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LONG-TERM GOALS 

 

The relationship between environmental conditions and human migration is multidimensional  

and complex, and few studies have addressed exactly how this two-way relationship operates and  

under what conditions environmental concerns affect migration decisions. We observe that the  

complexity of issues facing low-lying regions such as Bangladesh demand a significant advance in  

knowledgebase on migration and human-environment interactions. From this view we have identified  

the overarching goals of our project to be: (1) identify social and environmental factors most  

important in maintaining stability, from households to communities, or for motivating decisions to  

migrate; (2) determine how these factors differ within and across diverse social and physical  

landscapes; and (3) assess how these variables are likely to interact under a variety of scenarios for 

social and environmental change. 

 

OBJECTIVES 
 

Our research starts from the observation that both the people and the landscape of Bangladesh have a 

long history of resilience. We focus our study in southwest Bangladesh because this region has (a) a 

diverse physical environment, (b) variation in the ways that communities provide for themselves and 

interact with one another, and (c) is vulnerable to a broad range of natural and anthropogenic 

environmental stresses. Within this varied human and physical landscape, we seek to identify patterns 

of resilience and adaptation to environmental challenges and to understand the role of migration, both 

as a strategy to enhance resilience and as a response to failures of resilience. 

 

1. Identify the types and characteristics of adaptive community models that comprise the 

socioeconomic landscape of southwest Bangladesh. How do groups self-organize to be successful in 

the face of changing environment, and social and economic pressures? What are the strategies and 

sources of livelihood? How do these vary with socioeconomic differences? 
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2. Identify the factors (physical, engineered, political, economic, social) that are most important in 

defining adaptive community models, including their successes, failures, and resilience.  Which 

factors exhibit positive or negative influences on the various community strategies?  Which factors 

are trending toward increasing or declining importance, and over what spatial and temporal scales are 

they felt? Are factors endogenous or exogenous, and under whose control? 

 

3. Quantify dynamics of the natural and human-modified physical landscapes relative to sea-level 

change. What is the mass balance of sedimentation relative to rising sea level and subsidence? What 

are principal sediment sources and transport pathways sustaining vertical landscape aggradation? How 

has poldering of the inhabited islands impacted landscape dynamics? 

 

4. Assess the source and dynamics of water supplies in the region. Where and why are there locally 

fresh groundwaters within a regionally saline aquifer? What role do anthropogenic modifications of 

the floodplain play in recharge? How are tidal channels interconnected with the groundwater system? 

 

5. Determine how these physical and human systems are coupled and co-evolving. How are 

communities adapted to the dispersed and variable sources of potable water?  How does the 

relationship between people and their environment vary with different livelihood strategies? How 

have community resilience and household vulnerability changed in response to engineere structures, 

shifting land use patterns, natural hazards, and long-term environmental change? 

 

APPROACH (updated) 
 

Study Area – We chose to set our research in the context of the poldered (embanked) 

landscapes of southwest Bangladesh (Fig. 1), where environmental stresses from groundwater 

salinity, waterlogging, storm surges, and land-use change are among the most severe in the nation 

(Wilson and Goodbred, 2014). Social factors such as poverty, politics, cultural diversity, and shifting 

livelihoods associated with the shrimping industry are also relevant, interacting strongly with these 

environmental factors (Fig. 2).  Within this region, we focused our initial project efforts on  a  single  

poldered island  (Polder 32)  that  was  devastated when  its embankments were breached in five 

locations during a May 2009 cyclone (Fig. 3; Auerbach et al., submitted). Most of these breaches were 

not repaired until spring 2011, with one major breach still open today. During much of the intervening 

two years, the landscape remained intertidal, displacing 1000s of families and precluding agriculture or 

shrimp production, two of the principal livelihoods in the area. We have studied this area in depth and 

continue several of our monitoring efforts there. 

 

In the past year of the project, we have now scaled our field research up from Polder 32 to include the 

entire ~6,000 km2 of poldered landscape in southwest Bangladesh. These new phases of investigation 

involve 35 discrete study sites across the region (Fig. 1), as well as new sites that experience severe 

flooding and are being managed for controlled inundation and sedimentation (Tidal River Management 

– TRM) (Fig. 3) 

 

Research Framework – Our project has been developed within an overarching framework that we 

designed in year 1 and refer to as an Integrated Social, Environmental, and Engineering (ISEE) model 

(Fig. 2). This ISEE model provides the framework in which to relate diverse social, environmental, and 

engineering data toward the overarching goal of understanding human- environment coupling. The 

structure allows research to focus on any number of contexts (shown in purple), each of which defines 
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a unique perspective on the coupled human-environmental system. The study context then provides the 

lens through which we can isolate, identify, and quantify the most important factors (shown in blue) 

that influence human-environmental interactions in the context of study. Interactions among these 

relevant factors are then analyzed to identify patterns of action by which the populace makes its 

livelihood and organizes its communities. By studying these patterns and relationships, the real 

communities of interacting people are revealed, not those “communities” that exist only as a village 

name or political boundary. It is these self-identified, self-organized communities in which people of 

the regio interact with the physical and socio-economic landscapes. Under scenarios of stability, these 

communities define a dynamic equilibria (shown in green) through which each community is able to 

provide for themselves under ordinary conditions, and which are also sufficiently flexible to adapt to 

changing stresses in the physical and human environments. A major underlying hypothesis of this 

conceptual framework is that a community whose livelihoods comprise multiple dynamic equilibria 

will be more resilient, because it can adapt to the collapse of any single equilibrium by shifting activity 

to another. 

 

Activities in Year 3 have center on the scaling of ideas and observations via new field campaigns 

across the region coupled with integrated remote sensing (Fig. 1). In terms of testing ideas, the field-

based teams continue to analyze data with the goal of evaluating emergent field hypotheses against 

carefully documented data-based observations. This process has involved activities from the 

referencing of GPS, land, and water surface elevations to a common datum, to the coupling of 

groundwater transport and geochemistry, to the coding of social-science field interviews for grounded-

theory qualitative analysis, and to the completion of an extensive household enthnosurvey on 

livelihoods and migration history. 

 

Field Work (Year 3 activities)_– Our Year 3 field efforts include several major field campaigns in 

October 2013 and March, May and July 2014 involving six PIs (Ackerly, Gilligan, Donato, Steckler, 

Seeber, Small), two post-docs (Wilson, Carrico), and four graduate students (Carella, Piya, Peters, 

Fry), and numerous local partners from Khulna University (K. Roy, D. Datta) and Jahangirnagar 

University (M. Anam). The October 2013 trip was a follow-up field effort to retrieve late wet-season 

data for the physical research teams investigating water resources, hydrology, and landscape 

dynamics. The March 2014 trip involved geophysical surveys and ground-truthing for remote sensing 

(Steckler, Small, Seeber). In May 2014, a new meteorological station was installed with the 

permanent GPS station at Polder 32, plus a series of piezometers to investigate groundwater-surface 

water interactions (Gilligan, Wilson, Peters). The May team also investigated TRM (Fig. 4) and khas 

land (Fig. 5) sites are new areas of investigation for the project.  Also during May, the Vanderbilt 

team of the Bangladesh Environment and Migration Survey (BEMS) was in the field with their 

survey team, collecting >2000 household, community, and migration surveys at 27 villages within 11 

mouzas (“counties”) of the region (Donato, Carrico, Piya). In July 2014, the mixed, multi-method 

social team (Carella, Ackerly) conducted a pre-implementation social survey at sites where Managed 

Aquifer Recharge (MAR) systems are being constructed as a mechanism for freshwater storage to 

alleviate strain from regional groundwater salinity (Fig. 6). 

 

WORK COMPLETED (Year 3 activities updated) 
 

The Bangladesh Environment and Migration Survey (BEMS) effort headed by Katharine 

Donato was fully implemented in April-May 2014 and completed a 2000-household survey from  



4 

27 villages in southwest Bangladesh. As of September 2014, all data have been compiled and 

undergoing QA/QC.   The BEMS consists of three instruments: a household ethnosurvey, community 

survey, and a migration survey. The household ethnosurvey is being administered to self-identified  

household heads and spouses in randomly selected households.  It collects information about the 

following: demographics, economic activity, income, assets, livelihoods, internal and international 

migration trips, access to services (e.g., health care, education), access to  food  and  water,  nutrition,  

health,  social  networks,  perceptions  and  responses  to environmental change.   The community 

survey collects information using key informant interviews about infrastructure, services, and 

economic activity at the mouza level including: markets, health care facilities, schools, water sources, 

employment, NGOs, and government aid. 

 

Table 1: Summary of household BEMS surveys completed in 2014 

 

Unit of Analysis # of Cases 

Origin mouzas (≈ county level) 11 

Origin villages 27 

Origin households 1,895 

Persons within origin households 10,241 

Migrant households 320 

 

The social-science group, headed by Brooke Ackerly and PhD student Anna Carella, gathered  

community-level qualitative data during the July 2014 field campaign investigating the MAR sites 

(Fig. 5). This team used a multi-method approach that included Participatory Rapid Appraisal (PRA), 

Key Informant Interviews (KII), and Focus Group Discussions (FGD), aimed at gathering data on 

livelihoods, mobility, common pool resources, and evidence of community stability and instability. 

These data have now been transcribed, translated and are currently being coded to allow analysis and 

identification of key physical, engineered, social, economic, and political factors that contribute to 

community stability and instability. 

 

The physical-science group working across teams at Vanderbilt, Columbia, Dhaka, and Khulna 

universities have continued their two main efforts in the field: (1) ongoing detailed study and 

monitoring of landscape dynamics around Polder 32 – including, soil and water salinity; tidal water 

and sediment transport; vertical land-motion  and relative elevations; and surface- groundwater 

interactions (Fig. 3); and (2) regional human-physical landscape processes – including investigations 

of direct human manipulation of tidal channels, shorelines, and water routing, and land use patterns 

(Figs. 4, 6). These efforts in Year 3 have involved field work by the Columbia team in March 2014 and 

the Vanderbilt team in October 2013 and May 2014. Sedimentation rates have been measured by 

shallow coring and an array of surface sediment traps in conjunction with data loggers for water 

elevation, conductivity, temperature (Goodbred, Wilson). Results from tidal-groundwater interactions 

have been written up into manuscripts (Figs. 7, 8; Ayers, Hornberger, Worland). We have also set up a 

set of piezometers to monitor real-time interactions between tidal channels and shallow groundwater to 

assess whether these areas are at risk for increasing salinization and strain on local human populations. 

The geophysics team at Columbia, headed by Mike Steckler, added GPS receivers in and around 

Dhaka city to measure subsidence from groundwater withdrawal. All are close to monitoring wells 

from which the local water level can be obtained. The sites cover the range of water table elevation 
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(Fig. 1) from the center of the cone of withdrawal to the fringe where the drawdown is estimated at 

only 1 meter (P. Knappett, pers. comm. 2014). More monuments are planned. 

 

In Year 3, the integrative team, headed by Jonathan Gilligan, has established a new direction  

of study that is focused on Tidal River Management (TRM), which is an historical, locally based 

approach for managing water and sediment by seasonally controlling inundation of the landscape (Fig. 

4). Gilligan’s work is aimed at understanding political and community dynamics around land-use for 

communities facing waterlogging in poldered areas. These observations and analyses will integrate 

physical and social factors to identify the dynamic equilibria of local communities and their potential 

breakdown. The physical factors are being investigated with new ground- and satellite-based 

evaluations of sedimentation and landscape dynamics (Wilson) and land-use changes (Small). Our 

project has targeted TRM as a key integrative topic because it has been identified by our Yr 1-3 

research as a potentially viable method for managing land- surface elevations in the poldered areas of 

the delta (Auerbach et al., submitted). However, such an accomplishment would require unprecedented 

cooperation among funding organizations, national and local governments, and local citizens, hence 

the strong interest to apply our integrated ISEE framework for evaluation these complex interactions. 

 

The impact of Dhaka groundwater pumping on the regional hydrology region and its implications for 

contamination of the deep aquifers by arsenic has been investigated, and the GPS stations were also 

used in an InSAR study of subsidence in the region (Higgins et al., 2014) (Fig. 9).  This year Steckler 

also obtained a set of tide gauge data from the Bangladesh Inland Water Transport Authority 

(BIWTA).  The data includes hourly measurements of tides at 16 stations going back to 1977. The data 

covers 474 record years of data and 35 additional record years are pending following digitization of the 

records. The water level records, when analyzed, will provide information of the relative sea level rise 

due to both eustatic sea level rise and land subsidence (Fig. 10). We have installed GPS sites at two of 

the tide gauge stations (HRNP and KHEP) to be able to separate the two sea level and subsidence 

components (Fig 11). 

 

The remote sensing team led by Chris Small continues to focus on spatiotemporal analysis of 

agriculture dynamics but has expanded focus to include analyses of coastal changes post 1988. 

Previous studies of coastline change on the lower delta have used small (< 5) numbers of Landsat 

scenes collected under different tidal phases and river discharge levels.  We are using a network of tide 

gauge stations throughout the lower delta to distinguish between sub-annual tidal and discharge effects 

and inter-annual changes in erosion and deposition in >100 Landsat scenes post 1988. Multi-temporal 

analysis of land cover fractions provides more information on evolution of tidal flats and channel 

morphology unresolved by previous studies. In addition to using water-level data to inform coastal 

changes, we are also conducting spatiotemporal spectral analysis of spatial phase lags within the tide 

gauge network to characterize channel network flow dynamics that influence erosion and deposition 

throughout the lower delta. Spatiotemporal analyses of aquaculture expansion and agriculture 

phenology have now been extended from 250-m  resolution MODIS to 30-m  resolution Landsat to 

quantify changes in dry season agricultural practice. In addition to using Empirical Orthogonal 

Function (EOF) analysis, we have developed a novel technique for using differences in the moments 

(mean, standard deviation, skewness) of temporal distributions of changing vegetation fractions to 

characterize different agricultural phenologies and map inter-annual changes in agricultural practice 

(Fig. 12). We are using high spatial resolution (2 m) commercial imagery to vicariously validate the 

phenology and coastal change maps -  as well as field observations during satellite overpasses. 
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RESULTS (updated) 
 

 

Results to date are currently being drafted or have been submitted for publication in a variety of 

journals. Our initial integrated piece from the Polder 32 research received positive reviews from 

Nature  Climate Change  and  has  been  revised  and  resubmitted.  Three  manuscripts  on 

groundwater salinity are submitted or nearly submitted to Water Resources Research (Worland and 

Hornberger) and Applied Geochemistry (Ayers et al.). Social-oriented papers have been presented at 

several conferences and are being adapted for journal articles, including one on “Economic 

development and migration in South Asia” (Donato, Carrica, Piya) and “Building resilience to 

environmental stress in coastal Bangladesh: An integrated social, environmental, and engineering 

perspective.” (Ackerly, Gilligan, and Goodbred). 

 

Following is a summary of general and specific results from our work to date: 

 

Project Level: 

 

• Established an Integrated Social, Environmental, and Engineering (ISEE) framework for 

conducting transdisciplinary research on human-environment coupling and its  social 

influences and impacts. 

 

• Identified key issues linked with observed rapid changes in the physical landscape and human 

communities within tidal deltaplains of southwest Bangladesh – (1) embankment (polder) 

construction and management; (2) growth of shrimp farming  and related influences; (3) water 

resources, their management, and household water security; (4 livelihood diversity and 

associated migration strategies. 

 

• Completion of an in-depth,  interdisciplinary social-physical  study of the causes  and 

consequences of a cyclone-induced embankment failure and 2-years of uncontrolled tidal 

flooding on a 40 km2 island; 10,000 households were displaced during this time, with an 

estimated 25% out-migration; This work has been the focal point of our first phase of the 

project, providing a detailed understanding of physical environment vulnerabilities and diverse 

narratives of community strategies for coping with long and short-term stressors. 

 

Cross-cutting and Integrative: 

 

• Conducted 2200-household ethnosurvey for high-quality data on household adaptations to 

patterns and changes in environmental conditions, and related migration events. Surveys 

included 320 surveys of migrant households in destination cities. Ethnosurvey integrates with 

physical data observations and will provide input for agent-based modeling. 

 

• Constructed regional remote-sensing vegetation phenologies with resolution down to local 

scale (101-102 m); Database provides sub-annual to decadal patterns in land cover variation 

through a 12-year MODIS EVI time series; Strong trends in shifting shrimp and agricultural 

land use; Dataset a principal basis for next phase of up-scaling ground-based studies and 

observations. 
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• Interannual changes in agricultural phenology throughout the lower delta suggest stepwise 

expansion  of  aquaculture  to  the  west  of  Polder  32  and  increasing  agricultural 

intensification to the northeast. Several of the polders, including 32, continue to show little 

large scale aquaculture and only wet season agriculture. 

 

Human and Social: 

 

• Application of multiple, mixed, and integrated social methods; Identified that the observed 

differences in the impact of, and response to, macro-level  disasters  depends  on the 

community-level political economy and the community-level access to fresh water; Both 

attributes are knowable prior to a disaster; Also important but more difficult to study are 

community cooperation and accountable resource management. 

 

• Observation of significantly changing livelihoods and associated migration opportunities, 

land use shifts, and natural resource utilization; Overall declining  reliance on rice cultivation, 

traditional fishing, and Sundarbans mangrove resources; Increasing reliance on factory labor, 

seasonal day-labor migration, local aid-related day labor, cultivation of cash crops (e.g., 

watermelon, sunflower). 

 

Physical Environment: 

 

• Interannual changes in coastal land cover observed at similar water levels show a strong 

distinction between small amounts of erosion over large length extents and large amounts of 

focused deposition in specific locations. 

 

• Detailed comparison of land-surface elevation, tidal, and sediment dynamics in poldered 

(embanked) and pristine landscapes; Elevation of poldered landscape is 1.0-1.5 meters below 

adjacent river-bank terraces and natural Sundarbans; Equates to a 2 cm/yr loss in elevation 

relative to sea level and almost fully a function of direct human manipulation of tidal delta 

plain; Landscape engineering is also linked with channel-bank migration and locally 

widespread embankment instability. 

 

• Field and modeling-based investigations of geochemistry and hydrology of saline surface 

and groundwater sources; Surface waters are mixtures of meteoric water and salts from soil, 

and often exceed safe limits for salinity. 

 

• Results showed that the maximum subsidence is occurring in a ring around Dhaka rather 

than in the center (Fig. 9). This is likely a combination of lithology (stiffer Madhupur clay vs 

Holocene) and an increase in the radius of the cone as pumping shifts away from the almost 

depleted aquifers.  Results beyond Dhaka demonstrate that subsidence in this delta is primarily 

controlled by local stratigraphy, with rates varying by more than an order of magnitude 

depending on lithology. 

 

• Analysis of tide gauge network time series throughout the lower delta shows consistent but 

variable responses to cyclone effects on water levels. Cross spectral analyses of water level 
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time series also show consistent differences in amplitude and phase of semidiurnal and 

fortnightly tides related to channel network structure and geometry (Fig. 10). 

 

Excerpts highlighting results from manuscripts submitted or near to submission: 

 

–––––––––––––––––––––––––––––––––– 

 

Brief summary of results from three manuscripts centered on the source, transport, and evolution of 

shallow saline groundwater on the tidal deltaplain of southwest Bangladesh 

 

An estimated twenty million coastal inhabitants of Bangladesh are directly affected by saline drinking 

water. The shallow groundwater is primarily brackish with pockets of fresher water. A small-scale 

hydrologic investigation of groundwater salinity beneath a tidal channel island was undertaken to 

explore possible hydrogeological explanations of the distribution of water salinities in the shallow 

aquifer. The study employs a combination of 3H and 14C dating, electromagnetic (EM) subsurface 

mapping, and a 2D solute transport model. The EM and isotope data suggests the development of 

freshwater lenses are sustained by meteoric recharge above connate brackish estuarine water that was 

deposited during the Holocene deposition of the aquifer. The transport model indicates an advection 

dominated system that is insensitive to small changes in aquifer architecture.  

 

For the aquifer itself, drill core samples collected around the perimeter of polder 32 in SW Bangladesh 

show a complex stratigraphy of interbedded mud/silt and sand layers. Radiocarbon ages range from 

~11,000 cal yr BP at the base of the cores (~90 m depth) to ~8500 cal yr BP near the top of the unit at 

35-40 m depth. The deposition of 40-60 m of sediment in ~2500 years reflects an accretion rate of 1.5-

2.5 cm/yr during the last phase of rapid post-glacial sea-level rise. Shallow aquifer groundwater 

sampled from tubewells screened from 21-52 m deep has variable salinity and arsenic concentrations 

with no discernible spatial pattern (no spatial autocorrelation) as a result of the complex stratigraphy. 

Groundwaters are mixtures of seawater and meteoric water trapped at the time of deposition (connate) 

with limited post-depositional addition of meteoric water. 90% of groundwater samples have As 

concentrations greater than the WHO limit of 10 ppb for drinking water. Arsenic was mobilized by 

reduction of ferric oxyhydroxides by dissolved organic carbon, which is present in high concentrations 

and likely also caused sulfate reduction and sulfide precipitation. Despite high seasonal variation in 

precipitation, groundwater shows little seasonal variation in composition. This combined with variable  

compositions, low  hydraulic heads, and  previously published  radiocarbon ages approaching 

depositional ages suggests that groundwater flow velocities are low and there is little mixing.  

 

Surface waters often exceed safe drinking water limits for salinity. Even in the wet season 23% of rice 

paddy samples were too salty for farmed crops. Salts may be introduced to surface water bodies and 

soil by shrimp farming in the dry season and by inundation during monsoons, but are not introduced by 

use of groundwater for irrigation. Water compositions show that shrimp ponds are sourced from tidal 

channel water in the dry season, but have higher dissolved organic carbon. Principal components 

analysis shows that all surface water types lie on mixing lines between wet season tidal channel water 

and dry season shrimp pond or tidal channel, i.e., all are related by varying degrees of salinization. 

Groundwater samples have intermediate salinities, and are related to surface waters by addition or 

removal of redox-sensitive elements caused by progressive reduction, with dissolved organic carbon 

the likely reducing agent.  
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–––––––––––––––––––––––––––––––– 

 

Excerpt from “Building resilience to environmental stress in coastal Bangladesh: An integrated 

social, environmental, and engineering perspective”  

 

To date the core of our theoretical framework and methods is the hypothesis that communities are 

resilient because of multiple dynamic equilibria. A dynamical equilibrium is a metaphor adopted from 

physics, where a system that is unstable at rest becomes stable in motion. An analysis of vulnerability 

to natural hazards in Bangladesh has gone astray when it considers only a static snapshot rather than 

the dynamics of people’s livelihoods. One question our project is investigating is whether the Coastal 

Embankment Project’s construction of massive polders during the 1950s and 60s suffered from a 

similar failure to appreciate dynamics. The polders produce a lot of good by creating dry land for 

farming and habitation on what were previously intertidal lands, but they also create new hazards and 

experts on the tidal river systems have suggested that the benefits of polders could have been realized 

with less collateral damages and dangers if they had used Tidal River Management (TRM) instead. (M. 

R. Islam, 2006; Kibria, 2011) TRM is adapted from a traditional practice in which smaller 

embankments were constructed each year during the dry season to keep salty water off the land, and 

torn down during the wet season to allow sweet rain-fed monsoon water to wash over the land, 

depositing fresh sediment and washing away contaminants. 

 

TRM is a controversial topic and this controversy erupted into political violence this summer in 

Jessore. (The Daily Sun, 2012) This violence illustrates that it is necessary to understand not only the 

science, but also the social, political, and economic context and consequences of engineering projects. 

 

While dynamics can enhance the stability of a pattern of livelihood, exceptional circumstances can 

disrupt even a dynamic equilibrium, just as the 1987 and 88 floods disrupted the adaptation to the 

normal monsoon cycle. We hypothesize that communities whose livelihood involves multiple dynamic 

equilibria will be more resilient because when one dynamic equilibrium is disrupted, others can 

provide support. These multiple dynamic equilibria may involve not just activities within a single 

community, but interactions between multiple communities. In the community we studied, people 

engaged in rice farming locally but also engaged in seasonal migrant work on rice farms in a distant 

part of the country. When Cyclone Aila rendered local farmland unusable for several years, the 

established pattern of migrant farmwork and the network that had developed to facilitate it served to 

provide livelihoods for people who might otherwise have had few options. 

 

To study multiple dynamic equilibria, we look for patterns in the relationships between the factors 

relevant to our context of study. An active question in our research is to determine at which scales 

multiple dynamic equilibria are a sign of resilience and health and at which scales they are signs of 

stress and desperation. It appears to be healthy for a community to have a diverse collection of 

activities by which its members make their livelihoods. This diversity protects the community from 

events that render one livelihood activity dysfunctional. However, we have anecdotal observations, as 

well as theoretical reasons to believe that at the individual level, diversity of livelihood activities may 

be a sign of desperation rather than resilience. Having to switch from one activity to another to another 

over the course of the year to make a living can prevent people from doing any one activity intensively 

enough to develop expertise, and may take them away from the activities they do best. In a truly 

resilient state, people who have exceptional ability as a farmer would farm all the time, whereas if they 

become desperate they may have to engage in many activities, such as fishing and aquaculture, to 
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which they are not well suited. As the saying goes, they risk becoming “a jack of all trades and master 

of none.” Assessing these competing effects of diversification and specialization remains a priority as 

our project moves forward. 

 

IMPACT/APPLICATIONS (updated) 
 

Our research will ultimately lead us in distinguishing those attributes of society and  

environment that favor stability and resiliency among interconnected communities compared with 

those that undermine local capacity to thrive within a dynamic physical environment. Our research is 

also continuing to demonstrate that direct human manipulation of the physical environment, in many 

forms, is the dominant cause of change and associated human strain. This primarily pertains to 

landscape dynamics, such as declining landsurface elevations, tidal channel erosion or infilling, 

worsening drainage, and soil salinity. For environmental issues not caused by humans, such as arsenic 

and groundwater salinity, the growing strain is nevertheless a result of increased demand on water 

resources by the population, These findings are essential for anticipating future impacts of climatic 

and environmental change, because they place emphasis on local land-use and activities as primary 

drivers of strain, not large-scale, exogenous forcings of sea-level rise or monsoon variability. While 

these may have impact in the future, short-term stability and resilience of the delta and its population 

is very clearly in the hands of the local to nation scale communities.  

Toward better understanding these issues, we continue our high-resolution, local-scale  

observations of the coupled human-natural landscape system and the emergent dynamics between 

them. Our work is beginning to reveal that these local-scale actions are having aggregate-scale 

consequences on the larger delta and population. Determining metrics by which such local-resolution 

attributes may be understood in a generalizable context is one being actively pursued in our project.  

 

RELATED PROJECTS 

 

Several PIs from the physical-science team of the ONR MURI project are also collaborating on a  

National Science Foundation study investigating coupled fluvial-tectonic-basin interactions in the 

Bengal Basin and Ganges-Brahmaputra River delta. This project is led by ONR co-PI Michael 

Steckler at Columbia University, and also includes other ONR co-PIs Steven Goodbred (Vanderbilt) 

and Leonardo Seeber (Columbia). The project is funded through NSF International Program’s 

Partnerships for International Research and Education (PIRE). The project title is “Life on a 

tectonically active delta: Convergence of earth science and geohazard research in Bangladesh with 

education and capacity building”. More information can be found at the project homepage 

http://www.banglapire.org/. To date the most important links between the studies are expanded 

capacity for monitoring and understanding tectonic deformation of the basin and its impacts on 

subsidence, sedimentation, and river behavior.  

 

 

  

http://www.banglapire.org/


 
 

	  
Table	  2.	  Summary	  of	  project	  components	  contributing	  to	  the	  overarching	  research	  objectives.	  
	  
Group	   Subgroup	   Topic	   Lead	  (role)	   Others	  

Social	   Experimental	  
experimental	  methods	  to	  assess	  social	  cohesion,	  
individual	  decision	  making,	  and	  factors	  that	  
facilitate	  or	  inhibit	  collective	  action	  

B.	  Ackerly	  (PI)	   C.	  Mo	  (assoc.	  PI),	  
A.	  Carella	  (PhD)	  

	   BEMS	  
enthnosurvey	  to	  assess	  patterns	  and	  processes	  of	  
internal	  and	  international	  migration	  and	  role	  of	  
environment	  stressors	  

K.	  Donato	  (PI)	  
A.	  Carrico	  (PDF),	  
B.	  Piya	  (PhD)	  

	   QCA	  
multi-‐community	  qualitative	  analysis	  of	  factors	  
contributing	  to	  (in)stability	  at	  community	  to	  
household	  levels,	  incl.	  physical	  and	  social	  data	  

B.	  Ackerly	  (PI)	   	  

Physical	   Landscape	  
landscape	  dynamics	  and	  evolution	  with	  coupling	  
of	  tides,	  sea	  level,	  and	  sedimentation	  in	  human-‐
altered	  and	  pristine	  settings	  

S.	  Goodbred	  
(PI)	  

C.	  Wilson	  (PDF),	  
R..	  Hale	  (PDF),	  
Bain	  (PhD)	  

	  
Geophysics	  

Absolute	  and	  relative	  land-‐surface	  motion;	  sea-‐
level	  rise,	  subsidence	  and	  compaction;	  
earthquake	  threat	  and	  role	  of	  tectonic	  
deformation	  on	  landsurface	  dynamics	  

M.	  Steckler	  (PI),	  
L.	  Seeber	  (PI)	   	  

	  
Hydrogeology	  

modeling	  of	  groundwater	  transport	  and	  
hydrostratigraphic	  controls	  on	  advection	  and	  
mechanical	  dispersion	  of	  saline	  waters	  

Hornberger	  (PI)	   S.	  Worland	  (MS),	  
C.	  Tasich	  (MS)	  

	  
Soil	  and	  Water	  

geochemistry	  of	  surface	  and	  ground	  waters	  in	  
coastal	  plain	  and	  source	  of	  salinity	  in	  drinking	  
water	  and	  impact	  on	  soils	  

J.	  Ayers	  (PI)	   D.	  Fry	  (MS)	  

	   Meteorology	  

determining	  trends	  and	  patterns	  of	  weather	  for	  
understanding	  environmental	  stress	  to	  
communities	  and	  dynamics	  of	  ground-‐surface	  
water	  interactions	  

J.	  Gilligan	  (PI)	   	  

Integration	   ABM	  
computational	  agent-‐based	  modeling	  of	  resilience	  
and	  stability;	  explore	  implications	  of	  plausible	  
local	  scenarios	  for	  regional	  stability	  

J.	  Gilligan	  (PI)	   B.	  Ackerly	  (PI)	  

	   Water	  Security	  
integrated	  assessment	  of	  factors	  affecting	  water	  
security	  incorporating	  biophysical	  and	  
socioeconomic	  parameters	  

L.	  Benneyworth	  
(PhD)	   J.	  Gilligan	  (PI)	  

	   Visualization	  
GIS-‐based	  project	  framework	  and	  evaluating	  the	  
capabilities	  and	  effectiveness	  of	  field	  data	  
collection	  using	  handheld	  mobile	  devices	  

J.	  Camp	  (PDF)	   	  

	   Tidal	  River	  
Management	  

understanding	  political	  and	  community	  dynamics	  
around	  land-‐use	  for	  communities	  facing	  
waterlogging	  in	  freshwater	  polders	  (beels)	  

J.	  Gilligan	  (PI)	   C.	  Wilson	  (PDF),	  
B.	  Ackerly	  (PI)	  

	   Khas	  Lands	  
Documenting	  the	  distribution,	  and	  understanding	  
the	  causes	  and	  consequences	  of,	  closure	  and	  
infilling	  of	  tidal	  channels	  to	  form	  khas	  land	  

C.	  Wilson	  (PDF)	   S.	  Goodbred	  (PI),	  
B.	  Ackerly	  (PI)	  

	   SALC	  
spatio-‐temporal	  analysis	  of	  land	  cover	  through	  
remote	  sensing,	  including	  temporal	  cycles	  of	  
agriculture,	  aquaculture,	  and	  flooding	  

C.	  Small	  (PI)	   	  
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Figure 1. Digital Elevation Model of the GBM delta (left) and tidal deltaplain study areas of 

southwest Bangladesh(right). Large-scale map shows Managed Aquifer Recharge (MAR) sites (yellow) 

and Bangladesh Environment and Migration Survey (BEMS) sites (magenta), as well focused study 

sites at Polder 32 and waterlogged basins at Bil Bhaina and Bil Khuksia. Note that study sites span a 

range of physical landscape attributes from high to low salinity and relatively high to low elevations. 

There are no MAR sites in the northern range of the study area because there is no problem with 

salinization of soils or groundwater. 

 

 
Figure 2. Integrated Social, Environmental, and Engineering (ISEE) model. This model was 

developed by our team to serve as the primary conceptual framework for all research activities. The 

model structure is briefly explained in the Approach: Research Framework section of the report. 
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Figure 3. Results of the elevation surveys from Polder 32 (upper panel) and a conceptual model of 

the poldered and natural landscape positions and history (lower panel). On the elevation plot, 

colored circles correspond to Polder 32 survey transects, the olive-colored triangles correspond to the 

Sundarbans transect, and spring and neap tidal cycles are shown via gray line. The Sundarbans 

platform, which is positioned at +2.65 m relative to the EGM96 datum, is flooded only during spring 

high tides. River terraces outboard of embankments on Polder 32 are positioned at approximately 

the same position as the Sundarbans, which indicates that these frequently flooded regions are 

capable of maintaining equilibrium elevation. Embankment heights across the polder range in 

elevation from +3.7 to +4.6 m. Cement embankment structures are generally positioned at higher 

elevations than earthen embankments, which explains the variability in embankment elevations. The 

poldered landscape is positioned at +1.5 m and, in the absence of embankment protection, is 

flooded at every high tide. The local practice of borrowing sediment closest to the embankments 

during repairs has caused consistently lowered polder elevations inboard of the embankments.  

(B) Conceptual model summarizing land-surface and water-elevation histories and relationships 

between Polder 32, the adjacent Sundarbans, and the tidal channels. 
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Figure 4. Four panel time series of Google Earth images showing the controlled Tidal River 

Management of Bil Bhaina. Location shown in Figure 1. Panel A is prior to TRM implementation 

(although TRM in Bil Kukshia can be seen in lower part of image). Panel B and show phases of high 

and low water during TRM, when tidal flood waters are allowed to inundate the landscape, bringing 

sediment and raising the mean elevation of the basin. Panel D show the area in intermediate state of 

elevation recovery.  Note however that land construction has been most eff ective nearest to the inlet 

point (in lower right of the basin), whereas more distal areas of the basin (upper le`) remain relatively 

low lying as shown by standing water and absence of organized land plots in Panels C and D. 
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Figure 5. Google Earth images of the regional study area (left) showing the extent of tidal channels 

that have been naturally or artificially closed in the last 40 years (black-white stippling). The two 

images to the right are close ups showing what these infilled channels (called khas lands) look like. 

Post-doc Carol Wilson has shown that nearly 2 km2/yr of tidal channel have been reclaimed over 

recent decades, which is comparable to the net rate of land growth at the coast. Most of these lands 

are used for shrimp aquaculture and may strongly influence the local economy and the socio-

economic pressures to develop them. The research team is currently investigating these areas in more 

detail, including their physical history and impacts of channel closures, plus the social narratives of 

how these areas are used and perceived by local people. Overall, the decline of tidal channel network 

is believed to be a net negative because of reduced navigation, tidal flushing, flood drainage, and 

sediment input, which over decades is likely to outweigh the economic benefits of the shrimp 

aquaculture. This is a new and exciting area of investigation for the project. 
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Figure 6. Field photos of three Managed Aquifer Recharge (MAR) sites. A new line of research in 

Year 3 has centered around a partnership with Dr. Kazi Matin Ahmed of Dhaka University (at right 

in upper right photo), who is heading the installations of MAR systems to store seasonally fresh 

surface-water in the shallow, saline aquifer. 

MAR systems collect monsoon-season freshwater and gravitationally force the surface into the 

shallow sandy aquifer, which is saline at all MAR locations. However, solute diffusion rates are 

sufficiently slow that most of the freshwater can be extracted over the ensuing dry season when it is 

most need, and the supply is also protected from most pathogens and contamination by storm surges. 

PI Brooke Ackerly and Phd student Anna Carella have conducted community surveys prior to the 

MAR installations and will monitor how these systems are used and maintained, and their impact on 

the local community. Prof. Mujibul Inam of Jahangirnagar University (at left in upper right photo) is 

an ethnographer who will be working in several local MAR sites to understand its deep social 

structure and history to assess whether historical or cultural factors play a role in the success or 

failure of the MAR systems. The physical-science team is also working at these sites to assess local 

landscape dynamics and land-use change to gauge the total level of environmental stress at each site. 
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FIGURE 7: Sodium-chloride plot reveals sources of salinity in drinking water and soil at Polder  32.  

All  Na  and  Cl concentrations  across  

four  orders  of magnitude fall precisely 

along an ideal mixing  line  between  a  

seawater  and rainwater end-members. It 

can seen the a variety of surface water 

sources reflect a mixture of rainwater and 

seawater and often exceed safe limits for 

salinity. Seawater in tidal channels is the 

ultimate source of salts. The groundwater 

is a mixture of seawater and rainwater, too, 

but with high dissolved organic carbon 

that may cause arsenic mobilization. The 

groundwater often exceeds safe limits for 

salinity and arsenic. Soil is found to have 

higher salt contents in the dry season than 

in the wet season, with 30% of soils strongly 

saline and 70% very strongly saline, in 

which only a very few salt tolerant crops 

can be cultivated.  

 

 

 
 

FIGURE 8: Finite Element Model of salinity evolution in shallow groundwater aquifer of Polder 32. 
The left side of the figure shows two different stratigraphy scenarios (A) isotropic transmissivity and 

(B) randomly generated anisotropic transmissivity. A1 and B1 are the solutions to the flow equation 

for each scenario. The solute transport equation was calculated for 6000 yrs using a starting salinity 

value of 6.3 g/l. A4 and B4 are the present day concentrations calculated by the model. The box and 

whisker plots show the salinity concentrations currently on Polder 32 (data) and the modelled 

concentrations for each scenario (A4 and B4). 
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Figure 9. Map of regions with colors representing the depth of the top of the water table in 2007. The 

red dots indicate the locations of the continuous GPS station at DHAK and the campaign monuments 

around and beyond the city. 

 

 
 

Figure 10: Tide gauge records in the coastal zone of Bangladesh excursions from the tidal frame 

from two major cyclones. The tide gauges are located throughout the coastal zone, showing the 

widespread effect of each cyclone. The complexity of a cyclone’s effect on water levels is illustrated by 

factors including duration and location of the cyclone, channel geometry surrounding each tide 

station, and the tide phase during landfall. Variation in tidal amplification can also be seen by the 

different amplitude of the tide range between stations. 
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Figure 11: Map of GPS-

derived subsidence rates and 

location of GPS stations on 

monuments and at tide 

gauges. Subsidence rates for 

the delta are overall not high, 

generally 1-3 mm/yr.  However 

some rates are locally high, 8-

15 mm/yr, due  to 

anthropogenic influences such 

as groundwater extraction and 

soil compaction. Note the close 

network of  GPS stations on 

the tidal deltaplain concert  wi 

th  our  water , landscape,  and  

social  science  

observations.  

 

 

 

 

 

 

 

Figure 12: Interannual change in 

vegetation phenology  near 

Khulna, Bangladesh.  Temporal 

moment composites derived from 

multi-season time  se rie s of 

Landsat de r iv e d  v e ge tation 

fractions.  Diff erence s in the 

frequency, amplitude, and phase of 

agricultural phenology cause 

changes in the mean (µ), standard 

deviation (σ), and skewness (η) of 

the temporal distribution of 

vegetation abundance. Diff erent 

colors correspond to diff erent 

types of agriculture and diff erent 

planting and harvesting cycles. 

Interannual changes in phenology 

correspond to change s in 

agricultural p r a c t i c e an d 

conversions between agriculture 

(lighter colors) and aquaculture 

(darker).  




