 

Hydraulic gradient The change in hydraulic head with a change in distance in a given direction. 

Hydraulic head The fluid mechanical energy per unit weight of fluid, which correlates to the 
elevation that water will rise to in a well. Groundwater flows along this potential 
gradient, from high to low head. 

Permeability A measure of the ease of flow of fluid through a porous medium. 

Porosity The ratio of the volume of void space in a rock or sediment to the total volume of 
rock or sediment In aquifers, this is the fraction of water volume per subsurface 
volume of material. 

Storage coefficient The volume of water released from an aquifer per unit surface area of the aquifer 
per unit change in head. 

Unconfined An unconfined (or water table) aquifer is one where the upper surface ofthe 
aquifer is the water table. Water table aquifers are directly overlain by an 
unsaturated zone or a surface water body. 
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Executive Summary 

Background 

The coastal zone of Bangladesh sustains the livelihoods of over 40 million people with a 
diversity of natural resources that include fisheries, shrimp farms, forests, and deposits of salt 
and minerals. It also provides sites for export-processing zones, harbors, airports, land ports, and 
tourism. However, the coast of Bangladesh is vulnerable. A combination of natural events, 
including storm surges, cyclones, flooding, high groundwater arsenic levels, and anthropogenic 
hazards such as erosion, waterlogging, soil salinity, pollution, and increasing population 
pressures, have adversely affected the pace of social and economic development in this region. 
Compounding these issues are increasing risks from climate change, particularly sea-level rise. 

A I-meter rise in sea level will inundate an estimated 18% of the total land in Bangladesh, 
directly threatening about 11 % of the population. Moreover, the indirect effects of climate 
change, such as changes in river flows and drainage and the nature of extreme events, could have 
a large impact on the population, with disproportionate impacts on the rural poor. Sea-level rise 
may also alter the salinity in groundwater and surface water, with corresponding impacts on soil 
salinity. Saltwater intrusion in groundwater means the gradual or sudden change from freshwater 
conditions in the ground to saline conditions. Saltwater intrusion can adversely impact the 
quality and potability of groundwater pumped from wells and the suitability of such water for 
irrigation. Saltwater intrusion can also cause soil salinization, which may adversely impact crop 
yields. Saltwater intrusion may occur from saline waters that naturally move up rivers under tidal 
or storm surge pressures, or from surface flooding associated with storm surges, or from natural 
processes such as long-term rise in sea level, driving saltwater already underground farther 
inland. 

The implications of climate change for saltwater intrusion in the groundwater system of the 
coastal region have not been investigated in great detail. Drinking water is mainly derived from 
deep wells and irrigation is limited to surface sources when available. Given the importance of 
fresh groundwater to the viability of the coastal zone, and its relative scarcity, understanding and 
modeling these processes is a key for long-term development and sustainability of the coastal 
regions in Bangladesh. These are priority areas for the government, as outlined in the Coastal 
Zone Policy and the Coastal Development Strategy. 

This Study 

Evaluation of these consequences and means of mitigating negative impacts via groundwater 
resource management are the focus of this initial study. Evaluation is carried out by (a) obtaining 
available geologic, hydrologic, and geochemical information on the coastal aquifer of 
Bangladesh; (b) developing groundwater flow and salt transport models representing general 
features and conditions along the coast of Bangladesh; and (c) simulating potential changes in 
the groundwater systems due to naturally occurring hydrologic processes and to various aspects 
of human activity and climate change. 
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There are three primary paths of salinization in the coastal aquifer: (a) classical lateral seawater 
intrusion within the aquifer, with the Bay of Bengal as the saltwater source, caused by a rising 
sea level or falling inland groundwater levels; (b) vertical downward seawater intrusion from 
saline surface water carried inland by repeated storm saltwater surges and by possible future 
transgression of the coast; and (c) migrating preexisting pockets of subsurface saline water from 
vertical intrusion, lateral intrusion, or relic seawater that was deposited with the aquifer 
sediment. The rate of saltwater intrusion along all of these paths may be greatly increased by 
pumping. Climate change-driven sea-level rise would provide sources of saltwater in new places 
inland of the current coastal zone, and new saltwater intrusion would occur along these paths. 

The groundwater system in the coastal region of Bangladesh was evaluated by a computer 
simulation model. The model represents the physical behavior of groundwater flow from regions 
of high to low hydraulic head and also the flow that occurs due to fluid density differences. In an 
aquifer, denser water (saltwater) will move downward, driven by its own weight, through less 
dense freshwater. The model also represents this density effect. Two-dimensional vertical cross
sectional simulations perpendicular to the coast were constructed one through the central low
topography region of Bangladesh and the other through the higher-topography region on the 
eastern side of Bangladesh. The geologic structure of the coastal aquifer of Bangladesh is largely 
unknown, so various types of layering of sand and clay were tested in these cross-sectional 
models. Two effects of climate change were simulated over a range of hydrogeologic conditions: 
(a) sea-level rise with a constant coastline location (for example behind coastal barrier walls); 
and (b) storm surge inundation of land with saltwater, occurring singly and periodically. 
Simulations were also run with and without pumping, and at several pumping rates representing 
current and possible future demand conditions. 

Scientific Understanding Gained 

The modeling analysis provided three general findings regarding salinization of fresh coastal 
groundwater resources in Bangladesh. 

First, saltwater intrusion has already been occurring in some areas due to previous rise in sea 
level and storm surges. As a result of historical sea-level rise in the last thousands of years, the 
subsurface saltwater has been moving inland, especially in the low-topography regions of central 
Bangladesh. Subsurface migration of seawater inland is a very slow process and will reach a 
state of equilibrium, but only after many thousands of years. In this state, fresh groundwater 
could only exist at shallow depths (less than 40 meters to 120 meters in the coastal zone, where 
water table elevations are between 1 meter and 3 meters above mean sea level). However, it was 
found that vertical infiltration of saltwater due to storm surges or intrusion from brackish tidal 
rivers can occur more quickly than lateral subsurface migration of saltwater, particularly when 
inundation events are repetitive. This process may explain in part why shallow groundwater in 
much of the coastal area is brackish; in some parts of this area brackish water may also be relic 
saltwater deposited at the same time as the sediments. 
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Second, pumping of fresh groundwater in the coastal aquifer accelerates saltwater intrusion and 
degradation of water quality along both horizontal and vertical salinization paths. This indicates 
a clear need for hydrogeologic characterization, management of pumping, and hydrologic and 
geochemical monitoring of the coastal aquifer in Bangladesh - irrespective of future climate 
change. 

Third, any future sea-level rise will increase the adverse impact of the already-occurring 
salinization processes to some extent, as follows. Within the current coastal zone, the primary 
impact of sea transgression on coastal groundwater resources is the direct loss of land area 
(assuming a net balance between deposition and subsidence of sediment) and loss of the 
possibility to easily pump any fresh groundwater that remains below the areas covered by the 
sea. The speed of lateral seawater intrusion is increased somewhat in these areas, with the 
greatest increase within the horizontal aquifer zones wherein groundwater flows most easily. 
Moreover, an increased frequency of storm surges, or storm surges that cover a greater area of 
the land surface due to the higher sea stand, will increase the likelihood of vertical downward 
intrusion of saltwater to wells that currently produce fresh groundwater, wherever the saline 
floodwater is able to infiltrate. 

These findings suggest that the direct impacts of sea-level rise on coastal inundation and extent 
of storm surges is of greater concern for groundwater conditions than classical lateral seawater 
intrusion. Moreover, pumping in the coastal zone, even without climate change, is an important 
determinant of salinization rate, and pumping-induced salinization rate is dependent on the 
pattern of the various sediment types that compose the aquifer fabric. Sea-level rise may shorten 
the lifetime of the fresh groundwater resource in the current coastal zone, although this impact 
may not appreciably increase salinization rates. 

Coastal Zone Vulnerability 

Given these major findings, the overall vulnerability of the current deep freshwater portions of 
the coastal aquifers in Bangladesh (the major source of freshwater in the coastal zone for 
economic activity and supporting livelihoods) can be described as follows. 

• Deep fresh coastal groundwater is vulnerable to vertical infiltration of saltwater due to 
periodic storm surge flooding, particularly where clay layers above pumping wells are 
absent and an unsaturated zone (which may be filled with saline floodwater during 
storms) exists or where saline ponded water is allowed to remain following the surge. 

• There is moderate vulnerability of the fresh coastal groundwater resource to lateral 
saltwater migration. The location of more vulnerable regions depends on the spatial 
distribution of aquifer hydraulic properties. More permeable and lower-porosity regions 
of the aquifer are more vulnerable than less permeable and higher-porosity regions. 

• There is high vulnerability to salinization due to pumping-induced mixing of preexisting 
fresh and saline groundwater, irrespective of the source of that saline water. Areas with 
pumps in aquifer material of low permeability or low porosity and areas where pumping 
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occurs from freshwater pockets surrounded by saltwater are particularly vulnerable to 
mixing of saltwater into the water produced from wells. 

• Groundwater in areas with lower topographic relief ( central delta) is far more vulnerable 
to vertical and lateral intrusion pathways than groundwater in higher-relief (eastern delta) 
areas. 

Guidance for Management 

The deep fresh groundwater in the current coastal zone is likely not a permanent resource, even 
without sea-level rise. Natural processes are causing the inland migration of subsurface seawater. 
To make matters worse, extraction of groundwater is likely to increase in the future. Despite this 
apparently negative prospect, careful management may enable use of the current coastal zone 
freshwater resource for a very long period of time, should sea level not rise appreciably. 
Measurements, characterization, and analysis today may help to identify areas within the coastal 
zone from which fresh groundwater can be extracted sustainably or for long times. Management 
should be proactive in all coastal regions, including monitoring and modeling efforts that evolve 
over time as more information is obtained. 

Indeed, proper management of the coastal aquifer in the current situation is an absolute 
prerequisite to management and mitigation of future salinization problems caused by possible 
sea-level rise. Concerns about coastal groundwater resources already exist, and alternative 
freshwater supplies are needed in some areas. Improving land and water management today can 
help to mitigate future salinization problems. 

A critical need to inform improved management is better knowledge of aquifer structure, 
properties, and current salinity distribution. To characterize these aquifers, which are highly 
heterogeneous and vary regionally, a network of observation wells, installed for the specific 
purpose of hydrogeologic and geochemical data collection and monitored on a regular basis, is 
required. Basic chemistry and temperature data in both saline and brackish zones at various 
depths of the aquifer are needed to fully understand the current flow field and salinity 
distribution. As more wells in the coastal zone are installed, the sedimentary column at each 
observation well should be observed and recorded during drilling. This will improve knowledge 
of the overall aquifer structure, a key control of future salinization. Stable and carbon isotope 
sampling of groundwater would clarify the age and origin of both fresh and saline groundwater. 
This will improve understanding of how the system responded to past changes in climate, 
allowing more certain prediction of future saltwater migration and overall resource sustainability 
when using computer simulation of the groundwater system. From a pragmatic view, this 
monitoring program will also serve as an early warning system of production well salinization. 

Moreover, given that storm surges may be a primary salinization mechanism, improved 
monitoring of these events and modeling analysis will be critical from the groundwater 
management perspective. Structural investments to protect against these events, for example 
removal of standing saltwater ponds created by a surge, are also certainly possible, but must be 
evaluated. 
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Finally, this study only aims to better understand the generic behavior of the coastal aquifer 
system. It was possible to represent only general features and conditions along the coast of 
Bangladesh across various aspects of human activity and climate change. Precise future 
estimates of localized salinization are currently unavailable; thus, continued detailed modeling 
efforts concomitant with data collection are important for better understanding the spatial and 
temporal scales of these processes and for making site-based optimal management decisions. 
This is critical in supporting long-term planning and development efforts by the government in 
the coastal zone. 
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1. Introduction 

Bangladesh has perhaps the most complex hydraulic regime in the world. The country sits at the 
confluence of three of the world's largest rivers the Ganges, Brahmaputra, and Meghna Rivers 

transporting the third-largest amount of water annually and the largest amount of sediment of 
any world river, through terrain with extremely low elevations into the Bay of Bengal. This low 
topography makes nearly the entire country vulnerable to a variety of natural disasters, including 
major inland and coastal flooding caused by monsoonal rains and storm surges and cyclones 
from the Bay of Bengal. 

Of particular importance are the coastal resources that sustain the livelihoods of over 40 million 
inhabitants. The coastal zone, home to several critical ecosystems such as the Sundarbans 
mangrove forests, also offers an immense potential for economic growth that can be instrumental 
in reducing poverty and contributing to the development of Bangladesh as a whole. The zone has 
a diversity of natural resources, including coastal fisheries, shrimp farms, forests, and deposits of 
salt and minerals. It also has sites for export-processing zones, harbors, airports, and tourism. 
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However, the coast of Bangladesh is also vulnerable. A combination of natural events, including 
storm surges, cyclones, flooding, and high groundwater arsenic levels, as well as anthropogenic 
hazards such as erosion, waterlogging, soil salinity, pollution, and increasing population 
pressures, have adversely affected the pace of social and economic development in this region. 
Compounding these issues are increasing risks from climate change, particularly via possible 
sea-level rise. It is estimated that a I-meter rise in global sea levels (assuming a static coast') will 
inundate 18% of the total land in Bangladesh, directly threatening about 11 % of the population. 
Using Bangladesh specific sea-level rise predictions, various patterns of average land inundation 
in the coastal zone may also change (see Figure 1.1). Cyclones and associated storm surges are 
also predicted to increase in severity and perhaps frequency in the coastal zone of Bangladesh 
(Ali 1996). The indirect effects of climate change, such as changes in river flows and the nature 
of extreme events, could also have a large impact on the population, with disproportionate 
impacts on the rural poor. 

Sea-level rise may also alter the salinity in groundwater and surface water, with corresponding 
impacts on soil salinity. Surface saline intrusion along the main river channels is highly seasonal, 
at a minimum during the monsoon season when about 80% of the annual freshwater flow is 
provided. In the winter months, the saline front moves inland. Data indicate that soil salinity has 
been increasing over time due to processes such as seawater inundation, tidal flooding, and saline 
groundwater flow (Harun-ur-Rashid and Islam 2007). Some previous estuarine modeling work 
demonstrates that sea-level rise will result in the ingress of surface salinity (MoEF 2006). Effects 
of seawater intrusion occurring as a result of groundwater abstraction have also been studied in 
particular areas, such as Khulna (LGED and BRGM 2005). 

What has not been investigated in great detail, however, are the implications of climate change 
for saltwater intrusion in the groundwater system of the coastal region. Given the importance of 
groundwater to the viability of the coastal zone, understanding and modeling these processes is 
vital to long-term development and sustainability of the coastal regions in Bangladesh. 

I Given the massive deposition of sediment in the coastal zone, competing erosion and accretion processes may 
make the impact of sea-level rise worse or better. 
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Figure 1.1 Maps of Projected Flooding in the Coastal Zone of Bangladesh due to Predicted Sea
Level Rise Scenarios 

(a) Baseline (b) 15 em rise 

(e) 27 em rise (d) 62 em rise 

Note: Flood land types defined as FO (0-30 em), Fl (30-90 em), F2 (90-180 em), F3 (180-300 em), and 
F4 (over 300 em). 

Source: Center for Environmental and Geographical Information Systems. 

1.1 Objective 

The objective of this study is to improve understanding of the implications of climate change for 
the groundwater systems in coastal Bangladesh. This is achieved by (a) obtaining available 
geologic, hydrologic, and geochemical information on coastal aquifers of Bangladesh; (b) 
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developing groundwater flow and salt transport models representing general features and 
conditions along the coast of Bangladesh; and (c) simulating potential changes in the 
groundwater systems due to various aspects of human activity and climate change. The 
simulation analysis will focus on both the pattern and response time of the saltwater-freshwater 
distribution in subsurface aquifers, with a view towards sustainability of current and future water 
use under stress due to climate change. The study is aimed at understanding processes and rates 
of change for systems representative of a range of conditions in coastal Bangladesh, but it is 
expected that regional and local differences occur. Thus, only general conclusions and guidance 
should be drawn from this work. 

1.2 Methodology 
Sources of salinization in the groundwater aquifers in the coastal region include: 

• classical lateral seawater intrusion within the aquifer, with saltwater source areas in the 
Bay of Bengal caused by a rise in sea level or a drop in landward groundwater levels 
(Figure 1.2a); 

• vertical seawater intrusion from saline surface water deriving from both storm surges and 
transgressions of the coast (Figures 1.2a and 1.2b); 

• preexisting pockets of saline water that may migrate in the subsurface naturally and due 
to groundwater pumping (Figure l.2c). 

Figure 1.2 Illustration of Modes of Salinization of Coastal Aquifers in Bangladesh 

a. Sea-level rise induces lateral movement of saline groundwater into the aquifer and vertical infiltration 
at the surface. 

b. More frequent and intensive storm surges result in more vertical infiltration of seawater into previously 
fresh zones. 

c. Pumping in fresh groundwater zones can induce mixing and salinization. 
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The U.S. Geological Survey's SUTRA2 finite element model, which solves the groundwater flow 
and contaminant transport equations for fluids of variable density, necessary for representing the 
physics of flow of fresh (lower density) and saline (higher density) groundwater, is used to 
simulate these seawater infiltration processes. Simulations of these processes are applied 
separately and jointly to both simple and complex spatial representations of the cross-sectional 
structure of the coastal aquifer system. Geologic features incorporated into the cross-sections 
include (a) continuous and broken confining units; (b) embedded patches of clay and sand; and 
(c) variations in homogeneous anisotropy previously evaluated in groundwater flow models by 
Michael and Voss (2008, 2009a, 2009b). Topographic features include high- and low-gradient 
topography (central basin and eastern margin of basin). Anthropogenic activities to be tested 
include (a) increased pumping for domestic and agricultural supplies; (b) flood irrigation 
practices; and (c) the effects of potential inland population migration resulting from coastal 
transgression. 

The analysis focuses on the lateral and vertical pattern of groundwater flow and salinity 
distribution in the coastal region with an emphasis on the response time of the saline-freshwater 
distribution in subsurface aquifers (that is, how long it will take to salinize the aquifers after sea
level rise or a storm event, and how long it will take, if ever, to return to presalinized conditions). 
This includes the relative impacts of seawater infiltration and the timescale of change from the 
different salinization mechanisms described in each of the alternative structural descriptions of 
the aquifer system. This study also seeks to evaluate the effects of salinization on domestic and 
agricultural water supplies as well as the influences of increased anthropogenic activity. These 
simulations should serve to improve understanding of the vulnerability of coastal aquifers to 
various aspects of climate change. 

The study includes only the aspects of climate change predicted to substantially affect 
groundwater salinization in Bangladesh. These aspects are sea-level rise and more frequent and 
severe storm surges. Changes in precipitation and temperature have the potential to affect 
groundwater salinization in coastal areas because the difference between groundwater levels on 
land and sea level is the primary factor that drives lateral seawater intrusion. However, in 
Bangladesh, the groundwater levels on land are not limited by the amount of precipitation, which 
is enough to flood the land surface during part of the year in many areas. Instead, groundwater 
levels are limited by the elevation of the land surface, which is very low in nearly all areas in the 
vulnerable central coastal region. Thus, an increase in precipitation, which is predicted for this 
region (Cruz et al. 2007), will not substantially change current groundwater conditions (though 

2 SUTRA (Voss and Provost 2002) is a computer program that simulates fluid movement and transport of either 
energy or dissolved substances in a subsurface environment. SUTRA employs a two-dimensional hybrid fmite
element and integrated finite-difference method to approximate the governing equations that describe the two 
interdependent processes that are simulated: (1) fluid density-dependent saturated or unsaturated groundwater flow; 
and either (2a) transport of a solute in the groundwater, in which the solute may be subject to equilibrium adsorption 
on the porous matrix, and both first-order and zero-order production or decay, or (2b) transport of thermal energy in 
the groundwater and solid matrix of the aquifer. This program has been widely used to simulate coastal groundwater 
systems throughout the world. 
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changes in river flows could be important, and would tend to reduce surface water salinity). The 
predicted increase in temperature (Cruz et al. 2007) in the already very humid climate may not 
increase evapotranspiration enough to substantially affect groundwater levels on land. This study 
therefore neglects the effects of changing precipitation and temperature, and instead focuses on 
effects of sea-level change and storm surges. 

1.3 Organization of the Report 
This report is organized in six major sections. The first two sections provide an introduction and 
background information on the use of groundwater in the coastal zone. In particular, a 
description of current government of Bangladesh policies and development plans for the region 
are assessed in the context of future climate change. The third section details the current data 
available regarding the aquifer conditions. This includes a summary of the geochemical data 
available. The fourth section describes the modeling approach used, including a description of 
both the climate and anthropogenic changes that could alter the groundwater system. Section five 
provides model simulation results under a variety of different aquifer conditions and a summary 
of a sensitivity analysis to assumed parameters. The impacts of sea-level rise, pumping, and 
storm surge inundation are investigated. Finally, section six provides some general conclusions 
and recommendations, including consideration of implications for future land and water use 
scenarios and future policy decisions. 
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2. Groundwater in the Coastal Zone 

Figure 2.1 Coastal Zone of Bangladesh 

Source: W ARPO 2006. 
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The coastal zone of Bangladesh contains 18 districts3 (covering about 47,000 square kilometers) 
and faces a multitude of natural hazards, for example cyclones, storm surges, floods, drought, 
earthquakes, erosion, salinity intrusion, and arsenic contamination. Substantial investment in 
protection has been made over the last several decades, including construction of 123 polders 
(reclaimed land protected from flooding), over 5,000 kilometers of embankments, and over 2,000 
cyclone shelters. 

A higher percentage of the coastal population (almost 40 million) lives below the absolute 
poverty line compared to the country as a whole (52% versus 49%). Fifteen districts also have 
lower gross domestic product (GDP) per capita than the country average. Moreover, about 54% 
of the people in the coastal zone are functionally landless and more than 30% are absolutely 
landless (Islam 2006). Land use in the coastal zone is diverse (and at times conflicting) and 
includes agriculture, shrimp farming, salt production, forestry, ship-breaking yards, ports, 
industry, settlements, and wetlands. Over 50,000 hectares ofland have been reclaimed. 

3 The districts are Bagerhat, Barguna, Barisal, Bhola, Chandpur, Chittagong, Cox's Bazar, Feni, Gopalganj, Jessore, 
Thalakati, Khulna, Lakshmipur, Narail, Noakhali, Pirojpur, Satkhira, and Shariatpur. 
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The poor quality of groundwater in the coastal zone limits the use of the resource. Drinking 
water is mainly derived from (a) ponds and shallow wells tapping groundwater near the surface 
but which often turn brackish during the dry season; and (b) deep groundwater wells (> 150-200 
meters depth), of which there are currently more than 50,000-60,000. These include deep 
handpump tubewells and production wells for piped water supply to rural towns and a number of 
large villages. 

Land use in the 1950s was primarily for paddy cultivation in the coastal zone. However, salinity 
intrusion and tidal flooding have prevented further intensification. Currently, irrigation water is 
mainly from surface water when available (typically at the end or the beginning of the wet 
season). Consequently, only 15% of the area (about 760,000 hectares) is under irrigation during 
the dry season. For instance, some 70% of the land in Barisal and Khulna Districts is affected by 
some degree of salinity, which has significantly reduced agricultural productivity (Rahman and 
Ahsan 2001). Crop yields in the coastal zone are lower than the national average (about 10% 
lower for paddy). Brackish groundwater is predominately unused except for some shrimp farms 
and biosaline agricultural pilot projects. 
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2.1 Development Potential in the Coastal Zone 
Despite the constraints mentioned above, the coastal zone offers several distinct development 
opportunities that can both reduce poverty and contribute significantly to regional economic 
growth. Shrimp farming developed extensively in the 19908, making use of the constructed 
polders and brackish waters. Land previously used for agriculture and mangroves was being 
transformed rapidly (with some contention) to meet increasing demands and the high price for 
shrimp on the international market. Shrimp is the second largest export item in Bangladesh and 
contributes about US$300 million annually to GDP. It is a key economic activity in Cox's Bazar, 
Khulna, Bagerhat, and Satkhira and is expanding to several other districts. Other aquatic 
resources and products (for example hilsha, shutki, crabs, and duck) also have potential for 
further development. 

Gas and oil reserves in the coastal areas are immense. It is estimated that about 20 trillion cubic 
feet of gas can be extracted from the Bay of Bengal. Moreover, economically viable mineral 
resources (for example cesium, zircon, and rutile) are abundant. The bulk of external trade is 
handled through two primary ports at Chittagong and Mongla. It is estimated that trade will 
expand to 43 million tonnes by 2016 from 19 million tonnes in 2000 (Chittagong Port Authority, 
quoted in Islam and Ahmad 2004). Surrounding these ports, opportunities for industrial 
development exist. Exports, for instance, from the Chittagong Export Processing Zone were 
valued at over US$621 million in 2002. Over 250,000 people are also either directly or indirectly 
involved in the ship-breaking industry (W ARPO 2006). 

Given the several distinctive environmental assets in the coastal zone, there is the potential to 
develop ecotourism further. Special environmental areas, from the Sundarbans to the St. Martin 
Islands and Sonadia Island (Cox's Bazar), can be developed to meet growing domestic and 
international demand. Finally, agriculture remains a dominant activity for most households living 
in the coastal zone. However, with declining availability of land and competing pressures from 
other land uses, the scope for further expansion is limited. Productivity gains will be largely 
driven by the introduction of salt-tolerant varieties of crops, expanded coconut cultivation, and 
floating or biosaline agriculture. 

2.2 Government of Bangladesh Coastal Zone Policy and Planning 
The main government policy and planning documents for the coastal zone are the Coastal Zone 
Policy (Ministry of Water Resources 2005) and the Coastal Development Strategy (W ARPO 
2006). The Coastal Zone Policy was drafted for the following reasons: (a) the coastal zone is 
lagging behind the rest of the country in socioeconomic development; (b) the coastal zone is 
lacking in initiatives to cope with different disasters; (c) the environment is deteriorating in the 
coastal zone; and (d) the coastal zone has the potential to contribute to national development. 
The Policy identified integrated coastal zone management (ICZM) as the primary principle in 
developing the coastal zone and identified the overall goal of the Policy as: 
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To create conditions, in which the reduction of poverty, development of sustainable livelihoods 
and the integration of the coastal zone into national processes can take place (Ministry of Water 
Resources 2005). 

To achieve this goal, the policy framework for implementation includes economic growth, basic 
needs and opportunities for livelihoods, reduction of vulnerabilities, sustainable management of 
natural resources, equitable distribution, empowerment of communities, women's development 
and gender equity, and conservation and enhancement of critical ecosystems. Interestingly, the 
issue of climate change appears largely under the last objective (conservation and enhancement 
of critical ecosystems). In particular, the Policy identifies the need to enhance existing 
institutional mechanisms for monitoring climate change in Bangladesh, improving the capacity 
for generation of better data and more accurate long-term predictions, implementation of 
adaptive measures, efforts to maintain coastal embankments on a frequent basis, and the 
establishment of an institutional framework for monitoring and detecting sea-level rise with 
concomitant contingency plans. 
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The Coastal Development Strategy is based on the Coastal Zone Policy and provides the link 
between policy and concrete investment interventions. It does not represent one overall 
framework for all development actions in the entire coastal zone but rather provides a targeted 
approach with respect to particular regions (islands and chars, exposed coastal zone districts, 
high tsunami risk areas, southwest region), disadvantaged groups (women and children, fishers 
and small farmers), issues (shrimp farming, groundwater management, climate change), and 
opportunities (tourism, renewable energy, marine fisheries, baseline agriculture). Nine strategic 
priorities are identified and include: 

• ensuring fresh and safe water availability 

• safety from man-made and natural hazards 

• optimizing use of coastal lands 

• promoting economic growth emphasizing non-farm rural employment 

• sustainable management of natural resources 

• improving of livelihoods conditions of people, especially women 

• environmental conservation 

• empowerment through knowledge management 

• creating an enabling institutional environment. 

These correspond closely with the policy framework in the Coastal Zone Policy. 

The operational extension of the Coastal Development Strategy is a set of priority investment 
programs (PIPs), which were identified in 2006 by the Water Resources Planning Organization 
(WARPO). The PIPs are packages of investment projects (about 26 projects in all) for action in 
the nine strategic priority areas identified above. One of the PIP activities (under strategic 
priority "ensuring fresh and safe water availability") is directly related to groundwater. This 
activity focuses on hydrogeologic investigations of the deep aquifers in the coastal zone and the 
development of an information system to manage groundwater use and supply information. Most 
of the projects under the PIP have not yet started or are still in an initial phase of implementation. 

2.3 Institutional Arrangements for ICZM 

The Coastal Zone Policy and Coastal Development Strategy do not create a supra-body for their 
implementation. Rather, the Policy and Strategy assume that the concerned line ministries and 
agencies would be the best institutions with the responsibility to implement ICZM processes and 
programs, which are planned centrally and consistent with an agreed framework (see Appendix 
D for overall institutional setup). At the national level, the primary institutions are the National 
Water Resources Council, the Inter-Ministerial Steering Committee, the Inter-Ministerial 
Technical Committee, and the Program Coordination Unit. 

The Program Coordination Unit within W ARPO for ICZM was established under the Coastal 
Zone Policy and is responsible for overall implementation of the Coastal Zone Policy and the 
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Coastal Development Strategy. Among other things, the Program Coordination Unit is tasked 
with promoting an enabling institutional environment for ICZM, coordinating a PIP across 
agencies, monitoring and assessing the PIP, and formulating rules, regulations, guidelines, and 
manuals to support the Coastal Development Strategy. 

The National Water Resources Council within the lead Ministry of Water Resources acts as a 
higher-level coordinating and decision-making body. The Program Coordination Unit is also 
supported by the Inter-Ministerial Steering Committee, which provides policy and strategic 
guidelines on issues related to the coastal zone. Issues may include main streaming coastal issues 
into national policies, plans, and strategies. The Program Coordination Unit is also supported by 
the Inter-Ministerial Technical Committee, which may provide technical guidance on key issues 
(for example coastal zone regulations, prioritization of resource use, and land zoning), contribute 
to identifying strategic prioritization, monitor the performance of the Program Coordination 
Unit, approve and monitor the investment program, resolve conflicts between projects and 
programs, and form task forces on specific coastal issues. Finally, the Coastal Development 
Strategy stipulates working down to the local-level government structures (for example district 
council, upazila parishad, union parishad, or gram sarkar) to ensure public participation in the 
planning and implementation of coastal zone aetivities. 

2.4 A Changing Future in the Coastal Zone 

As the coastal zone develops over the next several decades, competition for scarce land and 
water resources may intensify. Thus these institutional arrangements will be critical to managing 
development in a sustainable manner. Making better use of these resources will, among other 
things, require improvements in land and water use planning and management. Several emerging 
challenges are apparent. First, securing provision of safe drinking water for a growing population 
is needed. Initial projections indicate that the population may grow to about 60 million in the 
coastal zone by 2050. Second, increasing the availability of freshwater for irrigation during the 
dry season to meet changing food demands will be critical. This may be achieved either through 
augmentation of lean season flows through upstream diversions or further development of deep 
groundwater aquifers. The potential for saline-resistant seeds remains to be explored on a large 
seale. Third, economic activities that can utilize brackish groundwater must be expanded. Fourth, 
with continued development, the implications of increased groundwater abstraction must be 
better understood. Finally, activities to reduce land degradation and soil salinization need to be 
identified to support the sustainability of many of these developments. 

Moreover, it is critical to better understand how changes in the freshwater aquifers of the coastal 
zone may impact this development. In particular, the impact of exogenous climate change (for 
example sea-level rise, increased storm surges, or changes in river flow regimes) on groundwater 
resources remains largely unknown and will influence the efforts required to meet these 
challenges. There is strong evidence that global sea level has risen during the last century at an 
increased rate (approximately 1.7 millimeters per year). Sea level is not rising uniformly around 
the world. The two major causes of sea-level rise are thermal expansion of the oceans (water 
expands as it warms) and the loss of land-based ice due to increased melting. 

12 



According to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change 
(IPCC 2007), the average estimate of the rate of global sea-level rise by 2100 across the range of 
Special Report on Emissions Scenarios (SRES) is 3.8 millimeters per year (IPCC 2000). Specific 
modeled scenarios for the coastal zone of Bangladesh are nonexistent. Previous work (for 
example Agrawala et aL 2003) has relied on the IPCC Third Assessment Report (IPCC 2001) 
global estimates of9 to 88 centimeters by 2100. In a study on coastal communities and impacts 
on livelihoods, the U.K. Department for Environment, Food and Rural Affairs (DEFRA 2007) 
uses the following specific scenarios given in Table 2.1. 

A precise estimate of sea-level rise relative to the land surface is complicated by simultaneous 
and competing accretion and subsidence dynamics. The coastal zone is morphologically active. 
Approximately 1 billion tons of sediment is transported into the coastal zone each year. 
Moreover, compaction and subsidence of sediment, plus erosion processes, playa key role in 
defining the landforms in the coastal zone. Thus the net change in coastal position is unclear. 
Previous work assumed that sediment deposition cancels the effects of compaction and 
subsidence and that the global average as projected by the IPCC can therefore be used. This 
study focuses on investigating the physical response of the system to sea-level rise resulting in 
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sea transgression of the land and aims not to represent any particular scenario. Thus the actual 
estimates of sea-level rise and coastal migration used are of secondary importance here. 

Table 2.1 Projected Sea-Level Rise 

Estimated sea-level rise 

SRES 2020 2050 2080 

A2 (High 6em 27 em 62 em 
estimate) 

A2 (Low Ocm Scm 9cm 
estimate) 

BI (High 5cm 23cm 48cm 
estimate) 

BI (Low Ocm 8cm 15 cm 
estimate) 

Source: DEFRA 2007. 
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3. Data and Current Aquifer Conditions 

3.1 Overview 

Data on coastal zone hydrology, geology, subsurface hydraulic properties, geochemistry, and 
numbers of groundwater pumping wells were collected for the coastal zone as part of this 
project. A list of data and sources are given in Table 3.1 and locations are mapped in Figures 3.1 
and 3.2. These data were collected and used to develop an understanding ofthe current state of 
the aquifer system in order to evaluate current and future vulnerabilities and to aid in 
development of numerical models. The data that most influenced development of the conceptual 
and numerical models are lithologs and porewater salinity data, discussed in sections 3.2 and 3.3. 
This large amount of data has not been previously assembled in this manner. The high spatial 
density provides potential for detailed geologic an4 geochemical analyses in three dimensions; 
however, the latter analyses were not within the scope of this project. 
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Table 3.1 Coastal Zone Data Collected and Data Source 

Data Number of 
Data type source Measured parameter Data format measurements 

ology DPHE Depth vs. lithology Excel 1,470 

DPHE CI, Fe, Mn, As Excel/GIS 744 

Temperature, Ph, EC, TDS, Tb, SS, 
Water quality BWSPP HC03, CI, Ca, Mg, NH3, N03, S04, Excel/GIS 2,156 

Na, K, As, Fe, Mn 

DANIDA Fe, CI, As Excel/GIS 20,979 

Surface water 
BWDB 

Daily high and low tide level 
Excel 95 

levels (historical record> 50 years) 

Groundwater 
BWDB 

Daily water level (historical record> 
Access 278 

levels 20 years) 

Daily rainfall, daily temperature, 
evaporation, daily sunshine hours, 

BMD daily relative humidity, wind speed ASCIIlExcel 21 
Meteorological and direction (historical record> 20 
data years) 

BWDB 
Daily rainfall (historical record> 20 

Access 93 
years) 

Specific capacity, horizontal 

Pumping tests BWDB 
hydraulic conductivity, 

Excel 49 
transmissivity, storage coefficient, 
leakage factor 

DPHE: Department of Public Health and Engineering; BWSPP: Bangladesh Water Supply Program Project; 
DANIDA: Danish International Development Agency; BWDB: Bangladesh Water Development Board; BMD: 
Bangladesh Meteorological Department (see also Appendix C). 
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Figure 3.1 Summary Map of Hydrologic and Geochemical Data Collected from Various Sources 
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Figure 3.2 Summary Map of Lithologic Data Collected from DPHE 
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The geologic development of the coastal plain of Bangladesh has been influenced by changes in 
sea level, active tectonics, and very rapid sedimentation by rivers that have moved and changed 
course over geologic time. The deposits that make up the coastal aquifer system consist of 
alternating deposits of sand and clay or mud. These sand and clay layers are clearly seen in the 
lithologic data collected throughout the coastal zone (Figures 3.3b and 3.3d and Appendix A). 

The lithologic data illustrate the complex structure of the aquifer system in coastal Bangladesh. 
Approximately 1,000 logs have been collected during well drilling for the coastal region from 
the Department of Public Health and Engineering (DPHE). The logs contain detailed 
descriptions of lithology with associated depth intervals, to a maximum depth of approximately 
400 meters. 

Sediments are extremely variable spatially on various spatial scales, dominated by vertical 
stacking of alternating high- and low-permeability (k) sediments (sands and clays) ranging in 
thickness from meters to tens of meters. Higher occurrences of sands or clays in certain depth 
intervals are apparent in some areas, but exceptions are numerous, indicating a high level of 
variability and laterally discontinuous geologic structures. The locations of lithologic logs are 
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mapped in Figures 3.3a and 3.3c, along with transect lines of cross-sections that have been 
plotted in north-south and east-west directions. Examples of cross-sections are shown in Figures 
3.3b and 3.3d. 

Figure 3.3 Maps aud Representative Cross-Sections of Lithologic Logs Obtained from DPHE 

D Multilog Profile along Line D-D' D' 

a. Map of lithologic log locations and north-south transect lines. 

b. Example cross-section displaying all logs located within 25 km of line D-D'. 

c. Map of lithologic log locations and east-west transect lines. 
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d. ExampJe cross-section displaying all logs located within 25 km of transect line 0-0'. 

There may be some trends in geologic structure in both north-south and east-west directions. 
Depositional patterns appear to dip toward the coast in some locations, becoming deeper toward 
the south (see Figure 3.4c and Figure A.I). The thickness of depositional layers also appears to 
decrease toward the south, with thinner and less continuous beds toward the coastline in some 
locations. The clay content of the aquifers tends to be greater west of the Meghna River, 
particularly at depth (Figure 3.3d). 

3.3 Geochemical Data 

High salinity groundwater is known to threaten drinking water wells in the coastal zone, 
particularly in shallow depths. Deeper in the aquifer, at depths greater than about 150 meters, 
groundwater is fresh, thus much of the groundwater used for drinking water supply is drawn 
from greater than 150 meters. 

Geochemical data have been collected from DPHE and the Comilla and Barisal offices ofthe 
Danish International Development Agency (DANIDA). Over 23,000 measurements with 
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associated depth intervals were obtained; measured species included chloride, arsenic, iron, and 
manganese. 

Despite the known high salinity levels in shallow groundwater, porewater salinities measured in 
the subsurface are largely fresh: chloride concentrations over 1,000 milligrams per liter are 
measured in fewer than 2% of the data points. This is because measurement locations are not 
distributed uniformly in the subsurface and these measurements are largely obtained from wells 
installed for drinking water supply purposes and is thus biased toward low chloride content. The 
few measurements at shallow depths (less than 1 % of wells are screened less than 150 meters 
deep) indicate that shallow strata are more saline. Figures 3.4a and 3.4b map geochemical 
measurement locations and associated transect lines. Figure 3.4c is a cross-section of chloride 
measurements along the transect line C-C' shown in Figure 3.3a and Figures 3.4a and 3.4b. The 
figures show that deep groundwater is nearly uniformly low in chloride, with only small 
variability. Figure 3.5 is a map view of all chloride measurements collected through this project. 
There are a few high measurements locally, but nearly all of the measurements are below 
drinking water salinity levels. Because measurements were collected in water supply wells, no 
measurements exist below the first freshwater zone encountered by each boring. Regrettably, it is 
unknown whether deeper fluid is fresh or saline, or where a transition from fresh to saline water 
might take place, making it impossible to assess the present quantity of freshwater available. 

3.4 Hydraulic Test Data 

The results of78 pump tests give estimates of horizontal aquifer hydraulic conductivity (kh) and 
storage coefficient (S) at 49 locations (Figure 3.6) in the coastal zone. The average kh is 17.9 
meters per day with a standard deviation of 11.4 meters per day, and the average Sis 0.022 with 
a standard deviation of 0.029. The range in kh is 1.7 to 46, a difference of a factor of 27. This is a 
narrow range, considering that hydraulic conductivity values may vary by 10 orders of 
magnitude between clay and sand, both of which are common in this aquifer system. This means 
that the hydraulic properties of the system, as measured by pump tests, are relatively uniform 
across the lower delta. 
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Figure 3.4 Maps and Representative Cross-Sections of Chloride Concentrations 
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a. Map of chloride measurement locations and north-south transect lines. 

b. Map of lithologic log locations and north-south transect lines. 
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c. Example cross-section displaying all chloride measurements located within 25 km of transect line C-C'. 

d. Example cross-section displaying aU logs located within 25 km oftransect line C-C'. 

Sources; DPHE and DANIDA. 
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Figure 3.5 Map of Chloride Concentrations (mgIL) Measured in Wells 
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Figure 3.6 Pump Test Data Locations 

Pump Test Locations 
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4. Approach to Analysis 

The impacts of higher sea elevations and storm surges on groundwater quality in the new coastal 
areas following sea-level rise and landward coastline migration are the main focus of this 
analysis. The magnitude and timing of possible adverse impacts on groundwater quality depend 
on several factors, all of which are considered in the present analysis: 

• pumping of groundwater; 

• flow of groundwater and hydraulic gradient in the aquifer; 

• values of hydraulic properties of the aquifer fabric; 

• pattern of layering of conductive and nonconductive sediments in the aquifer and their 
horizontal continuity; 

• current pattern of freshwater and saltwater in the aquifer. 

Saline groundwater may reach wells along several types of intrusion paths, all of which are also 
considered. 

i!t.~I¥! " ... . .. 
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4.1 Pre-assessment of Climate Change Effects on Groundwater System 
Climate change may impact the Bengal Basin groundwater system by affecting the rate and 
spatial distribution of groundwater recharge and the surface water elevation levels that are 
integrally connected to the aquifer system. The combination of these impacts could affect 
hydraulic gradients in the aquifer, modifying the groundwater flow quantity, direction, and 
spatial pattern. 

Specific climate change scenarios may include: 

• changes in both quantity and timing of precipitation in both the lowlands of the basin and 
the highlands ( and Himalayas) at the periphery; 

• changes that may occur in river flow quantity and timing, changing the pattern of river 
elevations throughout the year and the pattern and timing of yearly flooding; 

• changes in air temperature and insolation resulting in shifts in evaporation and 
transpiration rates. 

Taken together, the expectation is that these changes would not cause significant modifications 
of groundwater recharge or groundwater flow in the Bengal Basin, except possibly in timing of 
recharge periods during the year. Freshwater floods will still fill the aquifer to near the ground 
surface each year, as they do now (Michael and Voss 2009b; Burgess et al. 2002). Inland 
hydraulic gradients will therefore not change significantly from present conditions as a 
consequence of the continued freshwater flooding unless groundwater pumping increases 
immensely, which is not likely. 

In contrast, the coastal area may experience more significant climate change-driven 
modifications of groundwater flow and groundwater salinity. 

• Sea-level rise could result in a transgression of the sea and a loss ofland area. This could 
also lead to the secondary effect of higher population density in the new coastal band due 
to migration of the coastal population from the encroaching sea, thereby increasing 
domestic water needs in the new coastal area. 

• A higher sea-surface elevation would change the base level for all groundwater gradients 
in the basin. In many aquifers, this would lead to shifts in local hydraulic gradients, 
inland hydraulic heads, and the rate of groundwater flow. However, in the basin the 
gradients are already limited by hydraulic heads that cannot exceed the land surface 
(because the aquifer is nearly full all year). Thus, higher sea level will not change inland 
hydraulic gradients and will simply reduce the extent of the freshwater aquifer by moving 
its downstream land surface boundary inland during transgression. 

• A higher sea level will result in an increase in pressure in the subsea aquifer, resulting in 
inland movement of saltwater (aquifer seawater intrusion). 
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• Transgression of the coast implies that saline storm surges of 1 or more meters depth 
would penetrate beyond the new coast to new land areas. Storm surges transport saline 
water far inland of the coast and much of this floodwater may infiltrate the ground in 
areas where the aquifer is not fully saturated. Even where the aquifer is saturated, denser 
saline water may sink into the aquifer during the flood and later from pools of saltwater 
that remain following the flood. 

4.2 Pre-assessment of Current and Future Usage of Groundwater System 
Human use of the aquifer system in Bangladesh involves pumping of groundwater from wells for 
crop irrigation, industries and domestic consumption. Prior to the advent of large-scale 
withdrawals from the aquifer, just over 30 years ago, Bangladesh's abundant surface water was 
practically the sole source for agricultural, industrial, and domestic consumption. Since then, due 
to improvements in health and the low cost of pumped water, Bangladesh has come to rely on 
groundwater for most of these uses. Groundwater pumping from the Bengal Basin aquifer system 
is generally distributed as follows. 

• Inland. Both domestic and irrigation pumping is withdrawn from shallow parts of the 
aquifer (10-75 meters depth). Irrigation pumping is as much as 20 times greater than 
domestic pumping. 

• Coastal zone. Domestic pumping dominates this zone. There is practically no irrigation 
pumping and there is some pumping for shrimp farms. Coastal domestic pumping is 
withdrawn from deep parts of the aquifer (250-350 meters), where the first freshwater is 
encountered when drilling. In shallower parts of the aquifer, water is typically brackish. 

The current areal distribution of pumping in the Bengal Basin was estimated from population and 
irrigated-area data (Figure 4.1). 

Should sea-level rise and transgression occur, the coastal domestic pumping will migrate inland 
to a new coastal zone. A potential increase in population density near the new coast could result 
in a subsequent increase in the density of wells and the rate of groundwater withdrawals; no 
other impact on coastal withdrawals is envisaged. At the same time, irrigation will end in the 
new coastal zone when fields are lost to the sea and to the typically brackish coastal zone 
environment. This will reduce total pumping in the areas that transformed from inland regions to 
the new coastal zone. Small quantities of brackish water may begin to be pumped from shallow 
parts of the new coastal zone to support shrimp farming, though this would not be considered 
great enough to adversely impact the freshwater supply. 
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Figure 4.1 Maps of Domestic (a) and Irrigation (b) Pumping (m3/s per m2 of Map Area) Estimated 
for tbe Bengal Basin 

Note: Domestic pumping rates were estimated from census data, assuming a per capita consumption rate 
of 50 Lid, and irrigation rates were estimated from the proportion of land area irrigated in each district. 

Source: Adapted from Michael and Voss 2009b. 

Table 4.1 Estimated Pumping Rates and Depths 

Pumping rate Pumping depth 
(em/year) (m) 

Tnland 

Domestic use (population-derived) 2 40 

Irrigation use (irrigated area-derived) 46 100 

Coastal zone 

Domestic use (population-derived) 1.7 340 

Domestic use (well number-derived) 0.49 340 

Irrigation use 0 

Estimated pumping rates and depths for the coastal zone are listed in Table 4.1. The rates for 
domestic and irrigation pumping inland are estimated using data from Jessore District (see 
Figure 4.1). Very little groundwater is used for irrigation in the coastal zone, so irrigation 
withdrawals are estimated to be zero. Domestic withdrawals here are estimated from population 
in Khulna District, and also from the number of wells in the coastal zone. With sea transgression, 
the coastal pumping zone will shift inland of the encroaching coast and the inland domestic and 
irrigation pumping zones will shorten. In order to evaluate the most extreme adverse impacts as 
well as the expected impacts, two pumping scenarios are considered in this analysis. The extreme 
scenario increases coastal domestic pumping to account for possible increases in coastal zone 
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population; thus twice the population-derived pumping rate in the coastal zone (3.4 centimeters 
per year) is used as an upper bound. 

4.3 Representation of the Aquifer System 

Often there is little direct evidence of the subsurface geometric structure or hydraulic properties 
of geologic units composing an aquifer because of the expense and difficulty in data collection 
and the complex nature of aquifer systems. Measurements are usually confined to small portions 
of an aquifer system; thus a complete picture of an aquifer is impossible to construct. This is 
certainly the case in the Bengal Basin aquifer system of Bangladesh. However, given 
circumstantial knowledge of the modes of deposition and evolution of aquifer material (in the 
form of sediment) it is possible to construct generic descriptions ofthe aquifer fabric that satisfy 
scientifically informed expectations concerning structure, while covering the range of 
possibilities. This is the approach taken in the current study. 

4.3.1 Regions Considered (High and Low Slope) 

Previous three-dimensional (3D) groundwater modeling of the Bengal Basin aquifer system 
(Michael and Voss 2008, 2009a, 2009b) provides a basis for carrying out the current analysis in 
two-dimensional (2D) cross-sections. Figure 4.2 shows topography and locations of transects 
considered for the two types of cross-sections illustrated in Figure 4.3. The transects 
approximately follow groundwater flow paths that were simulated in the 3D model from 
recharge point to discharge into the Bay of Bengal. The low-slope aquifer is representative of the 
flattest portion in the central core of the basin, where lateral hydraulic gradients are extremely 
low. The high-slope aquifer represents the eastern portion ofthe Bengal Basin where hills 
produce higher hydraulic gradients. It may be expected that groundwater flow toward major 
discharge areas (for example the Meghna River and Bay of Bengal) is greater in the higher
sloped regions of the aquifer, assuming similar aquifer properties as in the low-slope region. 
Seawater intrusion is strongly impeded by the opposing freshwater flux; thus, low-slope aquifers 
are more vulnerable to seawater intrusion. The two transect locations shown in Figure 4.3 are 
locations where simulated groundwater flow paths are approximately parallel to the transects, 
chosen as extremes of topographic slope in order to encompass the full range of seawater 
intrusion possibilities that might occur in Bangladesh. 
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Figure 4.2 Region of Bengal Basin Sedimentary Aquifer and Flow Paths Based on 3D Groundwater 
Model Showing General Location of Central (Low-Slope) and Eastern (High-Slope) Transects 

Sources: Michael and Voss 2008, 2009a, 2009b. 

Figure 4.3 Schematic of Model Cross-Section 

---~ Central Transect 
.............. Eastern Transect 

4.3.2 Aquifer fabric 

The Bengal Basin aquifer is composed of sediments deposited in layers by the region's rivers 
and beneath the Bay of Bengal. Initially continuous over various lateral extents (from meters to 
tens or hundreds of kilometers), layers of deposited fine and coarse sediments have been made 
more discontinuous by fluvial erosion and through-cutting when river channels changed location. 
This natural process in a fluvio-deltaic depositional environment continues today in Bangladesh. 
(See Michael and Voss 2009b for more detailed discussion of the aquifer'S depositional 
evolution). The aquifer fabric is therefore understood to be stratified and highly heterogeneous; 
and physical continuity of layers over large lateral distances has not been demonstrated in 
Bangladesh. 
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Based on analysis of driller logs, a statistical description (Michael and Voss 2009b) provides an 
image of the type of pattern of fine and coarse sediments that is possible in this aquifer (Figure 
4.4). The coarser (yellow-colored in figure) sediments act as conduits for groundwater flow and 
the fine sediments (darker-colored) act as barriers to flow. It is easy to envisage a highly variable 
groundwater flow pattern through this aquifer fabric. Such non-uniformity in groundwater flow 
paths may strongly control the evolution of pumped water quality as saline groundwater migrates 
through the aquifer. 

Figure 4.4 Image of Plausible Aquifer Fabric Based on Geostatistical Analysis 

a. 

Sands and Gravel 

• Silt and Sandy Clay 

• Clay 

a. Block size is 50 km x 50 km laterally, and 600 m deep (image has 10 times vertical exaggeration). 
Overall horizontal hydraulic conductivity of block is 10,000 times greater than overall vertical 
conductivity. 

b. Same block vertically exaggerated 100 times. 

The simplest possible representation of such heterogeneity may be obtained by recognizing that 
the primary overall effect of the discontinuous fine sediment layers is to impede vertical flow, 
and that the long lateral extent of coarse-grained layers tends to enhance the ease of horizontal 
groundwater flow. Average values of hydraulic conductivity (a measure of the ease of 
groundwater flow in an aquifer) over a large portion of the aquifer fabric containing many fine 
and coarse layers may be used to express this difference: the hydraulic conductivity for 
horizontal flow is much greater than for vertical flow. This is a homogeneous representation of 
the aquifer fabric. Michael and Voss (2009b) found through extensive analyses, including 
calibration of the 3D model with hydraulic head and groundwater age data and geostatistical 
simulation, that the regional ratio of horizontal to vertical conductivity is about 10,000 to 1 
(anisotropy equals 104

), and this value is used as the reference base value for the current analysis. 

In the current analysis, two basic representations of the aquifer fabric are used. The 
homogeneous representation of the fabric has uniform properties, with higher horizontal than 
vertical hydraulic conductivity to represent the overall effect of the discontinuous layering. The 
heterogeneous representations of the fabric represent the existence of the discontinuous low 
hydraulic conductivity sediment layers in a simple manner. There are two materials, sand and 
clay, and clay layers are scattered throughout the aquifer, either in a regular pattern or randomly 
in space. Each material has a uniform single value of hydraulic conductivity. The length and 
spacing of the clay layers is selected so that the overall regional hydraulic conductivity of these 
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heterogeneous representations roughly matches that of the basic homogeneous representation 
(anisotropy equals 10\ The patterns selected for reporting here are shown in Figure 4.5, 
although more patterns were investigated as part ofthis study. 

Figure 4.5 Aquifer Fabrics 

~--------~ -- -- ------ -- ----
-- -- ------ -- ------ -- ------ -- ----
-- -- ------ -- ----==-- -- --=------=- ------= 

~-
- --~~-~ - -==- -- ..::::=- --- -- ----==-,. 
- --==- --=-..::==:::- --=----

-=- -==- --

From the top: homogeneous anisotropic fabric; heterogeneous fabric with regular clay pattern; 
heterogeneous fabric with random clay pattern; heterogeneous fabric with random clay pattern and clay 
layer at sea bottom. 

4.3.3 Salinity distribution in groundwater 

In order to evaluate possible future trends in the quality of water pumped from wells in the 
coastal zone (whether or not these will actually be impacted by sea-level rise), it is vital to know 
the present distribution of freshwater and saltwater in the aquifer. Regretfully, this information is 
not available, except for that reported above, and, as discussed, the reported values focus on 
freshwater samples rather than on a characterization of the salinity distribution of all subsurface 
water. Some general observations reported as results of a large-scale drilling program in the 
coastal zone of Bangladesh by DANIDA indicate that brackish and saline groundwater exist in 
shallow depths, with fresh groundwater beneath it, and fresh groundwater occurring in 
unconnected pockets throughout the coastal belt (Patrick 2001). Below the depth of pumping 
wells located in the deep fresh groundwater zone, it is not known whether the groundwater is 
fresh or saline. It is also possible that in some places, saltwater occurs in unconnected pockets. 
There are three characteristics of the freshwater-saltwater distribution in the coastal aquifer that 
must be explained: 
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• Freshwater exists at depth rather than saltwater, as is the situation in most coastal aquifers 
worldwide. 

• Saltwater exists in the zone nearest the ground surface rather than freshwater, as is the 
situation in most coastal aquifers worldwide. 

• The lateral distribution of saltwater and freshwater, at least where measured to date, is 
patchy, rather than having a large separate region of freshwater on the inland side and 
saltwater on the sea side. 

First, hypotheses regarding the existence of fresh groundwater at depth are considered. One, put 
forth also by Patrick (2001), is that deep fresh groundwater occurs as a result of a disequilibrium 
from conditions during the last low-stand of sea level. Ten thousand years ago (during the pre
Holocene geologic time period), sea level was much lower and the coast of what would have 
been Bangladesh was hundreds of kilometers to the south (under the present Bay of Bengal). 
During that time, fresh groundwater filled the aquifer down to a depth of several hundred meters 
or more and discharged far offshore of the current coastline, possibly at the coastline of that time 
period. Due to past naturally occurring climate change, sea level rose to today's level, causing 
seawater to intrude inland. The very slow rate of migration of subsurface saltwater has led to a 
distribution of saltwater that is not in equilibrium with present-day sea level, leaving fresh 
groundwater temporarily at depth where, instead, saline groundwater would exist under 
eqUilibrium conditions. 

A second hypothesis that would explain the existence of fresh groundwater at depth is that it 
exists in a confined aquifer connected to distant upland freshwater recharge areas. This may 
occur iflaterally extensive (hundreds of kilometers) clay units exist in the aquifer system. As 
suggested by Ravenscroft and McArthur (2004), this would mean that deep fresh groundwater 
occurs in separate aquifers, rather than in freshwater pockets. In this scenario, inland saline or 
brackish groundwater, rather than being continuously connected to offshore saline groundwater, 
may be a result of still incomplete flushing of saline water from low-permeability sediments 
deposited in estuarine or offshore waters. This may also be the case under the historical sea-level 
rise hypothesis; geochemical data from the coastal zone provide evidence of both flushing (more 
widespread) and saltwater intrusion in shallow zones (Ravenscroft and McArthur 2004). 

The saline groundwater that exists today in shallow zones can be explained separately from the 
deep fresh groundwater. It may be caused by more rapid migration of saltwater toward 
equilibrium in shallower depths, by vertical inflow of saltwater from brackish rivers or storm 
surge inundations, or it may be relic saltwater deposited with the sediments. 

The patchy distribution of saltwater and freshwater can be a result of the heterogeneity of aquifer 
structure. Heterogeneity causes the historical sea-level-rise-driven migration of freshwater and 
saltwater in the coastal zone to be uneven, resulting in a patchy distribution of saltwater and 
freshwater. It will be demonstrated in this analysis that irregular distributions of freshwater and 
saltwater can naturally result from this scenario within a heterogeneous aquifer fabric (Figure 
4.6). 
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Figure 4.6 Heterogeneous Aquifer with Irregular Distribution of Intruded Saltwater 

Note: Colors represent concentration of seawater, with white less than 2% and red greater than 90% 
seawater. 

The two hypotheses presented for existence of deep, fresh groundwater assume very different 
functioning of the aquifer system. Thus, understanding the present-day salinity distribution in the 
aquifer is a key to understanding the impact of possible future sea-level changes. A critical 
question is whether the present distribution is unchanging (steady state) or whether it is changing 
with time (transient). While the future impact of sea-level rise on coastal groundwater is the 
focus of this study, the same process that will occur in the next hundreds of years has already 
been occurring for the past 10,000 years, though perhaps at accelerated rates. 

Three factors are central in creating today's distribution: 

• the actual heterogeneous pattern of sediment layering in the aquifer; 

• the past history of sea level and location of the coast; 

• the values of aquifer hydraulic properties, particularly of hydraulic conductivities of the 
clay and sand. 

An in-depth study of this aspect was not within the scope of the present project. For the purposes 
of this study, it has been assumed that the historical sea-level rise hypothesis explaining the 
current salinity distribution is most likely, due to a lack of evidence of extensive confining units 
and separate aquifer system. Only simple approaches were sought in the present analysis to 
represent the changes caused by historical sea-level rise, with the goal of elucidating 
explanations that can result in patterns of saltwater in the aquifer that fit the above 
characterizations. The subsurface saltwater distribution is something that the model analysis 
attempts to reproduce; it is a model output, and a feasible conceptual model must produce an 
acceptable distribution. The results of this additional modeling investigation (based on the model 
described later) are as follows. 

• It is unlikely that the present salinity distribution is in steady state in the central low-slope 
part of Bangladesh, irrespective ofthe actual geometry of the aquifer fabric. Neither 
homogeneous nor heterogeneous representations result in a steady-state transition zone 
between freshwater and saltwater that fits expectations in the coastal zone when plausible 
values of hydraulic parameters are employed in the model. Clearly "wrong" values would 
be required to have a steady transition zone that provides any freshwater in the coastal 
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zone; with plausible values, the entire aquifer within the coastal zone contains saltwater. 
The conclusion is that the subsurface seawater distribution is most likely transient, with 
seawater still moving inland as a result of historical sea-level rise. 

• It is possible that the freshwater-saltwater distribution in the high-slope region is at 
steady state at present. 

• Aquifer representations with a homogeneous fabric cannot explain the assumed 
distribution, for either steady or transient conditions. The salinity distribution is simply 
too smooth and regular. 

• It is possible to produce plausible irregular distributions of freshwater and saltwater with 
heterogeneous aquifer fabrics that have discontinuous clay layers embedded in sand. The 
expected type of distribution occurs in transient state as the transition zone passes 
landward, through the coastal zone, towards its steady-state location far inland. 

• It is possible (though not evaluated in this analysis) that the assumed distribution can be 
obtained by laterally extensive (hundreds of kilometers) clay units extending from inland 
freshwater recharge areas to far offshore. This aquifer fabric would create typical 
confined aquifers at depth that could carry freshwater offshore. This brings up the 
possibility that the deep freshwater currently pumped in the coastal zone occurs in 
geologically separate aquifers, rather than in pockets. However, simulations not reported 
here indicate that this scenario is probably physically (hydraulically) impossible within 
the bounds of what is known about the hydrogeology of the system. 

• Saltwater in the shallow part ofthe aquifer within the coastal zone has two possible 
origins. It is either relic saltwater from a previous high sea-level stand contained within a 
very low conductivity (fine-grained) sediment or above a shallow low-conductivity layer 
that shields this saltwater from flushing by regional groundwater flow, or it is the result 
of repeated saltwater flooding caused by storm surges. This shallow saltwater occurs via 
mechanisms that are independent of those controlling the freshwater-saltwater 
distribution at depth. Should the saltwater have been deposited with the sediment in the 
last 10,000 years, it will not likely sink and impact the deeper freshwater supply. In 
contrast, if the saltwater in the shallow aquifer is from recent saline floods, it will be 
demonstrated that saltwater sinking from this type of shallow source can lead to some 
salinization of deeper parts of the aquifer. 

4.4 Intrusion Pathways Considered 
The three primary pathways of saltwater intrusion are illustrated in Figure 1.2. They are: 

• Lateral inland migration of the saline groundwater body that extends inland from below 
the sea that is caused by imbalances in freshwater and seawater pressures and differences 
in fluid density. This is classical seawater intrusion. 

• Vertical downward movement of saline floodwaters that have infiltrated the shallow part 
of the aquifer. 
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• Capture of preexisting saline water by wells pumping close to the subsea saline 
groundwater body or near pockets of saltwater, or from pockets of freshwater surrounded 
by saltwater. 

All three pathways are evaluated in this study for all representations of the aquifer fabric 
described in section 4.3.2 and for high- and low-slope areas ofBangladcsh. 

Two separate aspects of sea-level rise can be identified that may impact sustainability of coastal 
groundwater resources: (a) increase in sea elevation with respect to a fixed elevation on land; and 
(b) movement of the coast inland. Separating analysis of the effects of sea-level rise and 
coastline transgression allows isolation of the individual impacts on sustainability and helps to 
better understand the physical controls on the system. Consider first the impact of a rising sea 
level at a stationary position on the coast (Figure 4.7), physically equivalent to constructing a sea 
wall to prevent the transgression of the coast. (This is not meant to suggest that a sea wall would 
need to be constructed for this type of impact to occur. Separating the two aspects is merely a 
means of analysis.) 

Movement of the coast inland, transgression, may result in parts of the aquifer below newly 
inundated areas seaward of the transgressing coastline temporarily containing freshwater. 
However, because a transgressing coast will eliminate human habitation and pumping from 
inundated areas, evaluating quality of pumped water in the inundated region is of little practical 
interest. Instead, the practical mechanism of concern for a transgressing coastline is storm surges. 
In the low-slope area of Bangladesh, storm surges of 1 meter or more can result in a seawater 
inundation of up to 50 kilometers inland from the coast. Such surges may occur about once every 
10 years and will cause similar inland salinization of soil and groundwater relative to the 
coastline, no matter where the coastline is located. For the purposes of this project, analysis of 
the impact of storm surge inundation on groundwater quality assumes that the contaminated zone 
begins at the current coastline position and extends inland 50 kilometers (Figure 4.8). 
Everywhere below this 50-kilometer flood, saltwater is assumed to fully saturate the upper 2 
meters of the ground (filling what was assumed to be an unsaturated zone before the flood, or 
filling low parts of the terrain with ponded saltwater that quickly infiltrates the aquifer). The 
denser saltwater will tend to sink in the less dense freshwater as it enters the aquifer. The fate of 
this sinking saltwater is evaluated for both a single storm inundation and for continual storm 
inundations occurring in lO-year cycles. 
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Figure 4.7 Schematic of Sea-Level Rise without Transgression 

Figure 4.8 Schematic of Vertical Infiltration from Storm Inundation 

4.5 Model Setup 

The simulation of saltwater intrusion in 2D cross-sections allows for separate and joint analysis 
of the complex and varying components of the groundwater system. These components include 
the surface topography, the variation in the number and distribution of clay layers in sand, and 
the complex interaction between the higher-density saltwater and the lower-density freshwater. 

Model analysis is carried out on a 2D cross-section extending from 200 kilometers inland of the 
present coast to 100 kilometers offshore of the present coast (Figure 4.9). Analysis in 2D allows 
focus on the most important factors that control possible impacts to water quality in the coastal 
zone of Bangladesh. The high- and low-slope sections are not located at specific places and do 
not represent details of the aquifer at any particular place; rather, they represent typical aquifer 
conditions in the eastern and central regions of the coastal zone of Bangladesh (see Figure 4.2). 
Similarly, the representation of the aquifer systems (homogeneous and various heterogeneous 
configurations) does not correspond to stratigraphy in particular locations, but rather 
encompasses a range of aquifer conditions consistent with data for and previous analyses of 
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Bangladesh aquifer systems (for example Michael and Voss 2009a). A general description is 
given here and details of the modeling are provided in Appendix B. 

Figure 4.9 Model Description 
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Notes: Green zones are pump intakes. Red lines are boundaries closed to groundwater flow. Blue lines are 
boundaries where groundwater pressure is prescribed. Coordinates are in Ian horizontally and m 
vertically. Coast is at horizontal coordinate O. 

4.5.1 Conditions at Model Boundaries 

The top of the model is sloped at either a higher or lower angle to the horizontal, representing the 
land surface in the eastern or central part of the coastal zone, respectively (Figure 4.2). The 
bottom of the model is set at an arbitrary depth of 1,000 meters, under the assumption that most 
freshwater flow occurs above this depth. Both freshwater and saltwater may enter or exit the 
model domain along the top boundary. Inland of the coast, the groundwater fluid pressure is held 
at a value of zero (equivalent to a hydraulic head equal to the elevation) to represent a water table 
with time-independent elevation that follows the ground surface. Below the sea, the pressure 
value set at the top of the model increases with increasing sea depth, and is equal to the weight of 
the column of saltwater above each point on the sea bottom. The left vertical and bottom edges 
of the model domain are held closed to flow in most simulations, while the right vertical side is 
held open to flow (Figure 4.9. Along the right side, the fluid pressure is held at the hydrostatic 
pressure of a column of seawater extending from the surface of the Bay of Bengal to the depth of 
each point along that side. Sea-level rise is simulated by increasing the assumed sea depth at 
each offshore point, thereby increasing the pressure specified at sea bottom. 

4.5.2 Conditions at Start o/Simulations 

Two initial distributions of saltwater in the aquifer are used to create realistic aquifer conditions 
through simulation that are then used as beginning conditions for simulations from the current 
state, which are referred to below as "reference conditions" (for a more detailed explanation of 
the difference between "initial" and "reference" conditions, see Appendix B). The initial 
conditions include ( a) all fresh conditions offshore, which is a crude representation of conditions 
associated with pre-Holocene sea level; and (b) some saltwater initially in the offshore portion of 
the aquifer. In both cases, sea-level rise occurs all at once at the beginning of the simulated time 
period. When the simulation begins, seawater moves inland in the model from the initial 
conditions, in a pattern and at a rate that depends on physics and aquifer characteristics. 
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This configuration of boundary and initial conditions generates natural groundwater flow with 
freshwater recharge along the top of the model inland and discharge along the top of the model 
nearer the coast, possible both on land and below the sea. Seawater intrudes naturally into the 
aquifer from the seaward edge, tending toward an equilibrium position of freshwater on the 
inland side and saltwater on the sea side. This final position may be far inland or offshore, 
depending on hydrogeologic factors and parameter values. The time it takes to reach this position 
may be long or short, and depends on the historical sea level as well as on the geologic structure 
of the aquifer discussed in previous sections. Initial simulations of this model were used to 
predict both the speed of movement of the saltwater towards its equilibrium position and the 
location of this equilibrium position. 

The reference condition is the modeled distribution of freshwater and saltwater in the aquifer 
from the initial conditions above, used as the starting condition for simulations that begin from 
the current state (the simulated state of the aquifer as it may be now, before sea-level rise or 
onset of pumping). The reference condition was selected arbitrarily from a transient simulation 
of seawater intrusion (for each aquifer fabric and set of aquifer property values considered) at a 
point in time when the transition zone was passing below the coastal location, giving a pattern 
that has some similarity to the pattern expected today. The reference condition may have a 
smooth transition zone between freshwater and saltwater (in the case of homogeneous fabrics) or 
an irregular transition zone with freshwater and saltwater pockets (in the case of heterogeneous 
aquifer fabrics). Pumping and sea-level rise are simulated with the reference condition as the 
initial state. 

4.5.3 Pumping 

Inside the model domain, regions of pumping withdrawal are specified at two depths farthest 
inland to represent the shallow domestic and somewhat deeper irrigation pump intakes. Near the 
coast, only a domestic pumping zone is specified in the model, to represent the deep freshwater 
withdrawals in this region. 

Pumping will impact the natural evolution of the intruding seawater by increasing the rate of 
saltwater migration and by capturing saline water near the pumping zone. The model is used to 
investigate the impact of pumping on the evolution of saltwater from a reference condition and 
on the salinity of pumped water. More detailed descriptions of the development and simulation 
of saltwater movement in the 2D cross-sections are given in Appendix B. 

39 





5. Simulation Results: Vulnerability Assessment 

Groundwater flow and salt transport in coastal aquifer systems occur both naturally and as a 
result of current groundwater pumping, even in the absence of changes in climate. These 
processes may threaten fresh groundwater resources, making pumping of deep, fresh 
groundwater from the coastal zone unsustainable over a long time period. Effects of climate 
change may serve to speed up or increase salinization of fresh groundwater zones. This analysis 
focuses on evolution of the subsurface salinity distribution due to: 

• Natural processes: a slow return to the equilibrium salinity distribution after the last sea
level low-stand, as discussed in section 4.3.3. 

• Human influence: salt movement due to pumping of fresh groundwater both inland, in 
the shallow part of the aquifer system, and in the coastal zone, in the deep part of the 
aquifer system. 

• Sea-level rise: salt movement due to a I-meter instantaneous rise in sea level, with no 
transgression of the coastline (assuming construction of a sea wall, or similar). 

• Storm surge inundations: infiltration of salt into shallow parts of the aquifer system due 
to single and periodic episodes of saltwater flooding. Storm surges are expected to 
become more severe and more frequent as a result of climate change. 

Simulations of the four mechanisms were performed on aquifers having different geologic 
representations (both homogeneous and heterogeneous) over a range of model parameter values, 
including changes in permeability, anisotropy, dispersivity, and porosity, as well as different 
boundary conditions, and several pumping rates. These cases were selected to evaluate the full 
range of possible conditions in this as-yet poorly characterized aquifer system. A subset of these 
simulations is listed in Table 5.1, and a more complete list is included in Appendix B. All 
simulations documented in Table 5.1 were run for 200 years from reference conditions described 
in the previous section. The 200-year period is considered to be a relevant timeframe for 
management of groundwater resources. The reference conditions are the result of long-term 
(around 1,000 to 100,000 years) simulations from a freshened condition to a non-equilibrium 
condition that corresponds to the conceptual model of salinity distribution described in section 

4.3.3. 
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Table 5.1 Subset of Simulations Performed 

Clay 
k m2 Anisotropy 

Climate change Pumping 
attern scenario scenario" 

Homogeneous aquife.-§ 

Low slope 
5x10-11 5x10-15 10,000 None None 
5x10·11 5x10'15 10,000 Sea-level rise None 0.0 0.3 
5x1O·11 5x10·15 10,000 None High 0.3 0.6 
5x1O-11 5x10-15 10,000 Sea-level rise High 0.2 1.0 

5x10-1O 5x10·13 1,000 None None 
5x10·1O 5x10·13 1,000 Sea-level rise None 0.0 6.4 
5x10·1O 5x10·13 1,000 None High 0.4 0.1 
5x10·1O 5x1O·13 1,000 Sea-level rise High 0.0 6.1 

5x10·1O 5x10'14 10,000 None None 
5x10-1O 5x1O-14 10,000 Sea-level rise None 0.0 2.0 
5x10·1O 5x10-14 10,000 None High 0.2 0.5 
5x10-1O 5x10·14 10,000 Sea-level rise High 0.0 2.5 

High slope 

5x10·1O 5x10·13 1,000 None None 
5x10·1O 5x1O·13 1,000 Sea-level rise None 0.0 1.5 
5x1O·1O 5x10·13 1,000 None High 0.0 0.1 
5x1O-1O 5x10·13 1,000 Sea-level rise High 0.0 1.6 

Heterogeneous aquifer¥ 

Low slope 

Random 5x10·11 5x10-18 7,200 None None 

Random 5x10·11 5x10·18 7,200 Sea-level rise None 0.0 0.1 

Random 5x10·11 5x10·18 7,200 None High 0.7 1.7 

Random 5x10·11 5x10'18 7,200 Sea-level rise High 0.8 1.7 

Random 5x1O·11 5x10·18 7,200 Single Inundation High 0.5 2.2 

Random 5x10·11 5x10·18 7,200 10-yr Inundation High 0.4 13.4 

Random 5x10,10 5x10·18 7,400 None None 

Random 5x10·1O 5x1O-18 7,400 Sea-level rise None 0.1 0.7 

Random 5x10·1O 5x10-18 7,400 None High 0.5 1.2 
Random 5x1O·1O 5x1O-18 7,400 Sea-level rise High 0.4 1.6 

Ordered 5x10·11 5x10·18 13,000 None None 

Ordered 5x10·11 5x10·18 13,000 Sea-!evel rise None 0.0 0.5 

Ordered 5x10·11 5x1O·18 13,000 None High 0.5 1.1 
Ordered 5x10·11 5x10·18 13,000 Sea-level rise High 0.4 1.6 

Ordered 5x10·1O 5x10·18 10,500 None None 

Ordered 5x10·1O 5x10·18 10,500 Sea-level rise None 0.2 1.7 

Ordered 5x10·1O 5x10·18 10,500 None High 0.2 1.3 

Ordered 5x1O·1O 5x10·18 10,500 Sea-level rise High 0.4 2.7 

Note: All simulations were run for 200 years from the reference condition. Freshened and salinized areas 
(of the cross-sectional model domain) compared to the nonforcing (no pumping and zero sea-level rise) 
case are reported as simulation results (k means permeability, anisotropy is ratio of horizontal to vertical 
permeability ). 
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* The "high" pumping rate includes base-case pumping in the upper delta, as listed in Table 3.1, and 
twice the population-derived domestic pumping rate in the lower delta. 

§ Base-case parameter values are: khorizontal = 5xlO·II
, kvertical 5xlO'15

, maximum dispersivity = 250m, 
minimum dispersivity = 2.5m, porosity 0.2. 

¥ Base-case parameter values are: kSand 5xlO·1I
, kclay 5xlO·18

, and all other values and boundary 
conditions as in the homogeneous models. 

5.1 Homogeneous, Anisotropic Aquifers: Pumping and Sea-Level Rise 

5.1.1 Central Transect 

Figure 5.1 (a-e) illustrates the simulation results for 200 years of saltwater movement from a 
reference condition in the central transect (low-slope) homogeneous aquifer system with base
case parameter values. Compared to the position of the 2% seawater contour (usually considered 
as the potable limit of a freshwater-seawater mixture) at the start of the simulation (Figure 5 .1 a) 
there is very little change in the distribution of salt over the 200-year management timeframe. 
The 2% seawater contour, or the salt front, moves only 1 kilometer or less over 200 years under 
natural conditions (Figure 5.1 b). Pumping increases this rate only slightly, and primarily at 
depths of350 meters or greater (Figure 5.1c), and sea-level rise has little effect on the deep part 
of the contour, but causes some salinization in the shallow part of the aquifer, near the coastline. 
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These small effects may be visualized and quantified by considering the area of the 2D aquifer 
that becomes sahnized (or freshened) as a result of particular stresses, or "forcing" (pumping or 
sea-level rise) occurring for 200 years, relative to the natural (unpumped with current sea level) 
state after 200 years. Figure 5.2 compares these areas, which are also listed as results in Table 
5.1. All of the areas are relatively small for the homogeneous base-case simulations. Note that 
pumping creates some freshening above the pumping wells. This may occur because the 
simulations have allowed pumps to continue operating in the saline zone, which would not likely 
occur in reality. 

A very different scenario is displayed in simulations with very high permeability aquifers. Figure 
5.3 shows 2% seawater contours for a high-permeability, low-anisotropy case. In this simulation, 
natural movement of the salt front is very rapid, advancing about 10-20 kilometers over 200 
years. Pumping appears to have little effect on the rate of movement, but sea-level rise has a 
significant effect. This is shown in the contour locations (Figure 5.3) as well as the salinized 
areas (Figure 5.4). The effect of sea-level rise differs in the high-permeability case from the base 
case because its effect propagates deep into the aquifer, rather than remaining only in the very 
shallow, near-shore part ofthe aquifer (as shown in Figures 5.3 and 5.4). 

The large difference between the high-permeability simulation and the base-case simulation 
indicates that the permeability of sediments in the aquifer plays an important role in determining 
the vulnerability of an aquifer to salinization; saltwater will move much more rapidly in a high
permeability low-anisotropy aquifer, and sea-level rise will have a much greater impact. It 
should be noted, however, that the rapidity of the inland movement is so great that this system as 
conceptualized is unrealistic; if the permeability of Bangladesh aquifers were as high as this 
scenario, the saltwater distribution in the subsurface would likely now be in equilibrium with 
current sea level, which would mean that deep groundwater in the coastal zone would all be 
saline, rather than fresh. 
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Figure 5.1 Comparison of 2% Seawater Contours for Simulations of Central Transect 
Homogeneous and Anisotropic Aquifers with Base-Case Permeability Values 
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Base-case permeability values: kh = lx1O-11 m2
, kv lxlO-15 m2

, anisotropy 10,000: 1. Pumping well 
locations are shown in green. 

a. Reference condition: 2% contour initial starting point. 

b. 200-year simulation from the reference condition, with no additional forcing. 

c. 200-year simulation from the reference condition, with a high pumping rate in the deep coastal wells. 

d. 200-year simulation with a 1m sea-level rise from the reference condition. 

e. 200-year simulation from the reference condition with 1m sea-level rise and a high coastal pumping 
rate. 2% contour shown in blue, 2% reference contours shown in black. 
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Figure 5.2 Comparison of Aquifer Area Freshened and Salinized as a Result of Aquifer Forcing for 
Simulations of Central Transect Homogeneous and Anisotropic Aquifers with Base-Case 
Permeability Values 
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Base-case permeability values: kh lxlO-11 m2
, kv IxlO-15 m2

, anisotropy = 10,000:1. All simulations 
are run for 200 years from the reference condition and compared to the no forcing case. Red is area 
salinized and blue is area freshened. 

a. High coastal pumping rate. 

b. 1m sea-level rise. 

c. High pumping rate with 1m sea-level rise. 
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Figure 5.3 Comparison of 2% Seawater Contours for Simulations of Central Transect 
Homogeneous and Anisotropic Aquifers with High Permeability Values 
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Permeability values: kh = lxlO-lO m2
, kv lxlO-13 m2

, anisotropy = 1,000: 1. Pumping well locations are 
shown in green. 

a. Reference condition: 2% contour initial starting point. 

b. 200-year simulation from the reference condition, with no additional forcing. 

c. 200-year simulation from the reference condition, with a high pumping rate in the deep coastal wells. 

d. 200-year simulation with a 1m sea-level rise from the reference condition. 

e. 200-year simulation from the reference condition with 1m sea-level rise and a high coastal pumping 
rate. 2% contour shown in blue, 2% reference contour shown in black. 
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Figure 5.4 Comparison of Aquifer Area Freshened and Salinized as a Result of Aquifer Forcing for 
Simulations of Central Transect Homogeneous, Anisotropic Aquifers with High Permeability and 
Anisotropy 
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Penneability values: kh = lxlO, lO m2
, kv IxlO·13 m2

, anisotropy = 1,000:1. All simulations are run for 
200 years from the reference condition and compared to the no forcing case. Red is area salinized and 
blue is area freshened. 

a. High coastal pumping rate. 

h. 1m sea-level rise. 

c. High pumping rate with 1m sea-level rise. 
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5.1.2 Eastern Transect 

The eastern transect (high-slope) aquifer system exhibits little vulnerability to either pumping or 
sea-level rise. The high slope of the upland hydraulic gradient (high water levels upland) forces 
the salt front offshore. This salt front moves very little over 200 years with pumping, sea-level 
rise, and a combination of both (Figure 5.5). 

Figure 5.5 Comparison of Aquifer Area Freshened and Salinized as a Result of Aquifer Forcing for 
Simulations of Eastern Transect Homogeneous, Anisotropic Aquifers with High Permeability and 
Anisotropy 
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Permeability values: kh Ixl 0-10 m2
, kv IxlO-13 m2

, anisotropy 1,000: 1. All simulations are run for 
200 years from the reference condition and compared to the no forcing case. Red is area salinized and 
blue is area freshened. 

a. High coastal pumping rate. 

h. 1m sea-level rise. 

c. High pumping rate with 1m sea-level rise. 
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5.2 Heterogeneous Aquifers: Pumping and Sea-Level Rise 

Bangladesh aquifers are anisotropic because of the existence of many layers of sand and clay that 
are thin and long. These layers can be seen in the lithologic logs (see Figure 3.3 and Figures A.I 
and A.2). The overall behavior of such aquifers is nearly uniform and anisotropic, as represented 
in the simulations of section 5.1. However, there are some patterns of seawater intrusion in 
heterogeneous aquifers that may not be represented by the homogeneous aquifer models of 
section 5.1. Therefore, several aquifer models with explicit heterogeneities were developed and 
used in simulation. These aquifers have similar anisotropy to the homogeneous base case overall, 
resulting from sand and clay zones that have different but isotropic permeability values. 

Heterogeneous aquifers with base-case permeability values (ksand= lxlO-ll m2
, k c1ay = lxlO-18 m2

) 

display similar vulnerability to both pumping and sea-level rise as the base-case homogeneous 
modeL Pumping affects the rate of salinization slightly more than sea-level rise, but the overall 
rate is slow. This is true for a random configuration of clays, as shown in Figure 5.6 and Figure 
5.7, and also for an ordered configuration, as shown in Figure 5.8. 

Increasing the permeability of the sand in the random heterogeneous case increases the overall 
anisotropy slightly, from a ratio of 7,200:1 to 7,400:1 horizontal to vertical permeability. This 
change increases the rate of migration of the salt front, but pumping and sea-level rise have little 
effect on that rate (Figure 5.9 and Figure 5.10), similar to the base-case homogeneous and 
heterogeneous simulations. 

Note the fate of the 20-kilometer-wide freshwater pocket at 300 meters depth just inland of the 
coast. This pocket is located where its freshwater would be pumped by the coastal wells. It is 
clear that pumping, and not sea-level rise, limits the time of sustainability of this limited local 
resource (Figure 5.7 and Figure 5.10). 
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Figure 5.6 Comparison of 2% Seawater Contours for Simulations of Central Transect 
Heterogeneous Aquifers with Base-Case Permeability Values: Random Clay 
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Permeability values: kSand = Ix 1 0.11 m2
, k clay lxlO-18 m2

, anisotropy = 7,200: 1; random clay 
configuration. Pumping wclliocations are shown in green. Low-hydraulic conductivity clay lenses are 
shown in red. 

a. Reference condition: 2% contour initial starting point. 

b. 200-year simulation from the reference condition, with no additional forcing. 

c. 200-year simulation from the reference condition, with a high pumping rate in the deep coastal wells. 

d. 200-year simulation with a 1m sea-level rise from the reference condition. 

e. 200-year simulation from the reference condition with 1m sea-level rise and a high coastal pumping 
rate. 2% contour shown in blue, 2% reference contour shown in black. 
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Figure 5.7 Comparison of Aquifer Area Freshened and Salinized as a Result of Aquifer Forcing for 
Simulations or Central Transect Heterogeneous Aquifers with Base-Case Permeability Values: 
Random Clay 
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, anisotropy = 7,200:1; random clay 
configuration. All simulations are run for 200 years from the reference condition and compared to the no 
forcing case. Red is area salinized and blue is area freshened. 

a. High coastal pumping rate. 

b. 1m sea-level rise. 

c. High pumping rate with 1m sea-level rise. 
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Figure 5.8 Comparison of 2% Seawater Contours for Simulations of Central Transect 
Heterogeneous Aquifers with Base-Case Permeability Values: Ordered Clay 
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Permeability values: ksand= lxlO· ll m2
, k clay = lxlO-18 m2

, anisotropy = 7,200:1; ordered clay 
configuration. Pumping well locations are shown in green. Low hydraulic conductivity clay lenses are 
shown in red. 

a. Reference condition: 2% contour initial starting point. 

b. 200-year simulation from the reference condition, with no additional forcing. 

c. 200-year simulation from the reference condition, with a high pumping rate in the deep coastal wells. 

d. 200-year simulation with a 1m sea-level rise from the reference condition. 

e. 200-year simulation from the reference condition with 1m sea-level rise and a high coastal pumping 
rate. 2% contour shown in blue, 2% reference contour shown in black. 
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Figure 5.9 Comparison of2% Seawater Contours for Simulations of Central Transect 
Heterogeneous Aquifers with a High Sand Permeability Value 
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Penneability values: ksand IXW-lO m2, k clay lxW-18 m2
, anisotropy = 7,200:1. Pumping well locations 

are shown in green. Low hydraulic conductivity clay lenses are shown in red. a. Reference condition: 2% 
contour initial starting point. 

b. 200-year simulation from the reference condition, with no additional forcing. 

c. 200-year simulation from the reference condition, with a high pumping rate in the deep coastal wells. 

d. 200-year simulation with a 1m sea-level rise from the reference condition. 

e. 200-year simulation from the reference condition with 1m sea-level rise and a high coastal pumping 
rate. 2% contour shown in blue, 2% reference contour shown in black. 
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Figure 5.10 Comparison of Aquifer Area Freshened and Salinized as a Result of Aquifer Forcing 
for Simulations of Central Transect Heterogeneous Aquifers with a High Sand Permeability Value 
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Permeability values: ksand= lxlO-lO m2
, k clay lxlO-18 m2

, anisotropy 7,200:l. All simulations are run for 
200 years from the reference condition and compared to the no forcing case. Red is area salinized and 
blue is area freshened. 

a. High coastal pumping rate. 

b. 1m sea-level rise. 

c. High pumping rate with 1m sea-level rise. 
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5.3 Heterogeneous Aquifers: Storm Surge Inundation 

Storm surges cause flooding of saline water in the coastal zone for a period of time. Water that 
infiltrates the aquifer during that time may flush out rapidly, or it may fall into the aquifer, 
causing salinization of fresher groundwater. Because saltwater is denser than freshwater, it tends 
to fall, but whether this will occur depends on specific local conditions. 

The worst-case storm surge situation would fill the entire unsaturated zone with saltwater, above 
fresh groundwater, while filling all topographic depressions with saltwater ponds that infiltrate in 
the weeks following flood recession. The saltwater would infiltrate faster into isotropic sands 
than into a homogeneous, anisotropic aquifer, because in the latter, the vertical permeability is 
low everywhere, inhibiting vertical movement. For this reason the heterogeneous aquifer system 
is used for simulations of storm surge impacts on the aquifer. The high pumping rate is used 
because this would lead to the most infiltration of saltwater. The storm surge was assumed to 
inundate the seaward 50 kilometers of the coastal zone, and, for simplicity, saltwater was 
assumed to instantaneously infiltrate the top 2 meters of the aquifer. In should be noted that in 
areas that are fully saturated with freshwater, infiltration would instead occur from standing 
saltwater bodies. The evolution of the saltwater was simulated over a period of 200 years. 

The effects of a single storm surge inundation onto a previously fresh aquifer are shown in 
Figure 5.11. The saltwater sinks slowly into the aquifer. Where there are clays between the 
surface and the wells, the saltwater remains shallow. Where there is only sand between the 
surface and the wells, water with relatively low salinity (less than about 5% seawater) falls 
approximately halfway to the wells in 200 years. 
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Figure 5.11 Infiltration of Saltwater due to a Single Storm Surge Inundation over a 200-
Year Period for a Heterogeneous Aquifer with Base-Case Parameters and a High Pumping 
Rate 
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Should stonn surges occur periodically, the situation becomes different. Because saltwater 
remains in the system for a long period of time, salt builds up in the shallow part of the aquifer 
between stonn events. The periodic addition of water with seawater salinity increases the salinity 
of the infiltrated saltwater, increasing the density contrast and causing saline water to fall more 
readily. Figure 5.12 illustrates results of a 200-year simulation in which stonn surges occur every 
10 years. In this case, saline water falls to the level of the wells or to an intennediate clay layer. 
This salinizes the upper part of the aquifer and causes salinization of deep wells after 200 years. 
This intrusion pathway salinizes (for the base case) a much larger area of the aquifer than any of 
the other pathways (Table 5.1). 

This means that heterogeneous aquifers may be highly vulnerable to periodic inundations by 
stonn surges. Climate change may exacerbate these effects. As sea level rises and the coastline 
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moves landward, storm surges will salinize areas that were previously fresh and unaffected by 
storm flooding. In areas near the current coastline, shallow groundwater is already largely saline, 
and not used for drinking. However, in upland areas that are currently unaffected by storm 
surges, shallow groundwater may be an important water source that would be spoiled by 
salinization. If climate change results in more intense and frequent storms, as predicted by IPCC 
(2007), aquifers may become even more vulnerable to this salinization mechanism. More intense 
storms may cause flooding farther onshore than had occurred previously, causing salinization of 
previously fresh shallow systems. More frequent storms will add more salt to already saline 
systems. Thus storm surges may be a significant mechanism of salinization as climate changes in 
the future. 

Figure 5.12 Infiltration of Saltwater due to a Periodic Storm Surge Inundation Every 10 Years over 
a 200-Year Period for a Heterogeneous Aquifer with Base-Case Parameters and a High Pumping 
Rate 
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5.4 Sensitivity Analysis 
The geologic properties of aquifers (heterogeneity and penneability) most control the 
vulnerability of coastal aquifers to salinization; sensitivity to these parameters is discussed 
above. Other parameter values and boundary conditions were varied in order to explore the full 
range of sensitivity of coastal aquifer systems to model assumptions and parameter values. These 
tests are listed in Appendix B. 

In general, changes in porosity result in a nearly proportional change in the rate of salt migration: 
a decrease in porosity corresponds to a proportional increase in migration rate. Changes in 
dispersivity, the amount of mixing that occurs as fluid flows through aquifers, have little effect 
on vulnerability; salinity gradients become slightly smoother. The right and left vertical 
boundaries ofthe model were changed to be open and closed to flow. Opening the left boundary 
has little effect on the rate of lateral movement of saltwater across the model domain; once the 
boundary is reached, lateral movement ceases. Closing the left boundary slightly reduces the rate 
of lateral movement across the model domain. Because the effects of each of these changes are 
slight, the conclusions drawn above appear to be valid for a range of aquifer conditions. 

59 





6. Discussion and Recommendations 

These results illustrate that the coastal aquifers of Bangladesh are indeed vulnerable to 
salinization, whether natural, human induced, or due to future changes in climate. The current 
coastal groundwater situation is already strongly impacted by historical sea-level rise and 
proximity to the sea, particularly in the low-elevation central part of the delta. The same 
salinization processes that have occurred since the last glacial maximum (long-term sea-level 
rise) and that occur at present within the coastal zone (saline flooding from storm surges) will 
continue to occur in the groundwater, even as land is potentially lost under a transgressing sea. 
This pragmatic view implies that study, understanding, and management oftoday's coastal zone 
will provide the insight needed to manage a future coastal zone, when it may be in a different 
location. 
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6.1 Primary Salinization Processes: Summary of Findings 

The analytical findings on the three primary salinization processes impacting sustainability of the 
coastal zone groundwater resource that were modeled and discussed in this report are 
summarized in the following three subsections. 

6.1.1 Continued Lateral Saltwater Intrusion from Sea-Level Rise Since the Last Glacial 
Maximum 

Sea-level rise has been occurring for thousands of years. During this time, land area was lost to 
the sea, and this will occur with future sea-level rise. Once below the transgressing sea, 
groundwater is no longer considered a resource in this study. 

If the hypothesis that the current subsurface salinity distribution is out of equilibrium with 
present sea level is correct, then the lateral saltwater intrusion will likely continue in the central 
region of the Bengal Basin aquifer for several more thousands to tens of thousands of years, even 
if sea level does not increase further. At its equilibrium position, the intruding saltwater body 
will finally extend far inland, allowing only a thin freshwater body above. Equilibrium means 
that the saltwater body will remain stationary in the subsurface unless additional sea-level 
ehange or other human stress (for example pumping) or climate change consequence (for 
example decreased recharge) occurs. The significant inland extent of equilibrium saline 
groundwater is due to the low slope of the land surface and the resulting low lateral freshwater 
hydraulic gradient that would hold back the intruding seawater if the gradient were much greater. 
For the range of conditions considered in this study, the intrusion rate towards the equilibrium 
position is extremely slow (for example, less than 1 kilometer after 200 years for the 
homogeneous case). When this intrusion reaches equilibrium, much of the aquifer in the southern 
part of the central low-topography region of Bangladesh (both deeper and shallower parts) would 
be salinized. Only very shallow freshwater resources would remain, even far inland of the 
current coastal zone. Should sea level continue to rise, whether due to natural or human causes, 
the inland extent of ultimate intrusion, particularly in the central region, would be even greater 
than if the sea remained at today's level. 

6.1.2 Pumping-Induced Salinization 

The distribution of fresh groundwater and slowly intruding (laterally) saltwater may be irregular, 
with pockets of freshwater oceurring within saltwater, and pockets of saltwater occurring within 
freshwatcr. This spatial irregularity is due to the hydrogeologic structure of the aquifer 
sediments. The pattern may always be difficult to understand or predict due to its complexity. 
Any attempts to better define the current distribution of saline and fresh groundwater will require 
that detailed field data be collected. 

Pumping accelerates the movement of both freshwater and saltwater toward well intakes. This 
implies that pumping will cause local salinization of wells where well intakes are near the 
boundaries of a freshwater zone or pocket. Abandonment of such wells may become necessary 
and freshwater resources may become exhausted and unavailable in some areas. The only 
possible exception is in the case that there is a large-scale confined aquifer at depth, recharged in 
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high-elevation regions at the margins of the basin (if the hypothesis that the salinity distribution 
is out of equilibrium with present sea level is incorrect). In this case, it is possible that a 
stationary position of the freshwater-saltwater transition zone can be established via proper 
management of pumping in the confined aquifer. However, there is no indication within current 
data that such an aquifer exists, and a program of field data collection would be required to 
confirm or deny its existence. Furthermore, simulations not reported here indicate that this 
scenario is probably physically (hydraulically) impossible within the bounds of what is known 
about the hydrogeology of the system. 

6.1.3 Continued Saltwater Intrusionfrom Periodic Storm Surge Flooding of the Coastal 
Zone 

Floods can carry saltwater far inland of the coast (as much as 50 kilometers), providing a source 
of contaminant to the entire coastal zone aquifer. Whereas lateral intrusion is a slow process, 
taking hundreds to thousands of years, vertical saltwater intrusion from above is a relatively fast 
process, occurring over months and years. Saline floodwater penetrates quickly to significant 
depths (tens to hundreds of meters) where vertical hydraulic conductivity is high (coarse 
sediments). However, clay or silt layers, where they exist, impede the vertical migration of 
saltwater, providing some protection for freshwater below the layers. The length of time of such 
protection depends on the thickness, hydraulic conductivity, and lateral extent of the layer that 
blocks the saltwater migration. If saltwater eventually flows vertically downward around the 
edge or through such a layer, the wells below it may become salinized. Assessing this potential 
for any given set of wells requires careful fieldwork. 

Flushing of saltwater can be a slow process. If saltwater floods occur regularly, for example once 
every 10 years, salt concentrations in soils and shallow groundwater (that would otherwise be 
fresh) can build up. Thus, the flooding process is one plausible explanation for the observed high 
salinity in the shallow part ofthe coastal zone aquifer. If, instead, the saltwater in the shallow 
aquifer is old, deposited 10,000 years ago together with the sediments in which it resides, this 
saltwater is likely not a threat to the water quality of the deeper freshwater resource as it cannot 
migrate downward unless strong pumping occurs directly beneath the layer. If natural downward 
migration had been possible, the saltwater in the shallow zone would already have been flushed 
out, downwards by density-driven flow or upwards by regional groundwater flow. 

6.1.4 Technical conclusion 

These findings suggest that the direct impacts of sea-level rise on coastal inundation and extent 
of storm surges is of greater concern for groundwater conditions than classical lateral intrusion. 
Moreover, pumping in these areas, even without climate change, is an important determinant of 
salinization rate. Further, salinization rates are dependent on the specific characteristics of the 
aquifer, both the pattern of more and less permeable sediments and the magnitude of their 
permeability and porosity. Sea-level rise may shorten the lifetime of the fresh groundwater 
resource in the current coastal zone, although this impact may not appreciably change the rates of 
the salinization processes already occurring before any sea-level rise. 
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6.2 Vulnerability of Deep Aquifer Supply 
Given these model results, the overall vulnerability of the deeper portions of the coastal aquifer 
(the primary source of freshwater for economic activity and livelihoods in the coastal zone) of 
Bangladesh can be summarized as follows: 

• Vulnerability to vertical infiltration of saltwater due to periodic storm surge flooding is 
significant, particularly in parts of the aquifer where clay layers above pumping wells are 
absent. 

• Vulnerability to lateral saltwater migration due to sea-level rise depends on aquifer 
hydraulic properties. More permeable regions of the aquifer are more vulnerable than less 
permeable regions, but this salinization process is very slow. 

• Vulnerability to pumping-induced mixing of preexisting fresh and saline groundwater or 
increasing saltwater migration rates may be ubiquitous, particularly where pumping 
occurs from freshwater pockets surrounded by saltwater. 

• Aquifers in areas with lower topographic relief (central delta) are much more vulnerable 
to all three intrusion pathways than aquifers in higher-relief (eastern delta) areas. 

The modeling study has also provided insight into the effects of aquifer heterogeneity. Explicitly 
represented low-permeability units create complex groundwater flow fields and result in 
complicated salinity distributions. In addition, 5,OOO-year to 50,OOO-year simulations of 
heterogeneous aquifers beginning from all-fresh conditions indicate that aquifer heterogeneity 
can give rise to subsurface salinity distributions that are consistent with current understand of 
subsurface saltwater distribution based on analysis of subsurface salinity data. Better 
characterization of this heterogeneity is critical to effective management of current water use 
and to identifYing alternative possible freshwater sources. 

6.3 Limitations of the modeling analysis and future directions 
This study only aims to better understand the generic physics of the basin system representing 
general features and conditions along the coast of Bangladesh. The modeling analysis presented 
here is limited to simplified cross-sectional aquifer systems and individual salinization 
mechanisms. These simple simulations are designed to capture the range of possible current 
conditions and future changes and to identify controlling factors and primary effects. Future 
work may include more complexity and may add more hydrologic and geologic realism to the 
models. A much greater range of patterns of heterogeneity may be explored, including longer 
and thicker clay lenses, for example. More realistic topography and expansion into three 
dimensions may influence flow patterns and salinization. In addition to a wider range of 
hypothetical conditions, trends along the coastline and local conditions may be different from 
these simple systems and should be considered in future analyses, particularly where water 
management decisions are being made. Continued detailed modeling efforts concomitant with 
data collection are critical to better understanding the spatial and time scales of these processes. 
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6.4 Improving the Management of Coastal Aquifers 
Proper management of the coastal aquifer in the current situation is a prerequisite to management 
and mitigation of future salinization problems caused by possible sea-level rise. It is quite clear 
that concerns about future problems are secondary to existing concerns about coastal 
groundwater resources. Indeed, saltwater intrusion is already occurring in many coastal areas of 
Bangladesh, for example in Khulna (LGED and BRGM 2005). Mitigation and alternative 
freshwater supplies are already needed. Improving land and water management today can only 
help mitigate future salinization problems, as caused, for example, by future sea-level rise. 

The deep, currently fresh coastal groundwater is likely not a permanent resource, even with no 
sea-level rise, but careful management may enable use of the resource for very long periods of 
time. Natural processes are causing the inland migration of subsurface seawater, but the aquifer 
system varies locally and regionally across the coastal zone. Thus, careful measurements, 
characterization, and analysis today are necessary to identify areas within the coastal zone from 
which fresh groundwater can be extracted sustainably and to determine best management 
practices for more vulnerable areas. 
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As was described in section 3, limited data exist regarding the distribution and temporal 
characteristics of a variety of water quality parameters (in addition to salinity) in the coastal area. 
Moreover, what limited information is available is fragmented. This only further highlights the 
importance of proper institutional arrangements for managing the coastal zone and consolidation 
of information. Although the Coastal Development Strategy articulates institutional 
arrangements for implementing ICZM (section 2), these arrangements to date have not been 
active or effective (W ARPO and EKN 2009). 

Notwithstanding the institutional challenges to implementing and mainstreaming ICZM 
programs and activities, pumping is likely to increase in the coastal zone. Thus, it is clear from 
this study that a sufficiently robust monitoring network is critical to ensuring the management of 
the coastal resources (current and future). This is especially true in the context of climate change 
and potential sea-level rise; that is, monitoring is a prerequisite to being able to adapt to future 
changes. 

To better characterize these aquifers, a network of observation wells, installed for the specific 
purpose of hydrogeologic and geochemical data collection and monitored on a regular basis, is 
required. The data collection should be designed to give very dense spatial information in both 
lateral and vertical directions in particular study areas, supplemented by more sparse data 
distributed throughout the coastal zone. Basic chemistry and temperature data in both saline and 
brackish zones at various depths of the aquifer are needed to fully understand the current flow 
field and salinity distribution. Of particular importance for predicting rates of saltwater intrusion 
are monitoring wells installed in the transition zone between fresh and saline groundwater. An 
increase in salinity in these wells over time will indicate ongoing saltwater encroachment. 

When wells in the coastal zone are installed, the sedimentary column at each observation well 
should be observed and recorded during drilling. This will improve knowledge of the overall 
aquifer structure, a key identified driver. Stable and carbon isotope sampling of groundwater 
would clarify the age and origin of both fresh and saline groundwater. This will improve 
understanding of how the system responded to past changes in climate, allowing prediction of 
future saltwater migration and overall resource sustainability. From a pragmatic view, this 
monitoring program will help to give early warning of impending salinization of production 
wells. The initiation of activities to augment water supplies can begin when intrusion is noticed 
in an area, because intrusion is sometimes a relatively slow process. 

Given that storm surges may be a primary salinization mechanism, improved modeling (both 
current and future) and monitoring of these events will be critical from the groundwater 
management perspective. This will help to better delineate areas more vulnerable to storm 
surges. To date, despite the strong capacity in forecasting and early warning preparedness for 
floods, the technical capacity to model storm surges and consequent salinity impacts remains 
weak. Structural investments to protect against these events are also certainly possible, but must 
be evaluated. Quick removal of standing saltwater following flood recession may be a critical 
intervention in preventing aquifer salinization. 
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Finally, this study only aims to better understand the generic physics of the system, representing 
general features and conditions along the coast of Bangladesh across various aspects of human 
activity and climate change. Precise future estimates of localized salinization are unavailable. 
Thus, continued detailed modeling efforts concomitant with data collection are critical to better 
understanding the spatial and time scales of these processes. These studies should evolve over 
time as information is collected and understanding of local and regional conditions and processes 
are better understood. This is critical in supporting long-term planning and development efforts 
by the government in the coastal zone. 
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Appendix A. Data Sets 

A.I Litholog Data 

Figure A.I Litholog Data: East-West Transects 

Top panel is map of litho log locations and east-west transect lines 1-16. Other panels are profiles of 
litholog data located along each transect line 1-16. 
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Figure A.l, continued 
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Figure A.2 Litholog Data: North-South Transects 

Top panel is map oflitholog locations and north-south transect lines A-A' to HH-HH'. Other panels are 
profiles of litho log data located along each transect line. 
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Figure A.2, continued 
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Figure A.2, continued 
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Figure A.2, continued 
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Figure A.2, continued 
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Figure A.2, continued 
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Figure A.2, continued 
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Figure A.2, continued 
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A.2 Porewater Salinity Data 

Figure A.3 Subsurface Chloride Concentration Data: East-West Transects 

Top panel is map of well locations and east-west transect lines 1-16. Other panels are profiles of salinity 
data located along each transect line 1-16. 
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Figure A.3, continued 
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Figure A.3, continued 
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Figure A.4 Subsurface Chloride Concentration Data: North-South Transects 

Top panel is map of well locations and north-south transect lines A-A' to BB-BB', Other panels are 
profiles of salinity data located along each of the transect lines, 
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Figure A.4, continued 
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Figure A.4, continued 
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Figure A.4, continued 

I Q Q-Q' I I ~ L-I _____ -----'9' Q 

i i ~; 

~ 

q 

~ 

It;sJJ.JJJ 

:; 

~ 

11m~ 

~ • 
2,'HlJ»,; 

" 

" . 

-. 

":.-.~ .... -_-v... '. -. -

2JBl,QlXl 

;2 
... 

S-S' 

". 

HOOJl)J 2,..,.M 2;400!Ul 

T-T' 

1i'OOooo 2.4BlJH; 2..tOO...., 

~-,~--------------------------------------------------------------------Ir-~ 

..... .t!'. _~ 
: ... ..;..,.......... .. 

v V-V' 
~-.L-____________________________________________________________________ ~ 

-":.,. 

86 



Figure A.4, continued 
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Figure A.S Maps of Chloride Concentrations Measured at Various Depth Intervals 
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Appendix B. Technical Report on Numerical Modeling 

Domain Outline and Discretization 

The distribution and flow of saltwater was simulated numerically using the SUTRA (Voss and 
Provost 2002) finite element model. The model domain was discretized spatially and temporally 
to generate stable and accurate solutions with a maximum efficiency in computation. 

The model domains were divided into terrestrial and subsea components (Figure 8.1). The 
topographies of the high- and low-sloped cross-sections were differentiated in the terrestrial 
domain, with the low-sloped section dropping 0.5 meters per 10,000 meters, and the high-sloped 
section dropping 5 meters per 10,000 meters (Figure 8.2). The topography of the subsea domain 
was the same for both models, with a 0.5-meter drop per 10,000 meters (Figure B.3). 

Figure B.1 Model Domain Outline 
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Terrestrial Domain Sub-sea Domain 

Figure B.2 Model Topography, Terrestrial Domain 
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Figure B.3 Model Topography, Subsea Domain 
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Each component of the model domains was assigned a specific number of quadrilateral elements 
in the vertical and lateral directions (Figure BA). As a general rule, the mesh density increased 
with the complexity of the model (Figure B.5, Table B.1). The elements were distributed in a 
quasi-rectangular "fishnet mesh" pattern, which reduced the instability and large computation 
times associated with an irregularly shaped finite element mesh while still allowing enough 
resolution to investigate the system (Figure B.6). 

Figure B.4 Discretization of Cross-Sections Applied to Lateral Movement of Saltwater 
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Figure B.5 Increased Mesh Density at Top of Cross-Section to Investigate Vertical Infiltration of 
Saltwater from Storm Surges 

100 ElemenlS in 
y.Direction 

Low Slope Cross-Section • Heterogeneous 

Table B.1 Mesh Discretization 

10 Elements InJ 
y.Direction 

Cross-section Node number Element number 

Low slope: homogeneous 12,726 12,500 

Low slope: heterogeneous 15,251 15,000 

High slope: homogeneous 15,251 15,000 

Low slope: heterogeneous 16,761 16,500 

Figure B.6 Fishnet Mesh 

91 



Boundary Conditions 

A constant pressure was assigned to the top and right (seaward) edge of the cross-section (Figure 
B. 7). The terrestrial component of the boundary was assumed to be phreatic and all nodes were, 
therefore, assigned a pressure value of 0 pascal. Nodes on the subsea component of the boundary 
were assigned pressure values calculated from the hydrostatic pressure equation for a column of 
seawater: 

Equation B.1 Hydrostatic Pressure 

p(p(C)) = p(C)gy 

~ lp(Co)+ ~ c,)gy (Voss, Boldt, and Shapiro 1997) 

Where: 

P = Hydrostatic pressure [Pa] 

p(C) = Fluid density [kg/m3] 

p(Co) = Fluid density at base concentration, Co [kg/m3] 

Bp 

BC 
= Expansivity 

= 700 kg/m3 [constant] (Voss and Provost 2002) 

Cs = Solute mass fraction in seawater [kg solvent/kg water] 

= .0357 kg/kg (Voss and Provost 2002) 

g = Gravitational acceleration 

= 9.81 rn/s2 (Serway 1996) 

y = Depth in cross-section (m) 

The bottom and left edges of the cross-section were set as no-flow boundaries and were, 
therefore, not assigned pressure values. A freshwater concentration of 0.0 kg/kg was assigned to 
external fluid entering the system through the terrestrial component, while a seawater 
concentration of 0.0357 kg/kg (100% seawater) was assigned to the subsea component. A 1-
meter sea-level rise was simulated by increasing the depth in the cross-section (the y-variable) by 
1 meter and recalculating the hydrostatic pressure equation. 
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Figure B.7 Constant Pressure Boundary 
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Aquifer Properties 

The variable geology of the coastal aquifer was represented as either (a) a homogeneous unit 
with a high anisotropy; or (b) a heterogeneous unit of isotropic sand with interbedded units of 
clay. The 10,000: 1 anisotropy assigned as a base condition to the homogeneous unit was realized 
by assigning a permeability value of 5e-ll m2 mls in the direction of maximum flow and a 
permeability value of5e-I5 m2 in the direction of minimum flow. These values were adjusted 
depending on the type of sensitivity test. 

The heterogeneous unit was composed of a background isotropic unit overlaid with low 
permeability layers. The dimension and number of layers was calculated through the application 
of a model by Begg and King (1985). 

The low permeability layers were distributed throughout the cross-section in either an ordered, 
brick-like, pattern, or in random patterns. The random patterns were developed by choosing x,y 
values within the model domain using the Microsoft Excel 97 random number generator (the 
Rand function). In simulations carried out in this report the randomly generated pattern of low
permeability layers was adjusted manually to either prevent the obstruction of pumping nodes or 
because there was an unrealistic skewing of too many or not enough layers in certain regions of 
the model. 

Anisotropies of the heterogeneous units were calculated by running steady-state simulations with 
only freshwater in the model domain and constant head boundaries assigned to allow either 
lateral or vertical flow (Figure B.8). The effective vertical and lateral hydraulic conductivities for 
the heterogeneous aquifer fabric were calculated from the simulated discharge using Darcy's 
Law. 
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Figure B.8 Boundaries for Steady-State Simulations 

~ut,cified Head 

No Flow 

Pumping 

The total estimated pumping rates in the upland and coastal zones were distributed evenly among 
nodes within each of the pumping zones. 

Temporal Discretization 

The length of a time step was determined based on the stability of the simulation (ability to 
converge and the degree of resolution needed to interpret the results) (Table B.2). Smaller time 
steps were assigned to storm inundation scenarios to increase stability and resolution. 
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Table D.2 Temporal Discretization 

Scenarios Time step length (years) Number of time steps 

Storm inundation (200 years) 0.083 2,400 

Storm inundation (10 years) 0.083 120 

All other simulations (200 years) 1.0 200 

Initial Conditions 

Simulation of saltwater and freshwater migration in the aquifer required two steps. The first step 
involved the initial simulation of an aquifer to be tested (reference aquifer), while the second step 
involved the application of each of the climate change scenarios themselves. Because the aquifer 
was assumed to be in a transient state with the saltwater continually encroaching over time, the 
simulation of the reference aquifer condition required a starting condition of all freshwater in the 
model domain. This, however, proved to be impractical because the large difference in 
concentration at the subsea boundary (100% seawater at the boundary vs. 0% seawater in the 
cross-section) prevented convergence of the numerical solver. This was mitigated by introducing 
a block of seawater at the far end ofthe subsea domain (Figure B.9). The evolution of the aquifer 
condition over 15,000 years was simulated, and taken as the reference condition for the 
homogeneous base case. The location of the transition zone in the homogeneous base aquifer 
served as an approximate marker for the target location of the transition zone in other reference 
condition simulations. Development of each reference condition (different for each model) 
involved simulation until a transition zone in the approximate location of the base-case reference 
condition was reached (Table B.3). 

Figure D.9 Initial Condition for Reference Aquifer Simulation 
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Table B.3 Reference Aquifer Simulation Features 
----- ----------

Permeability in 
maximum/minimum 

Aquifer property Slope directions (m2
) 

-------

Homogeneous: base Low Se-ll/Se-IS 
-------

! Homogeneous: high permeability Low 5e-1O/Se-13 

Homogeneous: high permeability Low 5e-1O/5e-14 
-----------

Homogeneous: low dispersivity Low Se-ll1Se-15 
--------------

Homogeneous: high penneability High Se-l0/Se-13 
---------- ----------

Heterogeneous: base Low Se-ll/5e-ll 
-------------- --------------

Heterogeneous: high permeability Low Se-] O/Se-l ° 
Heterogeneous: low dispersivity Low 5e-ll1Se-ll 

Heterogeneous: base Low Se-1115e-ll 
--------------

Heterogeneous: base Low Se-l1/Se-l1 

Heterogeneous: high permeability Low Se-10/Se-10 

Longitudinal 
dispersivity 

(max/min) (m) 

250/2.5 

250/2.5 

100/1.0 

250/2.5 

2S0/2.5 

2S0/2.5 

100/1.0 

250/2.S 

250/2.S 

250/2.S 

----------

Initial Initial 
freshwater seawater Run time 

Clay pattern extent (km) extent (km) (years) 

n.a. 280 20 15,000 

n.a. 280 20 6S0 
--------------

n.a. 280 20 1,400 
----------

n.a. 280 20 lS,OOO 
----------- -------

n.a. 280 20 20,000 
-----------

Random 230 70 11,500 

Random 230 70 1,000 

Random 230 70 11,500 
---------- ---------

Random: 
280 20 10,000 

inundation 

i Ordered 280 20 10,000 

Ordered 280 20 1,000 
---------- ---------- ------
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Table B.4 Intrinsic Parameters 

Fluid properties 

Compressibility (kg/[ m·s2])'l 
----------

i Diffusivity (m2/s) 
f--......... ----------

Density (kg/m3
) 

Base solute concentration (kgsolute/kg) 
--------

Coefficient of fluid density 
Change with concentration (kg2/[m3

. kgsoJute) 
_ ........ ----------

Viscosity (kg/[ m·s]) 

--------

Properties of sediments 
-------------

I Compressibility (kg/[ m·s2
])" J 

Grain density (kg/m3) 

Gravitational acceleration (m/s2
) 

4.47e-10 
----------

1.0e-09 
----------

1,000 

0.0 

700 

.001 

1.Oe-08 

2,600 

-9.81 
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Table D.5 Varied Parameters for Homogeneous Aquifer Simulations (200-Year Simulations) 

Climate "-bllity Permeability Longitudinal Long~tudlnal Transverse Transverse 

Aquifer Fabrk: I Sl"",,1 Clay Pattorn I Change 
Pumplng 

(maximum (minimum Clay PenneabiUty 
Dispersivlty in Oisperslvlly In Dlspersivity in Oisperslvlty In 

Scenario 
Scenario 

direction) [mz] direction) 1m'] 
the Maximum the Minimum the Maximum the Minimum 
Direction (m) Olractlon (m) Olrectlon(m) OIraction (m) 

Homogeneous 
NOIllI 

No 
5,OOE·11 S.QOE·15 250,0 2,5 0,01 0.01 Anisotropic Pumping 

No 

Pump Rate 
Pump Rate Pump Rate Lell 

Porosity Domestic 
Inland Inland Boundar: 

(kg/5) 
Domestic Irrigation Fre$hwater 

(kg/5) (kg/5) End) 

0.2 0.00 0,00 0,00 CloHd 



1.0 
1.0 

Table B.6 Varied Parameters for Heterogeneous Aquifer Simulations (200-Year Simulations) 

Aquifer Properties 

Climate Penneabillty Permeability Longitudinal l<lngltudlnal Transverse Trans:verse 

Aquifer Fabric Slope Clay Pattern Change 
Pumping 

(maximum (minimum Clay Permeability 
Disper'slvity in Dispersivity In Dispersivity In Dispersivity in 

Scenario 
Scenario 

direction) [m'] dlroction)lm'l 
the Maximum the Minimum the Maximum the Minimum 
Dlreetion (m) Direction (m) Dlreetion (m) Direction (m) 

tieterogeneous Low Random None 
No 

5,OOE-ll 5,OOE-ll 5,ooE-18 250,0 2.5 0,01 0,01 
Pumping 

Heterogeneous Low Random 
Sea Level No 

5,OOE-ll 5,OOE-ll ',OOE-18 250.0 2,' 0,01 0,01 
Rise Pumping 

Heterogeneous Low Random None High 5,OOE-l1 5,OOE-l1 5.00E-18 250,0 2,5 0,01 0,01 

Heterogeneous Low Random 
Sea Level 

High 5,OOE-l1 5.00E-l1 5.00E-18 250.0 2,5 0.01 0.01 
Rise 

HeterogeMous low Random 
$&8 Level 

High S,OOE-ll 5.0DE-l1 S,OOE·18 250.0 2.5 0.01 0.01 
fillse 

Heterogeneous Low Ftaindom None 
No 

5.00E·l0 5.00E-l0 S.00E·18 250,0 2,5 0.01 0,01 
Pumping 

Heterogen6OUs Low Random 
Sealevel No 

5.00E-l0 MOE·l0 5.00E-18 250,0 2.5 0,01 0.01 
Rise Pumping 

Heterogeneous Low ~ndom None High 500E-l0 S.OOE·l0 S.OOE-18 250.0 2,5 0.01 0.01 

Heterogeneous Low Random 
Sea Level 

High 5,OOE-l0 S.00E-l0 5.00E-18 250.0 2,5 0.01 0.01 
Rise 

Heterogeneous Low Random None 
No 

5.ooE·ll 5.00E-l1 5.00E·1S 100.0 1.0 0,01 0.01 
Pumping 

H4ttafogeneous Low Random 
Sea Level No 

5,OOE-ll 5,ODE·11 5.ooE-IB 100,0 I,D 0,01 0,01 
Rise Pumping 

Heterogeneous Low Random None High 500E·II 5,OOE·11 5,OOE-18 100.0 1.0 0.01 0.01 

Heterogeneous Low Random 
Sea level 

High 5.00E-ll 5.00E·ll 5.00E-18 100.0 I,D 0,01 0.01 
Rise 

Random 
Coastal 

Heterogeneous Low Impert1l&able 
Inundation 

High 5,OOE·l1 5.00E·ll S.OOE-18 250.0 2,5 0,01 0,01 
Sea Bed 

--------

Random 
Coastal 

Heterogeneous Low Impenneable 
Inundation 

High S.OOE-l1 S.00E·l1 ,.oof-IS 250.0 2,5 0.01 0.01 
SeaBed 

Random Co .. tal 
Heterogeneous Low Impermeable Inundation High 5.00E-ll S.ODE·ll 5.00E-IS 250,0 2.5 0,01 0.01 

SeaBed (10 yr cycl •• ) 

Heterogeneous Low Ordered None 
No 

S.OOE-l1 5.00E-l1 S,OOE-IS 250,0 2.5 0.01 0.01 
Pumping 

Heterogeneous Low Ordered 
Sea Level No 

5.00E-ll S.OOE·ll 5.00E-18 250.0 2,5 0,01 0,01 RI .. Pumping 

Heterogeneous Low Ordered None High 5.00E-l1 S.00E·l1 5.00E-18 250.0 2.5 0.01 0,01 

Heterogeneous Low 0nl8fod 
Sea Level 

High 5.00E-l1 S.00E-l1 S.00E-18 250,0 2.S 0.01 0.01 
Rise 

Heterogeneous Low Ordered None 
No 

S,OOE-l0 5.00E-l0 5,OOE-IS 250.0 2.5 0.01 0,01 
Pumping 

Heterogeneous Low Ordered 
Sea Level No S,OOE-l0 MOE·l0 5.00E-18 250.0 2.5 0.01 0.01 

Rise Pumping 

Heterogeneous: Low Ordered None High 5.00E-l0 5,OOE-l0 5,OOE-18 250.0 ~-~i5 0.01 0.01 

HeterogeneoU$ Low Ordered 
So Level 

High 5.00E-l0 5,OOE-l0 5,OOE-18 250,0 2,5 0.01 0,01 
Rise --

Pump Rates 

Pump Rate 
Pump Rate Pump Rate Left 

Porosity Domestic 
Inland Inland Boundary (on 

(kg/o) 
Domestic Irrigation Freshwater 

(kgls) (kg/o) End) 

0.2 0,00 0,00 0,00 Closed 

0,2 0,00 0,00 0,00 Closed 

0.2 -0,11 --0.06 ..0.14 Closed 

0.2 -0.11 -0.06 -0.14 Closed 

0.2 -0,11 -0.1)6 -0.14 Open 

0,2 0.00 0.00 0.00 CIO$ed 

0,2 0.00 0.00 0.00 Closed 

0,2 -0.11 -o,Dti -0.14 Closed 

0,2 -0,11 -0.06 -0.14 Closed 

0.2 0,00 0.00 0.00 Closed 

0,2 0.00 0.00 0.00 CI"""d 

0.2 -0,11 -0.06 -0.14 Closed 

0.2 -0.11 -0.06 ..0.14 Closed 

0.2 -0,11 -0.06 ~O.14 Closed 

0.2 -0.11 -0.06 -0.14 Open 

0.2 -0.11 -0.06 ·0.14 Closed 

0,2 0,00 0.00 0,00 Closed 

0,2 0.00 0.00 0.00 Clos.d 

0,2 -0.11 ·0,06 -0.14 Clo,ed 

0,2 -0,11 ·0,06 ·0.14 Closed 

0.2 0,00 0.00 0,00 Closed 

0.2 0.00 0,00 0.00 Closed 

0.2 -0.11 -0.06 -0.14 Closed 

0,2 -0,11 ·0.06 -0.14 Closed 
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Table B.7 General Sensitivity Analysis on Homogeneous Cross-Section 

PARAMETERS 

Dispersivity I 
Permeability Longitidunal Transverse 

Slope Anisotropy Max Min Max Min Max Min Porosity Analyzed Parameter 

Low 10000 5.00E-11 5.00E·15 250 2.5 0.01 0.01 0.2 Base Condition 

Low 10000 5.00E·11 5.00E-15 250 2.5 0.01 0.01 0.1 Porosity 

Low 10000 5.00E-11 5.00E-15 250 2.5 0.01 0.01 0.3 Porosity 

Low 10000 5.00E·11 5.00E-15 250 2.5 0.01 0.001 0.2 Transverse Disperslvlty In Min. Perm Direction 

Low 10000 5.00E·11 5.00E·15 250 2.5 0.01 0.1 0.2 Transverse Dispersivlty In Min. Perm Direction 

Low 10000 5.00E·11 5.00E·15 250 2.5 0.001 0.01 0.2 Transverse Disperslvity In Max. Perm Direction 

Low 10000 5.00E·11 5.00E·15 250 2.5 0.1 0.01 0.2 Transverse Disperslvity in Max. Perm Direction 

Low 10000 5.00E·11 5.00E·15 250 0.25 0.01 0.01 0.2 Longitudinal Dispersivity In Min. Perm Direction 

Low 10000 5.00E·11 5.00E·15 250 25 0.01 0.01 0.2 Longitudinal Dispersivlty In Min. Perm Direction 

Low 10000 5.00E·11 5.00E-15 25 2.5 0.01 0.01 0.2 Longitudinal Dispersivity in Max. Perm Direction 

Low 10000 5.00E·11 5.00E·15 2500 2.5 0.01 0.01 0.2 Longitudinal Disperslvity in Max. Perm Direction 

Low 100000 5.ooE·11 5.00E·16 250 2.5 0.01 0.01 0.2 Permeability in Min. Direction 

Low 1000 5.00E·11 5.00E·14 250 2.5 0.01 0.01 0.2 Permeability in Min. Direction 

Low 1000 5.00E·12 5.00E·15 250 2.5 0.01 0.01 0.2 Permeability In Max. Direction 

Low 100000 5.00E·10 5.00E·15 250 2.5 0.01 0.01 0.2 Permeability in Max. Diraction 

Low 10000 5.00E·11 5.00E·15 250 2.5 0.01 0.01 0.2 Open Left Boundary/Open Right Boundary 

Low 10000 5.00E·11 5.00E·15 250 2.5 0.01 0.01 0.2 Open Left Boundary/Closed Right Boundary 

Low 10000 5.00E·11 5.00E·15 250 2.5 0.01 0.01 0.2 Closed Left Boundary/Closed Right Boundary 
---------

General sensitivity analyses were run from an initial condition of freshwater extending 290 km from the left boundary and saltwater in the 
remaining 10 km (see Figure B.9). Simulations were generally run to 50,000 years, though in some cases simulation times were extended 
to investigate steady-state conditions. 



Appendix c. Data Availability on Land and Water in the Coastal 
Zone of Bangladesh 

Organization Data available 

i Bangladesh Agricultural A yearbook with chemical data on groundwater from irrigation 
• Development Corporation (BADC) wells and monitoring wells (includes districts in the coastal zonc) 

I Bangladesh Water Development Data on groundwater levels and chemistry from their monitoring 
Board (BWDB) network, which is available against payment 

Center for Environmental and • Various reports on climate change impacts on the surface water 
Geographical Information Systems system (floods, droughts), maps and surface water models. A 

• (CEGIS) , number of data on climate change impacts 

Danish International Development Provided additional data (additional to the set of data provided 
Agency (DANIDA) earlier) 

Geological Survey of Bangladesh A project on mapping of the morphology of the coastal zone is 
(GSB) ongoing 

Institute of Water Modeling (IWM) Has data on hydrology (storm surges etc.) and has also done 
substantial surface water modeling in relation to climate change 

National Arsenic Mitigation Deep groundwater quality (a set of over 2,000 deep groundwater 
Information Center (NAMIC) samples are collected and analyzed on 41 chemical parameters) 

Department for Public Health and Has already provided data on groundwater levels and groundwater 
, Engineering ( DPHE) quality. Additional information on number of wells and pumping 

hours in the coastal zone was provided during the mission and 
summarized below: 

Type of wells No. of Location Daily Total Population Daily 
wells abstraction abstraction (millions) consumption 

(m3/day) (m3/day) (lped) 

Dugwells and, 15,000 All 3 i 45,000 5 9 

shallow tubewells 
, 

III tbe upper 
aquifer 

Deep handpump 75,000 All 2 150,000 .22 7 
tubewells 

Production wells 230 Khulna (100), 600 138,000 9 15 
for piped water 18 Pourshavas 
supply and 15 small 

towns 

I Total 288,000 36 

101 

! 
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Appendix D. Institutional Setup for Integrated Coastal Zone Management 
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Source: W ARPO 2006. 

WARPO 
ProfE'ssioDal 
Supporting Staffs 
and DE'puted GoB 
Expt'rts. 

Ministry of 
Water Resources 

NWRC 

FCN\~lRC 

Water Resources Planning Organization 

(WARPO) 

Task Forces 

Sector wise Task Force. chaired by the 
secretaI}' of the concerned Ministry 

i l 
FoulPoiuts 

Selected from GoB agencies, Universities, 
Ngo's, Research Institutes, Trade bodies and 
Civil Societies . 
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