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Flooding in Dhaka, Bangladesh,
and the challenge of climate change

The country of Bangladesh is located in the Ganges-Brahmaputra-Meghna river delta, and
faces multiple natural hazards, in particular flooding, and other challenges such as sea-level
rise and a growing population. Dhaka, the capital of Bangladesh with a population of over 17
million people, is among the top five coastal cities most vulnerable to climate change, with
over 30 % of the population living in slums. Effective disaster mitigation and adaptation
requires an understanding how hazards such as flooding impact the population, e.g. in terms
of mortality. If this link is understood, appropriate measures can be undertaken to assist the
exponentially growing population in aquiring effective coping mechanisms.

This thesis contributes to the understanding of the behavior of extreme water levels and their
links to mortality by assessing the past and current situation in Dhaka. We hypothesize that
water levels have changed in frequency, magnitude and duration during the past century, and
that extreme water levels lead to an increase in mortality. We also believe that the impacts
of climate change on flooding and thus livelihoods in a complex delta can not be treated
isolated from other challenges of global change, and illustrate this by setting up a conceptual
socio-hydrological causal network that assesses the interactions of natural and anthropogenic
processes in a holistic way.

We first analyzed daily water levels of the past 100 years in order to detect potential shifts in
extremes. We also employ the enhanced Driving force - Pressure - State - Impact - Response
framework compiled with an extensive literature review to explore the complex interactions
between the hydrological system under climate change and anthropogenic impacts due to e.g.
the construction of dams as well as a growing population.

Our analysis suggests that water levels have indeed changed over the course of the past
century. While the magnitude and duration of average flood events decreased, the frequency
of extreme flood events has increased. Low water levels have also changed, with a significant
decrease in the annual minimum water level most noticeable when we compare the time

periods 1909 - 1939 and 1979 - 2009.

The constructed socio-hydrological framework confirms that both natural and anthropogenic
processes and their two-way feedbacks need to be included in a climate change impact as-
sessment. The conceptual framework can put these impacts into perspective, allowing policy
makers to know where available resources can be used effectively to increase resilience and
reduce vulnerability.

Climate change takes place over long stretches of time and thus enable the population of
Bangladesh to adapt slowly. Resources such as social capital, which is one of the main tools
for slum dwellers to be able to cope with flooding can be altered over time, and as such
the system can be considered overall stable and resilient. However, transboundary water
sharing issues during the dry season and other implications resulting from dam structures
such as Farakka Barrage complicate a prognosis on how the rapidly growing population will
be affected in the 21st century. This is particularly important in connection with our previous
findings, which suggest that the Greater Dhaka population already experience a significant
increase in mortality during droughts. Climate change can thus be seen as an anthropogenic
amplification of the socio-hydrological challenges already faced by Bangladesh today.
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Chapter 1

Introduction

“We are nature’s laboratory on disasters. We don’t have volcanoes. But
any other natural disaster you think of, we have it.”

Ainun Nishat
International Union for Conservation of Nature, Dhaka, Bangladesh

Climate change is expected to impact the hydrological cycle due to both increased
temperatures, leading to changes in snow and ice regimes, and shifts in the precipitation
distribution (Arnell, 1999; IPCC, 2013). Especially shifts in hydrological extremes
leading to floods and droughts can have devastating economic and social effects such
as loss of land, crops, or livestock, an increase in diseases, or even death (Hijioka et al.,
2014).

In a changing climate, extreme floods may increase (Milly et al., 2002), aggravating the
situation for millions of people (Few, 2003), in particular in South Asian coastal cities.
The OECD report (Nicholls, R.J. et al., 2007) places Dhaka, the capital of Bangladesh,
among the top five coastal cities most vulnerable to climate change. Dhaka is currently
threatened by natural hazards such as earthquakes, tropical cyclones and - on an almost
annual basis - flooding (GAR, 2009, 2011). The effects of some of these threats can be
counter-acted in part by improved disaster risk reduction measures, but economic risk
exposure is nevertheless expected to rise with the strongly growing assets in developing
regions, in particular during the next two decades (Patt et al., 2010). In addition,
despite a comparatively low fertility rate of 2.2 children per woman, the population
of Dhaka has increased from roughly 12 million inhabitants in 2000 to 16.8 million in
2015 (United Nations, 2007) and to even larger numbers by the end of the century
due to urban migration and the large proportion of young adults expected to become
parents within the next years. Due to economic growth and growing population alone,
the people of Dhaka already experience an increase in risk due to flooding. Any impact
of climate change on flooding is therefore important for the future of the citizens of
Dhaka, whether the effect is positive through a reduction in flooding, or negative by
aggravating the current flood situation (Alam and Rabbani, 2007).
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2 Chapter 1. Introduction

1.1 Current situation

1.1.1 Flooding and its impact on the livelihood in Dhaka City

Flooding in Dhaka is quantified by the exceedance of pre-determined danger levels
at water level measurement stations operated by the Bangladesh Water Development
Board. Flooding in the megacity is largely impacted by the close proximity to the
confluence of the Ganges and Brahmaputra rivers upstream, as well as the conjunction
with the Meghna river further downstream (Figure 1.1). The risk of flooding is ag-
gravated through rapid urbanization and concurrent encroachment on retention areas,
as well as malfunctions of both the natural and man-made drainage system. Particu-
larly devastating flood years include the flooding of 2007, as well as the flood of 2004,
during which over 30 million people were homeless in Bangladesh, with over 40 % of
Dhaka inundated. Water logging and drainage congestion enhance river flooding and
its detrimental effect, which is being addressed with regulations governing the use of
polyethylene shopping bags (banned in 2002, Reazuddin and Team (2006)), but still
poses a problem throughout Dhaka. Many of Dhaka’s residents, in particular slum
dwellers residing in so-called informal settlements, inhabit flood-prone areas, and only
the western part of the city is currently protected by an embankment. If the embanked
areas do flood, insufficient sleuces and pumps as well as water logging causes the water
to stagnate and drain even slower than in the unembanked areas of Dhaka. Stagnant
bodies of water cause several problems and lead to a further reduction of the limited
financial and material assets and resources available to the urban poor. Thus, inunda-
tion usually affects the poor more strongly, creating a social inequity (Brouwer et al.,
2007).

Dhaka’s livelihood is in great parts comprised of informal systems such as the brick
industry and slum dwellers. The brick fields are situated on the outskirts of Dhaka
City, in close proximity to flood-prone areas as this aids the very traditional production
process by providing both sand, water, and easy access to waterway transportation
(ABheuer, 2014). Likewise, slum settlements, which house roughly 30 % of Dhaka’s
population, are largely not recognized officially by the government. Their construction
is therefore not regulated and tends to occupy flood-prone areas. Although particularly
slum dwellers have seemed to adapt to flooding (ABheuer et al., 2013), the question
arises how possible changes in future flooding may affect these informal systems. Of
interest are flood magnitude, duration as well as frequency and the on-set of flooding
and the length of the flood season.

1.1.2 Impact of water levels on health and mortality

Risks of flooding include both short- and long-term health risks such as gastrointestinal
diseases, an increase in vector-borne diseases, psychological effects, and possibly death
(Alderman et al., 2012; Lowe et al., 2013). Both the flood of 2004 and 2007 led to faecal
contamination of drinking water sources in Dhaka due to drainage congestion problems
(Sirajul Islam et al., 2007; Islam et al., 2010). Because the three most devastating floods
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Figure 1.1: Map of study area, showing the Ganges, Brahmaputra and Meghna river
systems as well as the location of the water level station in Dhaka BM. e represent the
respective discharge stations, Farakka Barrage is located in the west on the border
between India and Bangladesh.



4 Chapter 1. Introduction

occurred within the past 25 years, a general increase in extreme events is perceived
(Alam and Rabbani, 2007; Mirza, 2011; Khalequzzaman, M.D., 1994).

Low water levels are also coming into focus as the groundwater level in Dhaka has
receded in past years (Hoque et al., 2007), with low river levels further depleting the
available water resources. Aside from hardships for the day-to-day life, droughts also
lead to health-related risks. Dey et al. (2012) found that in Northwestern Bangladesh,
droughts lead to increased levels of gastrointestinal diseases as well as dysentery com-
pared to normal years.

Both floods and droughts not only have a negative effect on health, but can also
impact the mortality of the exposed population, as substantiated already for floods
in Asian countries by Jonkman (2005). Hashimoto et al. (2011) used a numerical 2D
flood simulation model to estimate flood-related health risks for Dhaka, and found
a connection between maximum inundation depth and mortality. On a global scale,
Alderman et al. (2012) reviewed 35 epidemiological studies and found that mortality
can increase up to 50 % in the first year after an extreme flood. Heavy flooding is
assumed to increase mortality both through direct and indirect effects (Ahern et al.,
2005; Du et al., 2010). Direct effects include accidents with power lines and drowning,
which are concurrent with the flooding (i.e. do not exhibit a time lag). Indirect effects
however, can lead to a higher morbidity due to e.g. gastrointestinal diseases (Sirajul
Islam et al., 2007), and could increase mortality with a time lag.

1.1.3 Climate change in Bangladesh

Numerous reports from large organizations such as the Food and Agriculture Organi-
zation of the United Nations, the Urban Climate Research Network, the OECD and
the World Bank identify climate change as one of the greatest challenges not just for
Dhaka, but for all of Bangladesh over the course of the 21st century (Chowdhury, 2001;
Nicholls, R.J. et al., 2007; Aquastat, 2011; Rosenzweig et al., 2015), with Inman (2009)
even referring to Bangladesh as the “ground zero of climate change”. IPCC (2013)
and Hijioka et al. (2014) in particular provide an extensive overview of the physical
components of climate change in South Asia including a focus on possible impacts,
adaptation and vulnerability. These reports often concentrate on Bangladesh’s major
natural hazards likely to be affected by climate change, such as flooding and sea-level
rise, and agree that climate change will generally worsen the situation in Bangladesh
during the coming years.

Studies focusing especially on extreme water levels in Bangladesh range from studies on
the Ganges, Brahmaputra and Meghna catchments to more region-specific approaches.
Hirabayashi et al. (2013) found significant decreases in the return period of a 100
year flood event by 2071 - 2100 under the RCP8.5 scenario for both the Ganges and
Brahmaputra from a study of 11 global climate models (GCMs) selected from the
CMIP5. Using 12 GCMs in a discharge-weighted ensemble model, Gain et al. (2011)
detected that in the lower Brahmaputra catchment the magnitude of extremely low
flows will increase, while on the other hand their results project a significant increase
in peak flow at Bahadurabad station (the main discharge station of the Bramaputra,
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see Figure 1.1). They presume this effect is mainly due to an increase in monsoon
discharge resulting from a later onset of the monsoon (Mirza et al., 2003; Immerzeel
et al., 2010; Immerzeel and Bierkens, 2013). Masood et al. (2015) also sees increases in
both precipitation and runoff, particularly in the Meghna catchment, while Whitehead
et al. (2015) finds prolonged periods of droughts.

Although these studies generally agree on slight to significant changes in discharge
patterns, they are based on regional and global climate models (e.g. Coupled Model
Intercomparison Project CMIP5 models, Taylor et al. (2012)) that often have diffi-
culty in adequately representing Indian Summer monsoon dynamics (Immerzeel and
Bierkens, 2010; Annamalai and Sperber, 2016), even when applying statistical post-
processing (Dobler and Ahrens, 2008, 2010). River routing schemes are also typically
not included in global climate models, or fail to reproduce accurate annual cycles, let
alone peak discharges, in part due to a lack of information on the depth and width of
river channels (Bierkens, 2015). While the climate model output could be used to drive
a dynamical hydrological model, this also proves difficult for large catchments such as
the GBM. The larger a river basin becomes, the more difficult it is to obtain and sustain
a data network of sufficient quality to calibrate and validate a hydrological model. In
the GBM, the problem of obtaining sufficient observational data is especially true for
the Himalayas (Mirza et al., 2003; Immerzeel, 2008; Immerzeel et al., 2010; Immerzeel
and Bierkens, 2013) and for variables such as soil moisture and evapotranspiration
(Masood et al., 2015). In addition, if at all included, anthropogenic processes in these
models are often limited to simple parameterizations of e.g. water extraction for irriga-
tion purposes, while international water sharing or reservoir management are currently
not incorporated in climate change projections or modelling studies (Bierkens, 2015).

Because of these constraints, classical climate and hydrological modelling approaches
fail to represent the complex and often non-linear feedbacks between the natural and
the anthropogenic system (Sivapalan et al., 2011; Bierkens, 2015). However, accord-
ing to Niemeijer and de Groot (2008a) the identification of processes important for
a particular research problem, location or question is only possible when the overall
complexity of a system is acknowledged and understood. A climate change model that
focuses on mainly the natural processes is thus not suitable for a region as complex
as Bangladesh, and a cross-thematic approach that includes processes not only across
all compartments of the soil-vegetation-atmosphere system, but also incorporates an-
thropogenic processes is needed (Wagener et al., 2010; Gill and Malamud, 2014, 2016).
Studying water levels under climate change can not be accomplished without taking
into account processes such as sea-level rise, the building of (international) dams, or
increases of freshwater demand due to a growing population.

1.1.4 The need for a socio-hydrological framework

The need for a coupling of the anthropogenic and the hydrological system to adequately
describe the complex feedbacks and dynamics across spatial and temporal scales can
be addressed by the recently emerged field of socio-hydrology (Sivapalan et al., 2011;
Di Baldassarre et al., 2015; Troy et al., 2015; Wesselink et al., 2017). Initiatives such as
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the TAHS Panta Rhei hydrological decade, which covers the period from 2013 to 2022
and puts a primary focus on change in hydrology and society, stress the importance of
a socio-hydrological perspective (Wagener et al., 2010; Montanari et al., 2013).

Current approaches on studying the impact of climate change on water resources in
Bangladesh largely rely on one-way causal chains without feedbacks (Gill and Mala-
mud, 2014, 2016). For example, when studying the resilience of coastal communities to
climate change, Amoako Johnson et al. (2016) describes a two-way feedback between
salinity and shrimp farming, but does not extend the research to include other factors
impacting salinity (Mirza, 1997; Vineis et al., 2011). Including two-way feedbacks be-
tween the human and water system is a key component of a socio-hydrological approach
(Sivapalan et al., 2014).

Attributing certain implications to climate change is difficult without acknowledging
the complexity of socio-hydrological interactions. Inman (2009) describe that farmers
living along the coast have migrated further inland because a growing brackish zone due
to rising sea levels has led to an increase in salinification, negatively affecting crop yield.
These households are labelled as “climate refugees”, but the extension of the brackish
zone cannot be attributed to rising sea levels alone: the construction of dams further
upstream reduces flows which in turn allows the sea water to reach further inland
(Mirza, 1997, 1998; Gain and Giupponi, 2014). Rabbani et al. (2010) also stress that
policy actions to address the impact of climate change in Bangladesh must be based
on a comprehensive framework assessing both social and environmental interactions
across all time scales. Despite the large number of reports and studies conducted
on the impacts of climate change in Bangladesh, a comprehensive socio-hydrological
framework has to our knowledge not yet been set up. Such a framework can aid in
showcasing socio-hydrological aspects that are currently barely being focused on by
researchers and policy makers in general. For example, when attempting to mitigate
the impact of natural processes on mortality, the focus in Bangladesh has mostly been
on cyclones, tornadoes and flooding (Paul, 1998; Alam and Collins, 2010; Paul et al.,
2010; ABheuer et al., 2013). Disaster management was succesful in reducing the deaths,
particularly those related to cyclones, but little has been done to mitigate the effects of
precipitation and temperature on mortality (Burkart et al., 2011a,b, 2014a,b; Burkart
and Kinney, 2016, 2017).

1.2  Scientific objectives

Because of the links between environmental factors and mortality, climate change is
expected to impact mortality (Patz et al., 2005). Since Dhaka is at risk to a large va-
riety of natural hazards, disaster mitigation and adaptation requires an understanding
whether hazards such as flooding are linked to an increase in mortality. If this link
is understood, appropriate measures can be undertaken to assist the growing popu-
lation in aquiring effective coping mechanisms. This thesis aims to contribute to the
understanding of the behavior of extreme water levels and their links to mortality by
providing an assessment of the past and current situation in Dhaka. We hypothesize
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that water levels have changed in frequency, magnitude and duration during the past
century, and that extreme water levels lead to an increase in mortality.

To be able to study how these water levels may change in the future, we provide
a conceptual framework to assess the interactions of hydrological processes with the
natural environment which accounts for societal impacts in a holistic way. By focusing
more closely on those processes most important within Bangladesh and the Ganges-
Brahmaputra-Meghna delta, as well as their implications on both the country-wide
and individual level, we can not only assess the importance of flooding compared to
other processes, but also identify the areas where the country is most vulnerable.
Impacts of climate change can be put into perspective, allowing policy makers to know
where available resources can be used most effectively to increase resilience and reduce
vulnerability.

Chapter 2 introduces the physical geography of Bangladesh and flooding in the Ganges-
Brahmaputra-Meghna catchment, followed by a description of the data utilized in
this thesis in Chapter 3.1. We focus on rare - but particularly high-risk - events
using extreme-value theory described along with other methods applied included in
Chapter 3.2. In Chapter 4, we present an overview on observed water levels dur-
ing the past 100 years and study the connection between flooding and mortality in
Dhaka. Chapter 5 compares potential impacts of climate change on hydrology in view
of the range of additional challenges faced by Bangladesh, before combined results are
discussed in Chapter 6. All figures (see List of Figures, p. VII) were created from
respective data, unless otherwise noted.






Chapter 2

Socio-economy, climate and
hydrology of Bangladesh

This section provides a brief overview of the basic geographical features of Bangladesh,
in particular with respect to the Ganges, Brahmaputra and Meghna rivers. Where
appropriate, information is also given on the entire Ganges - Brahmaputra - Meghna
catchment. Chapter A.1 and A.2 include further details, in particular on the Indian
Summer monsoon and the El Nino Southern Oscillation (ENSO).

Bangladesh is located in South Asia and shares land borders with Myanmar (about
300 km) and the majority with India (about 4100 km). The coast line along the Bay of
Bengal, which is difficult to estimate due to its deltaic nature, is between 580 km and
710 km long, with one-third of the country classified as coastal (Central Intelligence
Agency, 2013; Rabbani et al., 2010). Compared to its neighbors, Bangladesh is a rather
small country with 145,000 km? (Myanmar: 676,578 km?, India: 3,287,263 km?). The
country extends about 800 km from north to south, and about 400 km from west to
east. The mostly flat topography of Bangladesh (Figure 1.1 has a mean elevation of
about 58 m, with 80 % of the country being a deltaic flood plain which lies no more
than 10 m above mean sea level. Higher elevations are solely found in the northern
highlands and the south-eastern Chittagong hill tracts, where the country’s highest
elevation is located at Saka Haphong (1052 m).

The deltaic landscape is largely shaped by the countless rivers of the Ganges - Brahma-
putra - Meghna (GBM) system (Figure 2.1, more details in Section 2.3). The combined
annual runoff from the GBM rivers into the Bay of Bengal of over 1,200 million m?
leads to regular flooding, covering on average 20 % of the land surface (Figure 2.6,
Mirza (1997, 1998)). The highly dynamical landscape is also prone to river avulsions;
in 1762 parts of the Brahmaputra shifted 150 km westward after an earthquake, while
the long coast line makes the country susceptible to increasng sea levels (Hofer and
Messerli, 2006; Brammer, 2012; Pethick and Orford, 2013; Brammer, 2014).

The Ganges, Brahmaputra and Meghna combined form one of the largest tidal deltaic
regions in the world, transporting up to 10® metric tons of sediment largely comprised
of fine sand, silt and clay through the lower Meghna estuary into the Bay of Bengal

9
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(Datta and Subramanian, 1997; Islam et al., 1999; Haque et al., 2016). These sediments
are vital to the fertility of the alluvial soils, and also lead to a net accretion despite
frequent land loss due to river bank erosion. The sediments transported within the
GBM are also the major contributor to the Bengal Fan, the world’s largest submarine
fan which extends up to 3000 km long into the Bay of Bengal (Curray et al., 2002).
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Figure 2.1: Location of Bangladesh and catchment area of the Ganges, Brahmaputra,
and Meghna rivers; Figure from ABheuer et al. (2013).

In addition to flooding, Bangladesh regularly faces other natural hazards such as ex-
treme temperatures, droughts, hail storms and tropical cyclones (Alam and Dominey-
Howes, 2014b,a; Burkart and Kinney, 2017; Cecil and Blankenship, 2012). Due to its
critical tectonic position on the junction of the greater Indian, Burma and Eurasian
plates which interact in the Bengal Basin it also lies at risk of major earthquakes
(Steckler et al., 2008; Alam and Dominey-Howes, 2016).

2.1 Socio-economic aspects of global change

Formerly Eastern Pakistan, the People’s Republic of Bangladesh formed after a civil
war in 1971. Bangladesh is home to the world’s ninth largest population of about 160
million people, and is expected to have a population of over 200 million by 2030 despite
its comparatively low birth rate of 2.2 children per woman (United Nations, 2007).

The nominal Gross Domestic Product (GDP) in 2016 was estimated to be about 228
billion USD (International Monetary Fund, 2016), ranking 34 out of 229 when compared
globally (Central Intelligence Agency, 2013). About half of the GDP is generated
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through services, with industry and agriculture composing about 30 % and 15 %,
respectively. About 65 % of Bangladeshis are employed in the latter sector, with rice
and fish being one of the key export products in addition to garments, leather, and jute
(Yu et al., 2010). With an average annual economic growth of about 6 %, the country
reached lower-middle income status in 2015, which translates to a gross national income
(GNI) per capita above $1026 and below $4035. Simultaneously, the poverty headcount
ratio, or percent of population below the national poverty line of $1.90 per day, has
decreased from 44.2 % in 1991 to 18.5 % in 2010 (World Bank, 2017).

Bangladesh has seen a steady decrease in its rural population from 95 % in 1960 to
66 % in 2015 (World Bank, 2017). As a result, the country has several cities growing in
population, such as Khulna (1 million) and Chittagong (4.5 million), with the largest
being the capital Dhaka (17.5 million). The megacity lies about 200 km inland south of
the confluence of the Ganges and Brahmaputra river and is surrounded by four smaller
rivers (Figure 2.2). Flooding is a regular event, which impacts in particular the slum
dwellers of Dhaka (estimated up to 30 % of the population) as slums are often located
in the flood-prone areas. Due to continuing urban migration, Dhaka is expected to
grow about 3 % per year, reaching close to 30 million people by 2030 (UN-Habitat,
2016), with the slum settlements expected to annually increase by more than 10 %
during the coming years (ABheuer et al., 2013).

2.2 Climate of Bangladesh

Bangladesh is located in a tropical monsoon climate. The Indian Summer monsoon is
primarily driven by a strong land-ocean thermal contrast caused by differential heating
of the land surface area in relation to the ocean, and results in three distinct seasons:
mild winters (ONDJF), hot, humid pre-monsoon summers (MAMJ), and a humid and
rainy monsoon season (JJAS) (Hofer and Messerli, 2006; Islam et al., 2005). Detailed
information on the monsoon can be found in Chapter A.1.1.

In most of Bangladesh, the highest average temperatures are reached by April, with
little variation in mean daily temperature until October (Figure 2.3). Average day-
time summer temperatures range between 20 and 30 °C, with minimum temperatures
increasing steadily during the monsoon season. The highest maximum daily tempera-
ture of 45.1 °C was recorded on May 19th, 1972 in Rajshahi. The coldest temperatures
are usually recorded in January, with average daily temperatures between 16 - 20 °C
during the day and seldom below 10 °C at night. The lowest minimum daily temper-
ature recorded was 1.1 °C on February 3rd, 1905 in Rangpur (World Meteorological
Organization, 2017).

90 % of all discharge flowing through Bangladesh is due to precipitation falling outside
of the country. Precipitation in the GBM basin is largely convective precipitation with
some orographic rainfall due to the Himalayas. Amounts vary greatly during the year,
and there is a distinct dry period from December to March. About 60 - 70 % percent
of the annual total precipitates during the Indian Summer monsoon season (JJAS),
with a sharp increase following its onset (Immerzeel, 2008).



12 Chapter 2. Socio-economy, climate and hydrology of Bangladesh

GAZI PU/SAD/—\R

RUPGANJ

7 WARAYAN-
4 GANJ

/ NGIRPUR
i Goda Tek

L e

MOHA} MADPU&

KERANIGANJ

. NARA\\YANGANJ
b \,  SADAR /4
——= District boundary DHAKA District name
——————— Subdistrict boundary Subdistrict name
— Railroad RUPGANJ
—_— Main road Drainage system
X International Airport
Dhaka Metropolitan Area (DMA) o Study site in informal
Dhaka City Corporation (DCC) settlement
0 5 10km
Source: Geomatics Lab (2010), Rajuk Plan (2009), own field survey
Layout: T. ABheuer Cartography: R. Spohner
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The southeastern coast of Bangladesh is first to experience the arrival of humid air
masses from the Bay of Bengal, which marks the onset of the Indian Summer monsoon,
with a mean arrival date of June 2nd. During the following two weeks, the system moves
to the north where the flow is deflected westward by the Meghalayas, and continues on
to reach northwestern Bangladesh, where the mean arrival date is June 15th (Ahmed
and Karmakar, 1993). In mid-July, the summer monsoon is in full force across the
GBM catchment as the pressure gradient between land and ocean becomes strongest.
The monsoon has usually lost its intensity by the end of September (Hofer and Messerli,
2006; Islam et al., 2005; Rafiuddin et al., 2010). This movement of the Indian Summer
monsoon reflects itself in the average annual rainfall across the Ganges basin, which
varies from 2290 mm on the eastern end to 760 mm in the west (Gain and Giupponi,
2014). The Brahmaputra basin also shows varying amounts, with annual averages
ranging between 734 mm in the Tibetean Plateau, which is shadowed by the Himalayas,
to 2354 mm in the flood plains (Immerzeel, 2008).

In Bangladesh, the annual precipitation amount averages to ~ 2300 mm, with most
precipitation usually occuring between 21 to 9 BST (Bangladesh Standard Time) and
a morning maximum at 6 BST (Islam et al., 2005). December and January rarely see
any significant precipitation amounts; 90 % of the precipitation falls between April and
September. Figure 2.3 shows the average monthly precipitation values along with the
mean, maximum and minimum temperatures recorded at five climate stations (see also
Chapter 3.1.1). The wettest region in Bangladesh is found near Teknaf on the south-
eastern coast, where the monsoon initially hits Bangladesh and combined with oro-
graphic rainfall due to the Chittagong Hill tracts causes annual sums of over 3500 mm.
Higher precipitation sums are also found in the northeastern region close to Srimongal
and the Meghalayas. The lowest amounts are recorded in the far northwestern regions
close to Rangpur, where annual precipitation amounts only reach about 1350 mm.

Precipitation outside of the monsoon season is much lower and mainly caused by
heavy thunderstorms during the pre-monsoon season, accompanied by hail storms. The
Bangladesh Meteorological Department classifies these storms as a major hazard for
Bangladesh; they are among the strongest in the world (Cecil and Blankenship, 2012).
The heaviest hailstone recorded worldwide weighed 1.02 kg and was found on April
14, 1986 near Khulna (World Meteorological Organization, 2017). Other pre-moonson
hazards include tornados, such as the single tornado in the Manikganj district to the
west of Dhaka which killed over 1000 people on April 26, 1989 (World Meteorological
Organization, 2017). In addition, up to three tropical cyclones make landfall along the
coast of Bangladesh each year during the post-monsoon months October and November
(Alam and Dominey-Howes, 2014a).

2.3 Rivers in the Ganges-Brahmaputra-Meghna delta

The Ganges-Brahmaputra-Meghna basin covers parts of India, Nepal, China, Bhutan
and Bangladesh, extending over more than 1.6 million km? (Figure 2.1) and is thus the
third-largest river system in the world (Chowdhury and Ward, 2004). The three rivers
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Figure 2.3: Boxplots of monthly precipitation values as well as the average, minimum
and maximum monthly temperatures at five climate stations in Bangladesh based on
data for 1948 - 2007, see Figure 3.1 for the location of the stations.
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join in Bangladesh and drain into the Bay of Bengal, but 90 % of the discharge results
from precipitation outside Bangladesh. About 80 % of Bangladeshis live in the GBM
basin.

The Ganges river originates in the Indian state of Uttarakhand and turns southeast
through the Gangetic Plain in Northern India before crossing into Bangladesh shortly
after Farakka Barrage, reaching a total length of 2,510 km (see Section 2.3.1). Only 4 %
of the Ganges catchment is within Bangladesh, but it affects more than 35 million
Bangladeshis who live in the Southern Gangatic plains and depend on the river for
mainly agricultural reasons (Swain, 1996). In Bangladesh, the Ganges delta is also
home to several rare species such as Platanista gangetica (Ganges River dolphin) or
Panthera tigris tigris (Bengal tiger), and supplies the Sundarban mangrove forests with
fresh water (Gain and Giupponi, 2014).

The Brahmaputra originates as the river Tsangpo (“Purifier”) in the Tibetian Plateau
from the Chemayungdung Glacier, and continues southeast through China along the
Himalayan belt before entering northeastern India. From there, it flows southwest
until it enters northern Bangladesh at Bahadurabad, continuing on as the Jamuna and
merging with the Ganges in the flood plain about 80 km west of Dhaka (Immerzeel,
2008). With a total length of ~2,900 km and an average discharge of 20,670 m?/s, it is
both the longest and largest in terms of flow of the three rivers (see Table 2.1). The total
sediment load is comparable to that of the Ganges (Subramanian and Ramanathan,
1996).

The Meghna river is created by the junction of the Surma and Kushiyara rivers close to
the border of Bangladesh and comparatively short (~280 km), but accounts for 43 %
of the GBM catchment in Bangladesh (Aquastat, 2011). The tributaries originate
in the Meghalaya hill tracts, which include record-holder rain gauge stations such as
Mawsynram with an annual average of 11,872 mm (World Meteorological Organization,
2017). Regularly occuring flash floods make a noticeable impact further downstream
where the Meghna joins the Padma at Chandpur. During the flood season, it can
reach widths of up to 11 km, and it plays an important role in transporting sediments
through the Lower Meghna estuary (Haque et al., 2016).

The flow regime in all three rivers is determined largely by Indian Summer Monsoon,
including contributions from snowmelt from the Himalayas in particular for the upper
reaches of the Ganges and Brahmaputra (Chowdhury and Ward, 2004; Immerzeel,
2008; Jian et al., 2009). The hydrological year thus runs from April 1st until March
31st, with a distinct flood season in the monsoon months (JJAS) and a pronounced
low flow in the drier months (DJFM, Figure 2.4). The flow of the Brahmaputra rises
earlier than the Ganges due to the earlier onset of the monsoon in the east, and usually
peaks one month before the Ganges reaches its high flow in the months of August and
September (Hofer and Messerli, 2006).

The Ganges and Brahmaputra have seen both sudden and more gradual river avulsions.
During the flood season, short-term shifts in river channels frequently create islands
and bars, called chars. Vegetated chars, which are extremely vulnerable to flooding
and erosion, play an important role for the livelihood up to 600,000 people who mainly
rely on agriculture, fishing and rearing livestock (Sarker et al., 2003). Larger avulsions
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Figure 2.4: Boxplots of average monthly discharge of the a) Ganges, b) Brahmaputra
and ¢) Meghna rivers based on data from 1953 - 2009 (Chapter 3.1.2). Outliers in the
flood season are labeled with the year of occurrence.
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Table 2.1: Statistics for the Ganges-Brahmaputra-Meghna basin from Aquastat
(2011) and Gain and Giupponi (2014). Discharge statistics are for daily discharge
(see Figure 2.4 for monthly discharge) and based on data from the Global Runoff Data
Centre GRDC (Koblenz, Germany) and the Bangladesh Water Development Board
BWDB (Dhaka, Bangladesh, see Chapter 3.1). Estimates for sediment load found in
literature vary (Subramanian and Ramanathan, 1996; Islam et al., 1999; Akter et al.,
2015).

Ganges Brahmaputra Meghna
Total catchment size [km?| 1,087,000 580,000 78,000
Catchment size in Bangladesh [km?] 45,548 (4%) 39,100 (7 %) 35,000 (43 %)
Percent of Bangladesh 37 % 27 % 24 %
River length [km] 2,510 2,900 264
Average discharge [m?/s] 13,541 20,670 5,400
Maximum discharge [m?3/s] 75,469 (Sept 1998) 97,902 (Aug 1988) 17,667 (Sep 1988)
Minimum discharge [m?3/s] 183 (Mar 1997) 2,466 (Apr 1962) 0 (Feb 1983,84,86)
Sediment load [10° tonnes per year] 316 to 660 402 to 721 10 to 25

can occur during or after severe flood events. Following the flood of 1787, the Tista
river, which was then one of the main Ganges tributaries in Bangladesh, changed its
course eastward to the channel of the present-day Brahmaputra. In the same year, the
Brahmaputra itself began gradually shifting westward towards its present-day channel
from its original course as a tributary of the Meghna (Hofer and Messerli, 2006). Due
to the high population density in Bangladesh, a present-day shift would affect the
livelihoods of millions.

2.3.1 Farakka Barrage

The GBM basin contains several large dams and hydropower facilities. The largest
such structure directly affecting Bangladesh is Farakka Barrage, located on the Indian
border with Bangladesh. Construction started in 1961, with the 2,245 m long dam
beginning operating in 1975 to ensure continuing navigability of the Bhagirathi-Hoogly
river system that connects the Ganges to the port of Kolkata. This flow diversion poses
several socio-ecological issues affecting approximately 35 million Bangladeshis in the
lower Ganges basin (Swain, 1996; Gain and Giupponi, 2014).

The construction of Farakka Barrage led to a significant decrease of dry season flow of
up to 50 % (Figure 2.5). While this agrees with the findings of several authors (Mirza,
1997, 1998; Gain and Giupponi, 2014), studies disagree on the dam’s impact during
the flood season, with our analysis showing no significant change (Figure not shown).
Section 5.1.4 and A.3.4 for a more extensive discussion on the role of Farakka Barrage.

About 20 % of Bangladesh is inundated on average each year (Figure 2.6). These
floods play an important role in agriculture by fertilizing the alluvial soils. However,
the country also regularly experiences severe dry years, and has been prone to extreme
floods that can cover up to 70 % of the country. Both dry and wet years have a
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Figure 2.5: Boxplots of average dry season flow (JEMAM) of the Ganges at Hardinge
Bridge station (Bangladesh), located downstream from Farakka Barrage. Averages are
per decade and based on data from 1910 - 2010 (Chapter 3.1.2).

tremendous impact on the livelihoods of millions of Bangladeshis (Khalequzzaman,
M.D., 1994; Mirza, 1997, 1998; Hofer and Messerli, 2006; Gain and Giupponi, 2014).

2.3.2 Low flow

Natural causes for low flow are e.g. reduced precipitation during a year of weak summer
monsoon, increased evapotranspiration and reduced water storage (Smakhtin, 2001).
For the Ganges and Brahmaputra, colder temperatures in the upper regions of the
catchments can result in less melt water, so particularly cold years can also contribute to
lower than usual flows. Anthropogenic factors such as irrigation, extreme groundwater
pumping and Farakka Barrage exacerbate the situation (Hofer and Messerli, 2006;
Mirza, 1998).

The months of regular low flow are JEM (Figure 2.4), which coincides with the dry sea-
son of Bangladesh (Figure 2.3). Years with minimal flooding include the year of 1978
(Hofer and Messerli, 2006), during which very little rainfall was recorded in Bangladesh
in the months of August and September. While the Upper Ganges catchment expe-
rienced strong flooding, potential runoff was extremely low in the Brahmaputra and
Meghna catchments. Combined with the low precipitation, the flooded areas were thus
located solely in the western part of Bangladesh, with only 7.6 % of the country flooded
as opposed to the average of 20.8 % (Figure 2.6, Hofer and Messerli (2006)).



Chapter 2. Socio-economy, climate and hydrology of Bangladesh 19

100
80
1998
M [:]
60 m 8
g 1988
(0]
>
[e)
[$]
<
[0}
o
S -
40 _ - :
20
0 H H HH HH HH Hﬂ o 1 H HH -
T T T T T T T T T T T

1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005

Figure 2.6: Average annual area inundated in Bangladesh in % land surface area
based on data from 1954 - 2008. Stars indicate years with missing data. The last bar
shows a boxplot indicating the mean and interquartile range over the entire period,
with outliers labeled with the year of occurrence.
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2.3.3 High flow

The Ganges, Brahmaputra and Meghna rivers are all mainly driven by monsoonal pre-
cipitation, thus floods occur largely in the monsoon season between June and Septem-
ber (Figure 2.4). While average floods typically inundate about 20 % of the country
each year, extreme floods such as the event of 1998 can inundate over 65 % of the
country (Figure 2.6). Single extreme rainfall events cause flash-flooding in the Meghna
basin, but are excluded from further analysis due to scarce sub-daily data availability.

Flooding in the GBM delta is affected by a combination of different factors, ranging
from hydrometeorological conditions such as the magnitude and frequency of precip-
itation, the synchronization of discharge peaks in the GBM rivers to soil conditions
and evaporation in the basin as well as sea level rise at the river mouth outflow.
El Nifio Southern Oscillation (ENSO) events can also strongly contribute to extreme
flood events via their influence on the Indian Summer monsoon (Chapter A.1.1, Mirza
(2003b, 2011)). Anthropogenic influences also play a role via dams, irrigation, and the
alteration of river channels so natural drainage areas are no longer available (Khale-
quzzaman, M.D.; 1994; Hofer and Messerli, 2006). Despite wide-spread public belief
that deforestation in the Himalayas is a major contributing factor to flooding in the
GBM delta, Hofer and Messerli (2006) extensively analyzed these highland-lowland
interactions and strongly disagree with this claim.

Major floods in Bangladesh seem to be mainly driven by the Brahmaputra, with the
Ganges and Meghna playing secondary roles (Hofer and Messerli, 2006; Mirza, 2011).
Because the three most devastating floods occurred within the past 25 years, a gen-
eral increase in extreme events is perceived, which is discussed further in Chapter 4
(Khalequzzaman, M.D., 1994; Mirza, 2011).

One such extreme flood event occured in 1988. A first flood period occurred between
mid-April and mid-May in eastern and north-eastern Bangladesh. Two main rainfall
periods, one in early July and one in late August, with exceptionally strong rainfall
in the Meghalayas, could be the reason for the second and third peaks in Meghna
and Brahmaputra flows. The Ganges catchment did not see significantly higher-than-
normal rainfall amounts, but exceptional snow and glacial melt is a possible reason for
the high discharge amounts that combined with that of the Brahmaputra and Meghna
on August 23rd. This in combination with a high groundwater table, in particular
under the confluence of the GBM, caused nation-wide inundation of ~ 63 % well until
mid-September (Hofer and Messerli, 2006; Khalequzzaman, M.D., 1994).

The flood of 1998 inundated ~ 65 % of the country for up to 67 days, with depths
reaching over three metres in some regions (Hofer and Messerli, 2006; Khalequzzaman,
M.D., 1994). Following a dry pre-monsoon and early monsoon period, significantly
above-average rainfall occured in Bangladesh and the Meghalayas from July 5th until
September 6th. This very humid monsoon is attributed to a La Nina event. After a
particularly strong precipiation period from August 31st until September 6th, all three
rivers reached their annual peak discharges between September 7th - 9th. Especially
the regions around the confluence of the three rivers were flooded due to the backwater
effects, with high tides worsening the situation (Hofer and Messerli, 2006).



Chapter 3

Data and methods

This chapter provides an overview of the meteorological and hydrological data as well
as the methods used in the following chapters.

3.1 Data

Observations for meteorological as well as hydrological variables in Bangladesh are
available up to 100 years as detailed below. The two main sources for data used in this
study, the Bangladesh Meteorological Department (BMD) and the Bangladesh Wa-
ter Development Board (BWDB), provide homogeneous and quality-controlled data.
Where appropriate we treated for missing values using neighbouring stations.

3.1.1 Temperature and precipitation

With data sets available from local partners at the BMD as well as the German Weather
Service, our final data set was based on daily rain gauge measurements at 33 stations
covering Bangladesh for 60 years (1948 - 2007). The same data set also contains other
variables such as daily mean, minimum and maximum temperature. Less than 5 %
of all values are missing for most stations. A principle component analysis using the
precipitation data for the pre-monsoon and monsoon season reveals five precipitation
subregions, with regional differences generally much smaller than seasonal differences
(Figure 3.1).

3.1.2 Hydrological data

Daily discharge data was obtained from the Global Runoff Data Centre (GRDC) as well
as the Bangladesh Water Development Board (BWDB) for the Ganges, Brahmaputra
and Meghna rivers. The available time periods for each of the stations as well as basic
statistics on e.g. average daily flow or annual minimum and maximum discharges are

21
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Figure 3.1: Location of the 33 climate stations in Bangladesh and the precipitation
regime during the pre-monsoon and monsoon season derived from a principle com-
ponent analysis for the years 1948 - 2007. The station names indicate the principal
stations.
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listed in Table 2.1. The chosen stations all have a consistent data set with few missing
values, especially during the flood season between June and September.

Daily water level data is provided by the Bangladesh Water Development Board for
four stations surrounding the city of Dhaka (Figure 2.2). The water level is mea-
sured daily, with values given both for low and high tides. Since this study fo-
cuses on flooding, the high tide data set is used unless specified otherwise. Table
3.1 lists the duration and percent missing values for the time series, with Dhaka
(SW42) having the longest time series beginning in April 1909. All four time series
wl;, i = SW42, SW179, SW299, SW302 are available for at least 50 years, although
some stations are prone to gaps, especially Demra (SW179). Even though the stations
are located on different rivers surrounding Dhaka, these rivers lie within 30 km of each
other and are interconnected. Therefore, while the stations exhibit slight differences
in mean, standard deviation and number of days above danger level, these are rather
small. Indeed, the correlation between all four stations is 7pegrson = 0.98 or higher
for all combinations. As shown in Figure 3.2, the residuals obtained by subtracting
the annual cycle from the original time series are also correlated strongly. Since the
trend analysis following in Chapter 4 requires a long time series with as few gaps as
possible, the high correlation between the stations is used to impute missing values
for one of the time series using the information collected at the three neighbouring
stations. Figure 4.6 shows the results of a logistic regression between one station being
above the danger level depending on the water level of another station for each pair of
stations. It follows that once the danger level (gray line) is exceeded at Dhaka (SW42),
the probability of the other three stations also being above danger level is above 85 %.
The time series of Dhaka (SW42) is therefore chosen as the time series to impute.

Table 3.1: Description of water level data for the four stations surrounding Dhaka
city. The parenthesis in the second column show values for the imputed data set.

Dhaka Dhaka Demra Tongi Mirpur

(SW42) (SW42) (SW179) (SW299) (SW302)
Duration Apr 1909 Jan 1953 Apr 1952 Apr 1960 Jan 1953

to Nov 2009  to Nov 2009  to Nov 2009 to Nov 2009 to Nov 2009

Percent missing 11.5 % 14.1 % (2.4 %) 19.8 % 71 % 7.1 %
Mean [m] 3.03 3.06 (3.03) 3.20 3.15 3.25
Stdev [m] 1.48 1.43 (1.45) 1.45 1.62 1.55
Danger level [m] 6.00 6.00 5.75 6.08 5.94
Average NOD 6.0 6.4 (6.7) 12.0 10.6 19.1

The missing values are estimated based on a combination of the mean annual cycle
of station Dhaka (SW42) and a linear regression between the residuals of the stations
(see Chapter 3.2.1). The following steps describe the method in more detail:

e Time series wl;, 1 = SW42,SW179, SW299, SW302 are smoothed by moving
averages and detrended. The annual cycle is then estimated from the mean of all
observations for every day per year over the entire period. Subtracting this from
the original time series leads to the residuals wl™*"*. The strong correlation
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Tongi(299) -«
r=0.93 | _
P <0.001

Mirpur(302)

Figure 3.2: Correlation between the residuals [m] of the four water level stations
surrounding Dhaka. The diagonal shows histograms for the individual stations, the
panels below the diagonal depict the scatterdiagram of paired stations with a linear
regression line drawn. The explained variance, Pearson’s correlation coefficient as
well as the corresponding p-value are shown in the panels above the diagonal. All
correlations are significant at the 0.001 level.
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Figure 3.3: Logistic regression for four water level stations in Dhaka to treat missing
data (1953 - 2007).

between the stations also exists between the residuals, as can be seen in Figure
3.2.

- - bs, bs, . :
e A linear regression model wig;/s = Bwleiiso, + € is set up between the residuals

of Dhaka (SW42) and the station with the strongest correlation in the anomalies,
Mirpur (SW302).

e The model fit (reaching an adjusted r? = 0.78) is then used to predict the resid-

mod,res

uals wig,, " for those days with missing values at station Dhaka (SW42).

e The imputed time series for Dhaka (SW42) wlgyw 42,im, is obtained by filling the
. . mod,res :
missing values of wlgwas by adding wlgy i to the temporally corresponding

seasonal cycle component.

In this way, the missing data for the water level station Dhaka for the time pe-
riod 1953 - 2009 could be decreased from 14 % to 2 %. The chosen imputation
method adequately reconstructs the time series, as the mean and variance differ only
slightly (Table 3.1. A two sample t-test does not reject the null hypothesis Hy of
equal means (p = 0.15), while a F test on the variances of the observed and im-
puted time series for Dhaka (SW42) can not reject the null hypothesis H, that the
variances are equal (p = 0.14). The differences between both the mean and the
variance of the original and imputed data set are therefore not significantly larger
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than zero. For further validation, all residuals of Mirpur (SW302) are used to pre-
dict the entire time series of Dhaka (SW42) wl,y. The RMSE is then computed by

N
RMSE = %Z (Wlgps — wlya)? = 0.20m. The low RMSE value also shows that the
i=1

method is suitable when imputing missing values to create a longer data set with fewer
gaps.

3.1.3 Mortality data

Mortality data for the Dhaka Statistical Metropolitan Area was obtained from the
Bangladesh Bureau of Statistics (BBS) for January 2003 - December 2007. The data
lists fatalities per day, and stems from the Sample Vital Registration System (SVRS).
The SVRS is conducted by the BBS by splitting the population group into 1,000
primary sample units (PSUs). Each PSU consists of about 250 households who are in
turn comprised of an average of 4.7 household members. The system not only records
information on the infrastructure of the households, but also vital population statistics
including mortality. 80 PSUs lie in Greater Dhaka, with a total of 16,024 households
actively participating during the chosen time frame. Since September 2002, the SVRS
relies on a dual recording system for it’s statistics: all data is collected both by a local
member located within the PSU, as well as by a BBS official every three months. In
case of discrepancies between the two data sets, a BBS official revisits the site to obtain
the correct information and two surveys are then compared to ensure high quality of
data. Once discrepancies between the two data sets are found, the official revisits the
site to obtain the correct information (Bangladesh Bureau of Statistics (BBS), 2008).
The survey discloses the date of death, age and sex of the deceased, as well as a cause
of death. However, the latter is not medically certified. We excluded maternity-related
deaths, leading to a total of 5,770 death counts included in our analysis. Further
information regarding this data set can be found in Burkart et al. (2011a, 2014b) and
Thiele-Eich et al. (2015).

3.2 Methods

In the subsequent chapters, a variety of methods was used to study hydrological pro-
cesses in Bangladesh. Exploring relationships between two or more variables initially
requires an exploratory data analysis to check for e.g. the type of variable, shape of
their distributions, and associations with other variables. This is followed by a four-
step model fitting procedure, namely model specification, parameter estimation, model
validation and finally statistical inference. The following subsections present these four
steps for generalized linear models (GLM), of which a subset are used to study trends
in time series data (Chapter 3.1 and 4). An introduction to distributed lag non-linear
models used to examine the connection between extreme water levels and mortality
(Chapter 4) as well as extreme value theory applied in Chapter 4 follows. The eDPSIR
framework used for Chapter 5 is described in Section 3.2.4.
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3.2.1 Generalized linear models

In the following, we describe the four-step model fitting procedure for generalized linear
models, which allow to specify a model with response variables that follow different
distributions using different link functions that serve as a transformation of the response
variable. The following is largely based on Nelder and Wedderburn (1972) and Dobson
and Barnett (2008).

Model specification

Since our focus is on the connection of a single response variable Y to several ex-
planatory variables, presenting an univariate model is sufficient. We assume that the
observed variables y1, o, ...y, are realiziations of the random variables Y7, Y5, ..., Y,, with
a probability distribution belonging to the exponential family of distributions

yo — b(0)

f(y;0,¢) = exp { (0

ey, ¢>} (3.1)

where a,b and ¢ are known functions associated with the distribution of the response.
The paramerters 6 and ¢ are called the canonical parameter and the dispersion pa-
rameter, respectively. The expectation E(Y) can be linked by the function g(-) to a
linear combination of the explanatory variables x1, zs, ..., x,, through an equation of the
general form

g(E(Y)) = Bo+ by + - + Bt (3.2)

We use general linear models as well as logistic regression and describe these in further
detail below.

General linear models Generalized linear models (GLMs) are an extension of the
general linear model used for linear regression. This special case arrives if the response
variable on hand follows a normal distribution with expectation g,

Y ~ N(u,o?) 3.3
EY)=npn
g(p) = p )

The canonical link funciton ¢(-) is the identical function. Thus the linear predictor,
i.e. the right hand side of (3.2), can be interpreted on the scale of the response.
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Logistic regression Logistic regression is a non-linear transformation of linear re-
gression used for binary responses, e.g. whether or not a certain threshold is crossed.
The relationship between a variable and its response can be described by defining a
binary random variable as

1 if the outcome is a success
= (3.6)

0 if the outcome is a failure

with Pr(Z =1) =7 and Pr(Z =0) = 1 — m, with Z following the Bernoulli distribu-
tion, also a member of the exponential family,

Z ~ Bern(m)
EZ)=m

gn)zhgn@a::mg<lfﬂ>. (3.9)

Here the logit function serves as link between the expectation 7 and the linear predictor.
Thus, the right hand side of (3.2) has to be interpreted on the logit scale.

Parameter estimation

To arrive at the parameter estimates Bj of parameters /3; maximum likelihood estima-
tion (MLE) is applied as described in the following.

The likelihood function L(3;y)! returns the likelihood depending on the parameter
vector B = [y, B1, ..., Bp]" from the parameter space 2 based on the fixed random
vector y = [Y1, ..., Y,]T. B is the value that maximizes the likelihood function

L(B;y) > L(B:y) for all B in Q. (3.10)

As the logarithmic function is monotonic, ,[;' also maximizes the log-likelihood function
[(B;y) = log L(B;y): X
I(B;y) > 1(B;y) for all B in Q. (3.11)

The latter is easier to handle both analytically and numerically. B is obtained by
solving for the differentials of the log-likelihood equation

l .
0 (ﬂ) y) = 0 for each element j = O, 1, ..., D. (312)

0B,

The optimization is performed by using the Fisher scoring algorithm as implemented
in the glm function in R.

Note that this is algebraically identical to the joint probability density function f(y;3) of the
Y;’s, but here 3 are fixed while the random variables y vary.



Chapter 3. Data and methods 29

As 3 depends on the random variable y, it is random itself and satisfies several prop-
erties such as consistency, which states that

P(lim 6 = 6) = 1, with 6 the true parameter . (3.13)

n—o0

Other properties include asympotic normality, efficiency or sufficiency and are described
in further detail in Dobson and Barnett (2008).

Model validation

Diagnostics for the linear models For a model as specified in Sect. 3.2.1 that ad-
equately represents the data, standardized residuals should be approximately normally
distributed and independent from each other as well as unrelated to the explanatory
variables. In addition, the variance of errors should remain constant over time, or
homoscedastic.

For the linear model the standardized residuals are formulated as

r= L1 (3.14)

~

g

The first can be verified using graphical techniques such as normal probability plots,
where residuals are plotted in ranked order against their expected values assuming these
are also normally distributed. The plot should show an approximately straight line,
with departures indicating departures from normality, and are useful to detect outliers.
Independence can be checked by analyzing residual autocorrelations or a residual time
series plot, with e.g. steadily increasing residuals calling for more complex model set
ups. By plotting the standardized residuals against individual explanatory variables,
any emerging patterns indicate the need for an alternative model set up.

Also note that given the observations follow the normal distribution, minimizing the
sum of squared residuals > (y; — 4i;)? is identical to maximizing the log-likelihood in
Equation (3.11) (Nelder and Wedderburn, 1972).

Bootstrap Hydrological time series, e.g. observed flood events, often exhibit a posi-
tive autocorrelation. If this autocorrelation still remains in the residuals the assumption
of uncorrelated errors is not fulfilled. This leads to an underestimation of error for the
estimated parameters (Arlot and Celisse, 2009). To handle this problem, a bootstrap
is performed by choosing a value z;, leaving out a window of length [/2 on both sides,
where [ is the value at which the acf is no longer dominant. The glm is then set up
on the remaining values, and used to predict from z;. This process is repeated by a
sufficient high number, i.e. 500 times and provides a more robust estimate of the error.

Cross-validation In addition cross-validation is used to check model prediction per-
formance and to detect problems such as overfitting or finding particularly influential



30 Chapter 3. Data and methods

observations. Rather than using the entire available data set to set up the model, the
data is split into a training and a testing set. The parameters of the model are then
estimated from the training data set, with the testing set used for predictions (Arlot
and Celisse, 2009).

In a k-fold cross-validation, the data is split into k blocks of equal length, with each
block used once as the testing set. The average error over all k testing sets is then
reported as the cross validation statistic. In the case of highly autocorrelated variables
which violate the independecy assumption, thus leading to an underestimation of the
model error, LOOCV is adapted by not only choosing LOO as the test set, but also in-
cluding values from a window of a length similar to the lag at which the autocorrelation
becomes negligible. For further details, see Arlot and Celisse (2009).

Statistical inference and model interpretation

Hypothesis tests The estimated parameters B are subject to sampling variations.
The a% confidence interval of the estimated population parameter describes the range
in which #rue parameter lies with probability a%.

Confidence intervals for the estimated parameter/gof statistic can be obtained by boot-
strapping (Efron and Tibshirani, 1994). Steps for this procedure include resampling the
data set n times with replacement, calculating the parameter and thereby retrieving a
sampling distribution for the parameter or test statistic in question. 95 % confidence
intervals are then the range between 2.5 percentile and 97.5 percentile.

Hypothesis tests are used to infer how well a set of candidate models fit the data. For
this, a goodness of fit statistic G is required on which a hypothesis test can then be
conducted. The steps of such a test are

e specifying a simple model M (corresponds to null hypothesis Hy), which is a
special case of a more general model M; (corresponds to alternative hypothesis
Hl)a

e fitting both models and calculating Gy and Gy,
e using the difference G; — Gy or the ratio G1/Gq to compare the two fits, and
e testing Hy : G7 = Gy against Hy : G; # Gy using the sampling distribution of

the difference or the ratio. In the present studies the sampling distribution are
commonly assessed by bootstrapping.

If Hy cannot be rejected, the simpler model M, is retained on the grounds of parsimony
(Sober, Elliott, 1981).
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Goodness of fit measures Several goodness of fit measures exist such as the coef-
ficient of determination, which includes the ratio of the model error to the variance of
the dependant variable and is written e.g. for linear models as

Z(yi - ,&i)Z
> (yi — 9)*

R? thus describes how well the model explains the variation of the data. In a simple
linear regression R? is equivalent to the squared Pearson correlation coefficient between
the reponse y and the predictor z. Although it is easy to interpret, R? increases as the
number of model parameters increase, which makes adjustments to Equation (3.15)

necessary for models with large parameters with respect to the sample size. Per the
Wherry formula (Yin and Fan, 2001)

R*=1- (3.15)

1
R, =1-(1-R)—"

adj

_ 3.16
1 (3.16)
As the sample size n increases or the number of parameters p decreases, the difference

between R* and RZ; becomes smaller.

For a logistic regression, the deviance

D= -2 Z (yilog(#;) + (1 — yi) log(1 — 7;)) (3.17)

can be used to assess the goodness of fit and testing hypothesis, with y; the observed
“successes” and “failures”, and 7; the fitted values (Dobson and Barnett, 2008).

In addition to goodness of fit measures and cross validation procedures as described
in Section 3.2.1, different model selection criteria can be used such as the Akaike
Information Criterion AIC or the Bayesian Information Criterion BIC (Akaike, 1973;
Burnham and Anderson, 1973).

When comparing several candidate models for a certain data set, the Akaike Informa-
tion Criterion AIC estimates the models’ prediction performance relative to each other
and aims at finding the model with the best predictions. For n > p? |

AIC = —21(6;y) + 2p, (3.18)
with p the number of parameters.

If n > p, the AIC can be corrected for finite sample size (Burnham and Anderson,
1973). For univariate linear models with normally-distributed residuals,

AICe = AfC + 2P+ 1)

1
et (319)

which converges to AIC as n increases.
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Choosing the lowest AIC calculated from all candidate models M; is equivalent to
minimizing the information loss between M; and the true model (which is in practice
unknown and not assumed to be included in the candidate model set). However,
minimizing the AIC provides no information on whether or not the chosen model is of
high quality. AIC can also be used to compare two models which are not nested, as
long as the models were constructed on the same data. This is not the same for the
likelihood ratio test, which only works on nested models.

The Bayesian information criterion BIC is derived with the aim of selecting the true
model, which is assumed to be included among the candidate models M;. The BIC is
formulated similar to the AIC as

BIC = —21(6;y) + log(n) - p, (3.20)

with p the number of observations. It has a larger penalty term than the AIC resulting
in simpler models being chosen when using the BIC. Note that Stone (1977) showed
that leave-one-out CV and AIC are asymptotically identical, as are k-fold CV and BIC
(with the k folds carefully chosen).

While the above methods can be used to compare which of several models is a better
fit, the interpretation of the model should rely on the magnitude of the parameters and
the associated confidence in the parameter estimation.

3.2.2 Distributed lag non-linear models

Generalizing GLMs to include non-linear cases leads to generalized additive models
(GAM, Hastie and Tibshirani, 1990) of the form

g(E(Y)) = Bo + filx1) + fa(w2) + -+ fin(m), (3.21)

where f;(x;) are smooth functions, i.e. have continuous derivatives up to a certain order,
of the predictors z;. A GAM is therefore a generalization of a GLM, which in turn is
a generalization of a general linear model or simple linear regression.

Setting up a model which relates extreme water levels and mortality requires taking
into account a time lagged exposure-response relationship as the effects of extreme
water levels can both be noticed directly, e.g. via drowning, as well as after a certain
period of time, e.g. via a disease. The effect on mortality measured at any given time
can however usually not be ascribed to a single environmental expose, but rather for
multiple exposure events, i.e. multiple days of flooding. Distributed lag models are a
form of GAM based on a regression equation in which the current dependent variable,
or increase in risk s(z,t), is predicted based on both current as well as previous values
of the explanatory variable over the period At = [to, 1], with ¢y and ¢; the first and
last time step of relevant exposures:

s(z,t) = / 1 Ty, - w(t — u)du. (3.22)

to
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The weighting function w(t — u) assigns weights to previous exposures to represent
their individual effect on the dependent variable. The model in Equation (3.22) can
be rephrased to express the risk along lag [ € [ly, L], with L — Iy = t; — to:

s(x,t) = /z Ty - w(l)dl ~ th_l ~w(l). (3.23)

I=lg

The weighting function w(l) is called the lag-response function. These equations do not
yet take into account the temporal dimension in the exposure-response relationship.
Gasparrini (2014) describes how this can be achieved with distributed lag non-linear
models (DLNMSs), an approach originally stemming from time series analysis (Arm-
strong, 2006). Here, a function s(z,t) describes this relationship by taking into account
the exposure history of x at times ¢ in the ezposure-response function f(x) as well as
the lag [ € [lp, L] in the lag-response function w(l):

s(z,t) = f(xt ! Zf Tiy) (3.24)

I=lg

As f(x) - w(l) can usually not be expressed through a linear combination, this would
result in nonlinear parameters and thus require optimization routines. While this is
at best inconvenient, Equation (3.24) further assumes independency between f(z) and
w(l), for which the exposure-response relationship needs to be identical at each lag [, as
well as equall response-lag relationship for each x. This requirement is not conducive
to our study, where independency cannot be guaranteed. To relax this premise, s(x,t)
can be expressed by defining a cross-basis s(x,t) as the bidimensional functional space
in which f - w(x;_;,1) specifies the combined relationships along the predictor x and
the lag dimenson [:

L

s(x,t) = fw(xeg,l Zf w(xe,1). (3.25)

lo I=lo

The tensor product expresses the exposure-lag-response function f-w(x;_;, 1) as a linear
combination of variables and parameters. The algebraic notation of this tensor product
is described in further detail in Gasparrini (2014), but most importantly, the DLNM
model specification relies only on the choice for functions f(x) and w(l), e.g. splines,
step-wise functions, etc. Previous knowledge regarding i.e. a range of possible time
lags can be incorporated through the choice of specific functions and constraints. The
estimation of the v, x v; parameters n is then conducted with standard regression
models. While tests for constrained models (lag-response, exposure-response) as well
as confidence intervals are available, a more general hypothesis testing procedure for
DLNMs is still under development as the two null hypotheses Hy : f(z) = x and
Hy : w(l) = c are not independent from one another (Gasparrini, 2014). To still be
able to select the best model, a simulation study by Gasparrini (2014) found that a
AIC-based selection tends to slight overfitting, but still outperform the much stronger
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underfitting apparent when using the BIC, perhaps due to the stronger penalty inherent
in the latter criterion.

3.2.3 Block maxima approach - Extreme value theory

To study rare events such as heavy flooding, extreme value theory is used in estimating
the probability of such an extreme event occurring. Of the different approaches de-
scribed in Coles (2001), block maxima can be chosen for the representation of annual
minima and maxima and is detailed below.

We use the generalized extreme value (GEV) family of distributions to model the
distribution of the annual maxima/minima of a variable, assuming that the elements
of the time series are independent and identically distributed and that they have a
common distribution function F (Coles, 2001). Distributions of the GEV family are
described by the location parameter p, the scale parameter o, and the shape parameter

¢ of the form:
F(:v;u,a,f)zeXp{— {Hg(f‘;“)]g} (3.26)

defined on {z : 1 +&(=#) > 0}, where —00 < p1 < 00, 0 > 0 and —oo < { < oo. The
GEV is a combination of the following three families, which are distinguished via &:

e ¢ =0 Gumbel type, light upper tail
e £ > ( Fréchet type, heavy upper tail

e ¢ < 0 Weibull type, bounded upper tail

To estimate the parameters of the GEV distribution for annual minima, the vari-
able x1,...,x,, need to be converted to —zy,...,—x,,, with © = —pu. Estimates were
performed using the R package “ismev” (Original S functions written by Janet E. Hef-
fernan with R port and R documentation provided by Alec G. Stephenson., 2016)
using the MLE method to estimate the parameters of the distribution. Statistics of
the distribution such as the mean can then be computed by:

potEE £ 0,6 <1,
E(z) =S u+ony if ¢ =0, (3.27)

00 if&>1,
where v is the Euler-Mascheroni constant. For a return period }—17, the return level z,

and the associated return level plot can be obtained from inverting Equation (3.26)
and setting y, = —log(1 — p):

Zp:{,u—%[l—yp”] for £ # 0, (3.28)

p—o log y, foro=0.
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The model and uncertainty of estimated parameters is validated by bootstrapping
(Efron and Tibshirani, 1994). When comparing changes in GEV over time, the GEV
is fit using covariates for p, 0 and &. The different fits for the two time series are then
examined using the x?(df) distributed deviance to compare the log-likelihood ratio of
the two:

D = 2(nllhg — nllhay), (3.29)

with nllhy the negative log-likelihood of the GEV fitted to the whole data set, and
nllhgy that from including a step-wise trend for p and o as a covariate.

3.2.4 The enhanced Driving force - Pressure - State - Impact
- Response framework

We use the enhanced Driving force - Pressure - State - Impact - Response (eDPSIR)
framework described in Niemeijer and de Groot (2008a) and Niemeijer and de Groot
(2008b) to visualize and thus contribute to a deeper understanding of the complex in-
teractions between socio-hydrological processes in Bangladesh. The eDPSIR approach
suggests creating a causal network, which provides a formal structure for the selection
of key indicators and allows for two-way feedbacks, which is not possible in simpler
causal chains.

The eDPSIR framework is flexible in respect to the degree of completeness and the
detail required, which both largely depend on the specified research question and ap-
plication (Niemeijer and de Groot, 2008a). This also ensures that interactions on
different spatio-temporal scales often evident in socio-hydrological processes can be in-
cluded (Sivapalan and Bloschl, 2015). Niemeijer and de Groot (2008b) lists five steps
to formally construct a causal network per the eDPSIR framework:

Step 1: Broadly define the domain of interest

Step 2: Determine boundary conditions

Step 3: Determine the boundaries of the system

Step 4: Identification of abstract indicators of the main factors and processes

e Step 5: Iteratively mapping the indicators in a direction graph

Relevant socio-hydrological indicators to include in Step 4 and especially Step 5 are

collected based on an extensive literature review (see also Chapter A.1, A.2, A.3 and
A4).

Indicators can be either abstract or concrete enough to measure and observe (i.e. water
level), and can be more detailed for some processes than others, with the amount of
detail dependant on the research question at hand. After identifying indicators to be
included in the framework, Patricio et al. (2016) stresses the importance of quantifying
and specifying the nature of the interactions between indicators.
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For the direction graph, Niemeijer and de Groot (2008a) suggests organizing the indi-
cators as environmental or societal indicators and indicators at the pressure interface,
with subcategories for e.g. environmental compartments. Along with key nodes, the
pressure interface is one of two fundamental elements of the direction graph, and cor-
responds to those indicators that exert pressure on the environment (in our case e.g.
climate change). Key nodes usually have an above-average number of arrows, and can
be classified as (Niemeijer and de Groot, 2008a):

Root nodes More outgoing arrows.
Central nodes Both higher-than-average incoming and outgoing arrows.

End-of-chain nodes More incoming arrows.

The causal network can then be used for indicator selection to study specific research
questions using the following steps (Niemeijer and de Groot, 2008b):

e Define the research question:

— Determine the kind of available information.

— Determine the scale at which to work.

— Determine where in the eDPSIR network the focus lies.

— Determine whether an environment, or human-centered perspective is re-

quired.

e Identify key nodes in the causal network and explore relevant sections of the
causal network in more detail.

e Sclect the best concrete indicators for the selected nodes.

3.2.5 Software

The main programming language and statistical software used for our work is R, which
offers a variety of statistical methods as well as graphing devices.

A combination of functions from the base system and externally supplied packages were
needed to conduct our study:

zoo for time series analysis (Zeileis and Grothendieck, 2005)

glm function for the set-up of the generalized linear models (R Core Team, 2015)

dnlm for the distributed nonlinear lag models (Gasparrini, 2011)

ismev for GEV and GPD approach (Original S functions written by Janet E.
Heffernan with R port and R documentation provided by Alec G. Stephenson.,
2016)



Chapter 4

Water levels in the megacity Dhaka

Portions of this chapter have been published as Thiele-Eich et al. (2015) with the pub-
lisher MDPI (Basel, Switzerland), and have been reproduced with permission. Copy-
right is held by the authors.

To understand the behavior of flooding and its links to factors such as mortality in
the future, an assessment of the past and current situation in Dhaka is necessary.
Our research provides an overview on the past 100 years of flooding in Dhaka and its
possible links to mortality. In particular, we focus on rare but particularly high-risk
events using extreme-value theory.

To assess the frequency, magnitude and duration of flooding in Dhaka during the last
100 years, the water level data set was used at all four stations to count the number of
days exceeding the danger level. The danger levels for the four stations are 6, 5.75, 6.08
and 5.94 m for Dhaka (SW42), Demra (SW179), Tongi (SW299) and Mirpur (SW302),
respectively (see also Table 3.1).

Changes in frequency, magnitude and duration of flooding in Dhaka during the last
100 years are presented. Possible trends are discussed, as well as the relationship to
mortality in the greater Dhaka area.

4.1 Assessment of historic changes in frequency, mag-
nitude and duration of water levels

Inititally, the time series for the four water level stations are studied. Since the time
series are highly autocorrelated up to lags of 30 days or more, all gaps smaller than
30 days are filled in using linear interpolation for years where peak values were not
missing. Years which still had more than 10 % missing values were excluded. Then, a
quantile regression (Chapter 3.2) is performed to see how the time series changes over
time with respect to different quantiles such as the 1st, 2nd or 3rd quartile. Figures
4.1 and 4.2 show that at all stations, the lower quantiles including the median remain
the same or increase slightly, with the higher quantiles showing either no change or
decreasing slightly over time.
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Figure 4.1: Annual boxplots for water level station Dhaka (SW42) for the years
1909 - 2009. Regression lines are drawn through the upper and lower extremes (red and

blue), as well as the 1st, 2nd and 3rd quartile (green, black and orange, respectively).
The slopes of the regression lines are printed on the right [m/year].
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Figure 4.2: Annual boxplots for the four water level stations surrounding Dhaka for
the years 1950 - 2009. Regression lines are drawn through the upper and lower extremes
(red and blue), as well as the 1st, 2nd and 3rd quartile (green, black and orange,
respectively). The slopes of the regression lines are printed on the right [m/year].
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Figure 4.3: Number of days above danger level NODy, for Dhaka (SW42) for the
years 1909 - 2009. Black asterix denote the annual NODy;, dots the monthly NODy,
for July (green), August (red) and September (blue). Trend lines are drawn using linear
regression. The barplot in the top left corner show the average NODy per month and
year.
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Figure 4.4: Number of days above danger level NODy, for four water level stations
surrounding Dhaka for the years 1950 - 2009. Black asterix denote the annual NODy,,
dots the monthly NODy, for July (green), August (red) and September (blue). Trend
lines are drawn using linear regression. Barplots in the top left show the average NODg,

per month and year.
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Figures 4.3 and 4.4 show the number of days above danger level NODgy for all four
water level stations in Dhaka covering differing time periods from 1909-2009, with the
average NODy; in the upper left corner. With the exception of station Tongi (SW299),
all days above danger level were found to be in the months between July and Septem-
ber with a maxima in August, concurring with the monsoon season in Bangladesh.
For Tongi (SW299), eight days were counted above danger level in October, but were
excluded from the analysis because of the low total count, and because they were quite
evenly distributed over the time period (1960, 1970, 1984, 1987). Excluding years with
more than 10 % missing values, the danger level is exceeded in 34 % (Dhaka (SW42)),
31 % (Dhakagpery (SW42), 55 % (Demra (SW179), 47 % (Tongi (SW299)), and 72 %
(Mirpur (SW302)) of the years. Mirpur (SW302) is above DL most frequently, with
the annual NODy being almost twice to three times as high as at other stations.Both
the annual total as well as the average monthly NODy, are similar for the two time
periods for Dhaka (SW42). Since this water level station has been in operation for over
100 years, the similarity between both time series indicates that the water level data
for the first half is reliable (see also Chapter 3.1.2).

Both the annual as well as the monthly NODy, were then examined for trends using
the Mann—Kendall test. The annual number of days above danger level is found to
significantly decrease at Tongi (SW299) and Mirpur (SW302) (Table 4.1). This de-
crease can largely be attributed to the significant decrease in NODyg, in August and
September. Water levels at station Dhakagney (SW42) also exhibit a slightly negative
trend in September, significant at the 0.10 level. For Demra (SW179) as well as the
long time series of Dhaka (SW42), no statistically significant trend is found.

Table 4.1: Kendall’'s 7 for the Mann-Kendall trend test for NODy. Bold values
denote trends significant at the 0.10 level, * denotes trends significant at the 0.05 level.

Dhaka (SW42) Dhakager(SW42) Demra(SW179) Tongi(SW299) Mirpur(SW302)

Jul -0.028 0.014 0.156 0.028 -0.055

Aug -0.093 -0.118 -0.042 -0.204 -0.281*
Sep -0.058 -0.184 0.015 -0.204 -0.194
Annual -0.090 -0.132 0.037 -0.223%* -0.220%*

The similar trends in number of days above danger level NODy, are consistent with
the close proximity of the stations (Figure 2.2) and also documented by the significant
correlations of 7pegrson = 0.80 or higher between the stations (Figure 4.5). While
Mirpur (SW302) is almost always above DL when any of the other stations record a
NODy (Figure 4.5, lowest row), this is not the case for Dhaka (SW42).

A logistic regression (Chapter 3.2.1) was performed to model the probability of one
station being above DL depending on the water level of the other station. Figure 4.6
indicates that once Dhaka (SW42) exceeds the danger level, it is highly likely with
p > 0.9 that the other three stations will also have crossed their respective danger
levels. On the other hand, if the DL is crossed at Mirpur (SW302), the probability of
any other station also recording a NODy is very low. This concurs with the findings
from Figure 4.4, where Mirpur (SW302) has by far the greatest annual NODyg.
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Figure 4.5: Correlation between the NODy of the four water level stations surround-
ing Dhaka. The diagonal shows histograms for NODy; at the individual stations. The
panels below the diagonal depict the scatterdiagram of paired stations with a linear re-
gression line drawn. The explained variance, Pearson’s correlation coefficient as well as
the corresponding p-value are shown in the panels above the diagonal. All correlations
are significant at the 0.001 level.
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danger level depending on the water levels of the other stations. Light gray lines are
the respective danger levels for the stations. Contingency tables describing the model

fit are included in the top left corner.
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In addition to the monthly and annual NODy;, the duration of flooding above danger
level is also of interest. Figures 4.7 and 4.8 show the duration of flood events, defined
as consecutive days at or above danger level for each of the stations. If two flood events
are separated by only six days recording below danger level, they are considered as one
continuous event. This is only relevant for eight events at stations Dhaka (SW42),
Demra (SW179) and Mirpur (SW302). For Dhaka (SW42), 32 events were counted
between 1909 - 2009, with an average duration of 16.3 days. While no significant
trend in flood duration was found for the past 100 years (Mann-Kendall trend test,
p = 0.300), a slight decrease of 1.2 days/10 years is evident for Dhakag,e; (SW42)
(Figure 4.8, p = 0.117). For the other three stations, this decrease is more significant,
with Demra (SW179) having the strongest decrease of 3.5 days/10 years (p < 0.05).
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Figure 4.7: Duration of flooding in Dhaka for 1909 - 2009. Years in which two flood
events were counted as one are marked by green stars. The right hand side shows a
boxplot (whiskers at 1.5 IQR) with n the total number of events. Red diamonds denote
the mean duration.

As seen from Figures 4.1 and 4.2, the trend in annual maximum water levels is slightly
negative. To see if there is a trend in the variance of the maximum water level, i.e. if the
extremes - when they do occur - become more extreme over time, the running variance
is calculated using the maximum water levels for each year from Dhaka (SW42). Those
years with more than 15 days with missing values were neglected (13 years, see red
points). Then, the running variance is calculated with a window of 20 years. Figure 4.9
shows this running variance for the years 1909 - 2009 with uncertainty bounds given
by the standard error. The green lines, which stand for significant differences between
the two time periods (F test, p < 0.05), indicate that the variance increases by about
a factor of five between 1918 - 1934 and 1969 - 1998.

This suggests that indeed the decrease of magnitude in annual maximum water levels
does not contradict the observed increase in the most extreme events. To study this
in more detail, the parameters of a generalized extreme value distribution (Chapter
3.2.3) are estimated from the annual maximum water level for both 1909 - 1939 and
1979 - 2009. Since £ is not significantly different from zero in both cases, both can be
considered Gumbel distributions. A deviance test (Chapter 3.2.3) reveals a significant
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Figure 4.8: Duration of flooding at the four water level stations for 1950 - 2009.
Kendall’s 7 from the Mann-Kendall trend test and the corresponding p-value are also
shown. Years in which two flood events were counted as one are marked by green stars.
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Figure 4.9: Running variance for the annual maximum water level in Dhaka. Red
dots are missing years, green lines denote two time periods which have significantly
different values from another (F test, p < 0.05).
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Figure 4.10: a) shows the GEV distributions fitted to annual maximum water levels
for 1909 - 1939 (blue) and 1979 - 2009 (red), estimated parameters location p, scale
o and shape ¢ are shown in b). Error bars depict 95 % confidence intervals obtained
from non-parametric bootstrapping (R=500). Return level plots with 95 % confidence

intervals are shown in c).
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change over time in the Gumbel distribution once a step-wise trend is introduced for
@ and o as a covariate (D = 14.92,df = 2,p < 0.001). From the comparison of
both distributions in Figure 4.10 it follows that while indeed the location parameter p
decreases at the 0.10 significance level, corresponding to the decrease in magnitude for
the expected annual maxima from 5.78 m to 5.68 m, the scale parameter ¢ increases
at the 0.05 significance level, which stands for a heavier tail or an increase in the more
extreme events. From the return level plot, it follows that annual maximum water
levels above 5.9 m have a lower return period during the second time period than
compared to the first, thereby having a higher chance of occuring in a given year. For
example, while a water level of 6.25 m has a return period of 10 years during the first
time period, the return period decreases to 4.8 years during 1979 - 2009. The water
level with a 10-year return period is now 6 % higher at 6.63 m.
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Figure 4.11: a) shows the GEV distributions fitted to annual minimum water levels
for 1909 - 1939 (blue) and 1979 - 2009 (red), estimated parameters location u, scale
o and shape ¢ are shown in b). Error bars depict 95 % confidence intervals obtained
from non-parametric bootstrapping (R = 500). Return level plots with 95 % confidence
intervals are shown in c).
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As seen from Figure 4.1, annual minimum water levels seem to slightly increase over
the past century. To see if there is a trend in the variance of the minimum water
level, i.e. if the extremes - when they do occur - become more extreme over time, the
parameters of a generalized extreme value distribution are estimated from the annual
minimum water level for both 1909 - 1939 and 1979 - 2009. The shape parameter £ is
significantly below zero in both cases (at 0.05 for first period, 0.10 for second), reflecting
the Weibull distribution applied to minimum time series. From the comparison of
both distributions in Figure 4.11 it follows that contrary to the regression line above,
the location parameter p decreases at the 0.05 significance level, corresponding to a
decrease in magnitude for the expected annual minima from 0.71 m to 0.61 m, while
the scale parameter o does not change. From the return level plot, it follows that all
return periods of minimum water levels below the average annual minimum (return
period = 1) have significantly lower return levels during the second time period than
compared to the first, thereby a higher chance of occurring in a given year. The water
level with a 1-year return period in the first period now has a return period of 0.5
years. For water levels above a return period of 1, no significant change can be found,
which indicates that the extreme minimum water levels do not increase in frequency
or magnitude.

Overall, while the magnitude and duration of average flood events in Dhaka have
decreased over time, the frequency of the most extreme flood events has increased.
The magnitude of extremely low flows has also decreased significantly over the past
century.

4.2 Mortality during floods of 2004 and 2007

Here, individual extreme hydrological events are studied to see if an impact on mortality
can be detected. During the time period of available mortality data (2003 - 2007), two
major flood events occurred in 2004 and 2007. Extreme drought events, which would
be registered for water levels around 0.55 m (Figure 4.11), were not included in this
time frame.

4.2.1 Flood event of 2004

Heavy rainfalls during the beginning of July over large parts of the Ganges, Brahma-
putra and Meghna catchments, accumulating over 300 mm in less than 7 days, resulted
in heavy flooding throughout up to 50 % of the country. Figure 4.12 demonstrates the
elevated water levels in Dhaka surpassing the danger level of 6 m during most of July,
with up to 40 % of the capital being inundated. In September, a second flood peak can
be seen due to a localized monsoon depression with heavy precipitation, bringing the
total mortality count to 730 (Mirza, 2011). The mortality distribution shows the typi-
cal seasonal pattern with the highest levels occurring during winter, the lowest during
the monsoon, and a secondary maximum during the pre-monsoon (although variations
are less pronounced than during other years). During and after the flood event of 2004,
mortality shows a clear trough with rather little noise in the daily mortality data.
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Figure 4.12: Time series plots of water level in Dhaka (blue) and daily deaths in
flooded zilas in 2004 and 2007 (black). Red solid line displays loess smoothed values
using an « of 0.1, the dashed red lines displays loess smoothed values using an a of
0.25. The gray line represents the average mortality from 2003 - 2007.

4.2.2 Flood event of 2007

In 2007, excess rainfall in the Brahmaputra and Meghna catchments resulted in the first
pronounced water level peak in the middle of July, with a second peak following and
at the beginning of September. A total of 49 Zilas were affected with 55 % of all roads
flooded. While the water level station located in Dhaka did not cross the BWDB pre-
scribed danger level of 6 m, the greater Dhaka area was considered as heavily flooded,
with a total mortality count of 649 attributed to flooding (Disaster Management Bu-
reau, 2007). Generally, seasonal variations in mortality are more pronounced in 2007
compared to other years and the annual mortality level is above average. During the
monsoon, mortality is elevated and does not decline as usually after the secondary
premonsoon peak. Several short-term peaks in daily mortality counts can be observed.
However, these peaks do not exceed the general noise level.

4.3 Connection of flooding in Dhaka with mortality

Contour plots demonstrate variations in RR at low and high water levels, whilst in
between (at water levels of approximately 2.5 to 5.5 m), few variations in RR can be
observed (Figure 4.13). At lower water levels (between water levels of 1.0 and 2.5 m)
there is a varying pattern with increasing as well as decreasing mortality over the
30 days period. At a high water level of above 6 m, we observed a small decrease in
mortality at lags of 0 to 3 days followed by an increase in mortality between lags of 6 and
17 days. However, few of the effects depicted in the contour plots were significant. In
Figure 4.14, the association between water level and mortality is displayed for selected
lag periods (mostly significant lag periods were included in this figure). At lag 7,
there is a significant increase in mortality with decreasing water level below 3 m,
highlighting an adverse effect of low water levels (or drought). With growing lag period
this “drought effect” diminishes and at lag 21 days there is a significant increase in
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mortality with increasing water levels up to approximately 3 m. At a lag of 28 days, the
relationship between water level and mortality changes again and mortality increases
with decreasing water level, i.e. a drought effect. However, this finding is only significant
on a 90 % level. For a lag period of 7 and 14 days we observed a minimal increase in
mortality with increasing water level above the median. This increase is, however, not
significant. In Figure 4.15, the relative risk of all-cause mortality along lags is displayed
for selected water levels. Again, these outputs underline the relevance of low levels and
their effect on mortality. At a water level of 1 m we observed an increase in mortality
up to a lag of 7 days. After 7 days, mortality decreases and reaches its lowest point
at a lag of approximately 23 days before it starts rising again. At water level 2.5 m,
mortality decreases slowly but significantly up to a lag of 21 days after which it starts
rising again.
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Figure 4.13: Contour plot of the relative risk (RR) of all-cause mortality along water
level and lags, with reference to the median water level using a distributed lag non-
linear model.
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Figure 4.14: Relationship between the daily number of deaths and the water level
in Dhaka for a lag period of 7, 14, 21 and 28 days using a distributed lag non-linear
model. Curves are adjusted for trend, season, and day of the month. Grey areas
display upper and lower 95 % confidence intervals; dashed lines display upper and
lower 90 % confidence intervals. Boxplots for the water level distribution are included
at the bottom of each plot.
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Figure 4.15: Plots of the relative risk of all-cause mortality at water levels of 1.0 m,
2.5 m, 4.5 m and 6.0 m along lags, with reference at the median water level using
distributed lag non-linear models. Outputs are adjusted for trend, season, and day of
the week. Grey areas display upper and lower 95 % confidence intervals; dashed lines

display 90 % upper and lower 95 % confidence intervals.






Chapter 5

A socio-hydrological framework for
Bangladesh

In Chapter 4 we found a connection between low water levels and mortality rates.
Whether or not climate change will further strenghten or even amplify this relationship
and how this might affect the growing population of Bangladesh is a very important
question, but in a country as geographically diverse as Bangladesh, attributing ten-
dencies to climate change can be problematic, as the direct effects of climate change
can sometimes not be distinguished from other anthropogenic impacts. We use the
enhanced Driving force - Pressure - State - Impact - Response (eDPSIR) framework
described in Chapter 3.2.4 to visualize and contribute to a deeper understanding of
the complex interactions between natural and anthropogenic processes in Bangladesh
(Niemeijer and de Groot, 2008a,b).

The eDPSIR framework is flexible in respect to the degree of completeness and the
detail required, which both largely depend on the specified research question and appli-
cation (Niemeijer and de Groot, 2008a). The framework also ensures that interactions
on different spatio-temporal scales often evident in socio-hydrological processes can be
included (Sivapalan and Bloschl, 2015). In accordance with Niemeijer and de Groot
(2008b), we construct the causal network using the following five steps:

e Step 1: Broadly define the domain of interest
Natural and anthropogenic processes - including natural hazards and technical
failures - impacting hydrology in Bangladesh.

e Step 2: Determine boundary conditions
Socio-hydrological processes in the monsoon-driven climate of Bangladesh.

e Step 3: Determine the boundaries of the system
The system considered is the country of Bangladesh and dominant socio-hydrological
processes in the GBM catchment.

e Step 4: Identification of abstract indicators of the main factors and processes
A selection of the main indicators relating to socio-hydrological processes in
Bangladesh are listed in Table 5.1.

95
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o Step 5: Iteratively mapping the indicators in a direction graph
The connections between the indicators for natural and anthropogenic processes,
including natural hazards and technical failures, is provided in a direction graph
(Figure 5.1).

With this causal network, we provide a frame of reference for the work conducted in
previous chapters, while also highlighting additional indicators that need to be con-
sidered for further studies. In the following sections, the identification of abstract
indicators (Table 5.1, Step 4) as well as the visualization of the conceptual framework
in a direction graph (Figure 5.1, Step 5) will be presented and discussed.

5.1 Key indicators for socio-hydrological processes
in Bangladesh

The indicators included in the overview of socio-hydrological processes in Bangladesh
(Figure 5.1 and Table 5.1 ) were collected through an extensive literature review, and
are detailed for purposes of brevity in Chapter A.1, A.2, A.3 and A.4. This includes the
specification and quantification of the nature of the feedbacks between the indicators,
which can have a multitude of implications, both on a broader, country-wide level as
well as on an individual level (see A.5.1 and A.5.2).

A selection of key indicators presented in Table 5.1 is discussed in more detail in
Sections 5.1.1 to 5.1.5. From the visualization of the causal network describing socio-
hydrological process interactions in Bangladesh (Figure 5.1), we learn that most indi-
cators are highly interconnected. No indicator is without any interactions, and there
are numerous connections across both the natural and anthropogenic system, including
several two-way feedbacks. An average of 4.8 + 3.1 arrows enter each indicator, with
an average of 4.9 £+ 2.6 leaving. We consider indicators with > 7 interactions as key
nodes, which we differentiate according to the relation between incoming and outgoing
arrows:

Root nodes More outgoing arrows, i.e. high impact, low feedback
Precipitation. Extreme temperatures. Cyclones. Earthquakes. Coastal flooding.
Population growth. Urbanization. Climate change. Dam construction.

Central nodes Both higher-than-average incoming and outgoing arrows, i.e. highly
interacting nodes
Discharge. Sedimentation. Sea level. Salinity. Subsidence. Flood. Freshwater
availability. Crops. Dam breakage.

End-of-chain nodes More incoming arrows, i.e. impacted by many other indicators
Vegetation. Agroforestry. All implications.

A selection of these key nodes and related interactions are presented in Table 5.1 and
the following sections.



Table 5.1: A selection of indicators included in the causal network describing socio-hydrological processes in Bangladesh sorted
according to Driving force - Pressure - State - Impact - Response.

Higher International Shrinking
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Figure 5.1: Natural and anthropogenic indicators important to the socio-hydrology of Bangladesh. Due to the large number of
feedbacks, we chose to display the total number of in- and outgoing arrows for both natural (green) and anthropogenic (purple)
interactions. Implications on the country-wide and individual level are included in the purple arrows.
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Several of these key nodes and their interactions with other indicators will be discussed
in the following.

5.1.1 Driving force: climate change

A changing climate impacts almost all natural processes including natural hazards
in Bangladesh (Figure 5.1.1, see also Section 1.1.3), with pressure resulting from e.g.
sea level rise and changes in the precipitation regime (Inman, 2009; IPCC, 2013).
By highlighting the 1st and 2nd degree impacts of climate change in Figure 5.1.1, it
becomes clear that climate change is connected to almost all aspects of the causal
network, with two examples detailed in the following.

Sea level rise  Relative mean sea levels have increased between 2.8 and 8.8 mm /year,
with sea levels at high tide impacted more strongly by about 15.9 and 17.2 mm/year
(Rabbani et al., 2010; Pethick and Orford, 2013). As a result, the brackish water
zone moves further inland and leads to increased salinity in above- and below ground
water, thus impacting freshwater availability (Inman, 2009; Brammer, 2014). This in
turn enhances hypertension due to an increased dietary salt intake as well as having
adverse effects to the rice farms in the vicinity (Mirza, 1998; Khan et al., 2008; Vineis
et al., 2011). A possible response includes desalinifaction treatments through e.g.
agroforestry, or the construction of embankments (Hasan and Alam, 2006; Brammer,
2014).

Changes in precipitation regime The IPCC (2013) and Gain et al. (2011) expect
that a later onset in the monsoon will shift the precipitation regime in the GBM catch-
ment, likely leading to a prolonged dry season. This directly impacts the brick making
industry, an industry prominent in Bangladesh which relies solely on the months of
the dry season for the creation of an estimated 17 billion bricks each year (Braun and
ABheuer, 2011; ABheuer et al., 2013; ABheuer, 2014). An extension of the dry season
would thus increase the productivity of the brick fields.

5.1.2 Driving force: population growth

Despite a comparatively low birth rate of 2.2 children per woman, Bangladesh is ex-
pected to see an increase in population of 218 million by 2050 (United Nations, 2007;
Streatfield and Karar, 2008). This population growth serves as the driving force for
several socio-hydrological interactions in Bangladesh, two of which are water demand
and food supply.

Water demand A growing population automatically requires more freshwater. In
urban areas such as Dhaka, which have seen large population growth through urbaniza-
tion and nationwide migration, groundwater pumping has put pressure on the system
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as the groundwater table depth beneath the city has decreased at an average rate of
2 m per year since 1986 (Akther et al., 2009; Haque et al., 2013). This increased
groundwater extraction contributes to the continuing land subsidence varying between
-1.1 mm/year and 43.8 mm/year, in particular in the larger urban areas (Syvitski et al.,
2009; Brown and Nicholls, 2015). Reducing the subsidence can be achieved by resorting
to deep aquifer pumpig, more efficient use of available resources, as well as enabling
sufficient aquifer recharge through water management.

Food supply An increased demand for food, in particular in the nation’s large cities
and megacity Dhaka has led to the growth of the shrimp farming industry by 20 - 30 %
annually since the 1990s, making up more than 2.5 % of the global shrimp production
(Rahman et al., 2013). The accelerated and at times unregulated growth of the industry
has led to farm land being converted to shrimp cultivation grounds by increasing the
salinity, which in turn increased the salinity in the above-ground water supply (Haque,
2006; Rahman et al., 2013) and thus has led e.g. to a noticeable rise in reported cases
of hypertension due to a higher intake of dietary salt (Vineis et al., 2011). To lower
the effects of salinity on the population, efforts have been undertaken to regulate the
shrimp industry and thus limit the intrusion of saline water, mitigating the effects
through an increased use of rain water harvest technology, or desalinification through
e.g. agroforestry (Hasan and Alam, 2006; Rahman et al., 2013).

5.1.3 Driving force: higher health standards

Until the 1980s, rain-fed ponds on the surface were the main source of drinking water,
but often contaminated with pathogens. Higher health standards, in particular the
goal to reduce infant mortality from diarrheal diseases via an increase of piped water
supplies led to an increase in the amount of deep wells being dug (Acharyya et al.,
2000; Sivapalan et al., 2011), especially in the northern parts of the country. Indeed,
the improved quality in freshwater initially lowered the risk of spreading communi-
cable diseases, and infant mortality has been decreasing. However, due to geological
processes, the ground is naturally contaminated with arsen, with 20 % of the wells
showing arsenic values above the permitted value of 50 ppb (Uddin and Huda, 2011).
Since the detection of arsenic contamination in 1993, efforts from the government as
well as organizations such as WHO, UNICEF and national NGOs have led to reg-
ulations before drilling new wells, de-contamination of the affected wells and raising
awareness in the population. Still, up to 80 million people are considered to be affected
by arsenic.

5.1.4 Driving force: international dam construction

Because of heavy siltation in the port of Kolkata, the Indian government began con-
structing a dam on the border between India and Bangladesh to divert 40,000 m?/s
from the Ganges into the Bhagirathi-Hoogly river system (feeder canal to Kolkata).
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The construction on Farakka barrage began in 1961, with operations starting in April
1975 (see also extensive discussions in Chapter 2.3.1 and A.3.4). In Bangladesh, this
resulted in changes in the discharge of the Ganges further downstream, with a particu-
larly noteable reduction of up to 50 % in the dry season (Figure 2.5, Mirza (1997, 1998);
Gain and Giupponi (2014)). The decrease in extreme minimum water levels (Chapter
4) could also be due to Farakka Barrage. The reduction of flow in turn led, among
other things, to an increase in salinity (Mirza, 1997; Inman, 2009) and the following
implications:

Ecosystem changes - variations in the balance between freshwater and salt water
threatens the ecosystem downstream of Farakka barrage, such as the Sundarbans.
The breeding and survival of fish, shrimp and other animals such as the Bengal
tiger is also tied to the extension of the brackish water zone (Inman, 2009; Gain
and Giupponi, 2014).

Political tension and migration - the construction of Farakka Barrage affects the
livelihood of about 35 million people who dwell in the lower Ganges basin (Swain,
1996; Gain and Giupponi, 2014). Several attempts have been made to politically
formalize treaties to regulate the flow of water, particularly in the dry season
(Mirza, 1997, 1998). The various success of these efforts has caused political
tension between India and Bangladesh. Migration away from the coast, where
an increase in salinity has led to a multitude of problems, is also attributed to
Farakka Barrage (Adel, 2002; Inman, 2009).

The impact of both national and international dam construction is not just limited to
the above effects. An extensive list of the involved socio-hydrological processes and
their complex feedbacks is provided in Chapter A.3.4 and included in Figure 5.3.

5.1.5 Driving force: shrinking space of democracy

Shrinking space of democracy is a term referring to current developments in Bangladesh
that reduce the democratic rights of the people, such as the introduction of new laws
curtailing the freedom of speech and increasing arrests of journalists (Ahmad, 2015;
Amnesty International, 2017). Additional laws endanger people to be arrested for more
than ten years if they criticize the so called founder of the nation (the assassinated
father of the current Prime Minister) or if they are perceived to endanger public order
through e.g. posts in social media. New projects of foreign-funded non-governmental
organizations (NGOs) are under strict - and to some extent arbitrary - control of the
government (see also Chapter A.3.2; Bergman (2016); Rahman and Ahmad (2016)).
This especially impacts the urban poor: because of limited urban ground, in particular
in Dhaka which is surrounded by four rivers (Figure 2.2), the urban poor usually have
too little space. While government officials have previously agreed on allowing the
urban poor to dwell in 5 % of the city, they currently inhabit only about 0.5 %. The
areas were these slum settlements are currently located usually have limited freshwater
available and are exposed to water stress due to their location (Figure 2.2). This leads
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to high expenses for daily water supply and an increased stress on the livelihood and
morbidity of the slum dwellers, who also often lack the financial capital to adequately
deal with varying water supplies (Alheuer, 2014). Enabling access to freshwater, which
is currently withheld from the majority of the poor people in Dhaka, would allow the
population to realize their high resilience potential. By refusing this Right to Water
(inter)national governments actively prevent the people from utilizing their resilient
structures (Keck and Etzold, 2013).

5.2 An application of the framework: studying mor-
tality

The overall mortality rate is low, with Bangladesh placing 179 out of 226 countries
worldwide (Central Intelligence Agency, 2013). The mortality rate for adult females
(males) per 1000 adults was 104.08 (149.25) in 2015 (India: 141.53 (213.44), Germany:
51.72 (94.65)'; United Nations Population Division (2017)). In recent years, Nahar
et al. (2015) detected an overall shift in cause of death from communicable diseases to
noncommunicable diseases, with a particular rise in violent deaths as the primary cause
among teenage girls. We propose that the causal network can be applied to study key
indicators affecting mortality and thus develop specific interventions to further decrease
the mortality rate.

We present a sketch of how a possible application of the framework could look like:

e Define the research question:

What are the key processes responsible for the comparatively high adult mortality
rate in Bangladesh?

— Determine the kind of available information. Mortality data is available
from institutions such as the Bangladesh Bureau of Statistics or the Bangladesh
Road Transport Authority, as well as scientific literature in particular for
natural hazards, while death rates from technical failures are mainly avail-
able through various news reports.

— Determine the scale at which to work. Nation-wide.

— Determine where in the eDPSIR framework the focus lies. On processes
directly affecting mortality, as well as first-order links to morbidity.

— Determine whether an environment, or human-centered perspective is re-
quired. A human-centered perspective is required when studying the reduc-
tion of mortality rate.

o [dentify key nodes in the causal network and explore relevant sections of the causal
network in more detail. Mortality is a root node as not only precipitation and
salinity lead to an increased mortality (Burkart et al., 2011a; Vineis et al., 2011),

'Numbers for Germany from 2013
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but all natural hazards and technical failures can lead to a higher mortality rate
(see Section A.2 and Section A.4). For relevant sections of the causal network,
see Figure 5.4, which shows all indicators impacting mortality in the 1st and 2nd
degree.

e Select the best concrete indicators for the selected nodes. Natural hazards and
technical failures.

When attempting to mitigate the impact of natural processes on mortality, the focus
in Bangladesh has mostly been on cyclones, tornadoes and flooding (Paul, 1998; Alam
and Collins, 2010; Paul et al., 2010; Alheuer et al., 2013). The number of deaths due to
cyclones has significantly decreased since early warning systems have been introduced
following the wake of the 1991 cyclone (>138,000 lives lost, Alam and Collins (2010)).
Death counts in the two recent flood events of 2004 and 2007 are also lower compared
to those of the previous three extreme flood events (3,680 in 1987, 2,379 in 1988, and
1,050 in 1998 Mirza (2011)). This absence of high water level effects on mortality could
indicate an adequate adaptation to such events as discussed in Afheuer et al. (2013).

While disaster management was successful in reducing the mortality rate, little has
been done to mitigate the effects of precipitation, temperature, and extremely low
water levels on mortality (Burkart et al., 2011a,b, 2014a,b; Thiele-Eich et al., 2015;
Burkart and Kinney, 2016, 2017). In addition, from Figure 5.4, we see that both
natural and anthropogenic processes influence mortality, with recent technical failures
such as the structural collapse of a textile factory in Dhaka in April 2016 causing
over 1,100 deaths. Dhaka also has a particular high transport accident rate, with the
Bangladesh Road Transport Authority reporting 2,376 fatalities and 1,958 injuries for
2015 (Maniruzzaman and Mitra, 2005; Bangladesh Police, 2017).
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Chapter 6

Discussing flooding in the context
of climate change

In the following, we will discuss the results from Chapter 4 and 5 and give an outlook
on future research.

Water levels and their connection to mortality

We hypothesized that water levels have changed in frequency, magnitude and duration
during the past century, and that mortality increases with or follows extreme water lev-
els. Our analysis suggests that water levels have indeed changed over the course of the
past century. While the magnitude and duration of average flood events decreased, the
frequency of extreme flood events has increased. Low water levels have also changed,
with a significant decrease in the annual minimum water level most noticeable when
we compare the time periods 1909 - 1939 and 1979 - 2009. A rise in mortality following
extreme floods could not be substantiated, but an increase in relative risk of death was
found as water levels decrease.

Our results concerning trends in flooding seem to be at variance with the results from
Mirza et al. (2001), who did not find any consistent changes in peak discharge for the
Ganges, Brahmaputra and Meghna using mean-based statistics. Since the discharges of
this three-river system should be related, although not directly, to changes in Dhakas
water levels, this discrepancy requires some thought. Concurring with Mirza et al.
(2001), we did not find an increase in mean extreme event indicators. The average an-
nual maximum water level even slightly decreased (p < 0.10). However, the estimated
GEV distribution for the second half of the century shows a more frequent occurrence
of extreme events, suggesting that there is in fact a change in the variance of extreme
events: when extreme events do occur, they become more extreme. Such a tendency
cannot easily be detected from quantile regression or test statistics based on the data
mean as applied by Mirza et al. (2001).

While extreme events were seen to increase in magnitude and frequency, flood duration
did not show any significant change. This is an important and somewhat positive
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finding as ABlheuer (2014) found a significant link between the number of days with
high water levels and negative impacts on households located in informal settlements.
An increase in damages due to flooding is therefore not likely due to an increase in
flood duration, but perhaps more due to an increased exposure of the population and
their assets (Patt et al., 2010).

Trends in low water levels have previously not been studied for Dhaka. Alam and
Rabbani (2007) found no change in annual average precipitation in daily rainfall data
for Dhaka from 1971 to 2005, while the number of days without precipitation did
increase. Since a positive relation between days without precipitation and low water
levels seems physically reasonable, their results concur with our results that indicate
tha the annual minimum water level has decreased over time.

We assumed that flooding could result in direct deaths through e.g. drowning, or could
have indirect effects leading to an overload or breakdown of infrastructures, ultimately
resulting in an increase of death rates. The spread of pathogens due to stagnating water
bodies and the increase of water-borne diseases, as well as a reduced access to health
care and medical facilities, could contribute to a higher number of deaths. Milojevic
et al. (2012) reported a significant impact of flooding on respiratory diseases for up to
6 months after a flood event, but did not see any effects on gastrointestinal diseases
or mortality when studying health effects in rural Bangladesh. Our results also show
that high water levels have no or only a weak relationship with mortality for the urban
area of Dhaka.

Death counts in the two recent flood events of 2004 and 2007 are lower compared to
those of the previous three extreme flood events (3,680 in 1987, 2,379 in 1988, and
1,050 in 1998; Mirza (2011)). This absence of high water level effects on mortality
could indicate an adequate adaptation to such events as discussed in Aflheuer et al.
(2013). This is in line with Ashley and Ashley (2009), who studied flood fatalities in the
United States and found that behavior during floods was a risk factor for mortality.
Flood policy makers are recommended to target specific groups and educate about
the dangers of floods. With the much more frequent exposure of the Bangladeshi
population to this natural hazard, the decline in mortality in recent years could in fact
be due to a more educated and adapted community.

Less focus has been placed on the implications of droughts on mortality, in particular
for an urban area. This study highlights a possible negative effect of low water levels
and drought on mortality in Bangladesh. Explanations for this might be stagnating
bodies of water or a general lack of dilution of freshwater and sewage systems, leading
to contamination and the spread of pathogens (Hashizume et al., 2007; Zhang et al.,
2007). In studies conducted in Bengal, the first outbreak of cholera in the year was
associated with low precipitation and low river discharge. High precipitation and peak
streamflow of rivers during the monsoon was associated with the second peak during
the monsoon (Akanda et al., 2009; Hashizume et al., 2009).

Hydrological effects, in particular those of low water levels, on mortality in this urban
setting are of utmost importance when assessing the implications of climate change
on the growing urban population in greater Dhaka. In this respect, we consider our
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approach as highly beneficial to assess the complex association between effect and
response, and to better understand temporal displacement of mortality and harvesting.

While the hydrological monitoring network of the Bangladesh Water Development
Board provides an extensive spatial coverage for the region, the daily water level time
series has several years of missing values which could not be imputed from neighbor-
ing stations particularly for the years before 1953. Although the direct contribution
of individual factors to past floods is difficult to measure, they certainly cause uncer-
tainty in the assessment of trends in water level. Khalequzzaman, M.D. (1994) names
changes in riverbed characteristics such as siltation or external changes such as hu-
man interference with canals or the filling in of river channels to gain more accessible
land for housing as possible factors in the creation of floods. Factors such as sea-level
rise, subsidence, compaction of sediments in the enormous river delta, and a sinking
groundwater table underneath Dhaka all cause changes in land elevation, which are not
taken into account in our trend analysis of historic water levels due to insufficient data.
Satellite measurements could be used to indicate how strong elevation changes were in
past years, but the coverage is insufficient for the past 100 years. The water level data
could also be impacted directly as the Buriganga River contributes to recharging the
Dupi Tila aquifer below Dhaka (Morris et al., 2003).

A longer span of mortality data would also be beneficial, as high water level values may
have an effect without these showing as significant, possibly due to the low number of
death counts in the greater Dhaka area and the overall survey sample size. Problems
could also occur due to uncertainty in the registration of flood-related deaths and
their exact location, as proposed by Milojevic et al. (2011), who studied medium-term
impacts of flooding on mortality in the UK. Even using their extensive data set of
mortality registrations for 1993 - 2006 linked to over 300 flood events, they found a
counter-intuitive decrease in mortality the year after flooding, which could in part be
due to uncertainty regarding the place of residence when registering death counts.

Burkart et al. (2011a) analyzed seasonality of all-cause and cause-specific mortality,
which was generally lower during summer and the rainy season, and peaked during the
cold season. With regard to diarrheal mortality, a secondary peak at the end of the
rainy season could be observed in rural areas and areas with a low socioeconomic status,
but variations were at the limit of detection and significance. Droughts or low water
levels typically occur during the cold season when mortality is high. As it is difficult
to separate the effects of water level and temperature on mortality, it is possible that
we have not sufficiently adjusted for season. Our observed effect could then in part be
due to cold temperature effects, but it is also possible that part of the cold effect found
in Burkart et al. (2011b) is, in fact, a drought effect.

Our results nevertheless give an indication for several actions to assist the population
of Dhaka in increasing their adaptive capacity (Hess et al., 2012; Faisal et al., 2003)
to natural hazards. While the Flood Forecast and Warning Center already provides
accurate information and timely warnings regarding flood events, this network should
be further developed to also include information regarding drought so the population,
planning authorities and decision makers can adequately prepare. NGOs and inter-
national relief organizations should not focus mainly on the catastrophe management
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following extreme flood events and heat waves, but consider the impact of droughts
and cold spells on mortality when preparing for natural disasters in the region.

Habiba et al. (2014) studied drought adaptation measures of farmers in Northwestern
Bangladesh and found that e.g., the provision of drought-tolerant crops or the estab-
lishment of community health care services would assist the community in coping with
droughts. We propose extending these studies to include a focus on an urban setting,
where the depleted groundwater table is an issue that can possibly exacerbate low river
levels.

Structural as well as non-structural measures also need to be implemented to assist
the population in coping with extreme events (Faisal et al., 2003). During the flood of
2004, 2 million city residents had limited access to drinking water as their supplies were
contaminated, resulting in over 100,000 reported diarrhea cases in Dhaka alone (Alam
and Rabbani, 2007; Sirajul Islam et al., 2007). This was due in large parts to submerged
pumps operated by the Dhaka Water and Sewerage Authority. While the overall death
count was low compared to previous flood events, it is nevertheless important that the
pump and sleuce system is well-prepared to deal with an increase in extreme flood
events, even though the average annual flooding may decrease. This holds particularly
true since the population of Dhaka is expected to grow in future years, leaving more
people affected by flooding. Despite this population growth, it is still important to
ensure that flood plains and embankments are accessible and not filled up to create
land. Additional measures could include the dredging of rivers (Khalequzzaman, M.D.,
1994).

Finally, a closer look at climate change and its impact on water levels in Dhaka is vital
to adequately prepare the population for the expected changes until the end of the
century. Using climate scenarios from four global climate models as input to the river
modeling system MIKE11-GIS, Mirza (2011) estimated that the mean flooded area is
expected to increase by 29 % for 0 to 2 °C of warming. While it is not yet feasible to
derive urban water levels directly from global climate model or even regional climate
model output, a closer look should be taken into downscaling methods connecting
model output to urban water models such as MIKE URBAN to assess future impact
of climate change on extreme water levels in Dhaka.

To discuss the question of how flooding in both the city of Dhaka and the country
of Bangladesh will be impacted by climate change, we set up a socio-hydrological
framework in Chapter 5, which will be discussed in the following.

Socio-hydrological feedbacks

In Chapter 5 we set up and visualized a conceptual framework to comprehend the
complexity of the socio-hydrological challenges faced by Bangladesh. The framework
proved useful in providing both a holistic overview as well as allowing a more detailed
study of certain cause-effect-response links. The importance of including both natural
and anthropogenic processes is stressed as almost all indicators in Figure 5.1 show
interactions with both compartments.
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Using one flexible framework to combine diverse natural processes occuring in Bangladesh’s
hillslopes, coastal areas, fluvial and glacial systems with e.g. demographic and socioe-
conomic processes, while also including their intricate connections, allows for the iden-
tification of both positive and negative feedbacks. We agree with Patricio et al. (2016)
that the eDPSIR approach is a useful tool in identifying key cause-effect-response links

in complex environmental systems, and believe that the framework can successfully
be used to study the functioning of individual system components, which is vital in
setting up socio-hydrological models to predict the impact of climate change (Wagener

et al., 2010).

When addressing challenges of both climate and global change in Bangladesh, reports
such as Chowdhury (2001); Nicholls, R.J. et al. (2007); GAR (2009) and GAR (2011)
tend to focus mostly on natural hazards. While the “hazardousness” of Bangladesh
can undoubtedly be confirmed from our framework (Gill and Malamud, 2014), we
also show that it is important to include a focus on anthropogenic processes such
as the construction of dams. The reduction of dry season discharge through Farakka
Barrage is certainly not a natural hazard, but affects the livelihood of millions of people
and cannot be ignored. We thus agree with Gill and Malamud (2014) and Gill and
Malamud (2016) that natural hazard risk assessment needs to consider the effect of
human interactions as these can have drastic implications for the system.

Several key nodes were identified from Figure 5.1 (Chapter 5.1). In particular the
central nodes have been extensively studied, especially the connection between subsi-
dence, sea level rise and salinity (Hoque and Alam, 1997; Syvitski et al., 2009; Rabbani
et al., 2010; Pethick and Orford, 2013; Brammer, 2014; Schiermeier, 2014), as well as
precipitation and its importance to flooding and freshwater availability (Immerzeel,
2008; Immerzeel et al., 2010; Immerzeel and Bierkens, 2012, 2013). While research
on flooding usually at least also includes a focus on the construction of dams (Mirza,
1997, 1998; Mirza et al., 2001; Mirza, 2003a,b; Mirza et al., 2003; Hofer and Messerli,
2006; Jian et al., 2009; Immerzeel and Bierkens, 2013; Gain and Giupponi, 2014), sedi-
mentation is treated in a more isolated manner despite the numerous interactions with
other variables such as soil fertility, accretion and erosion (Brammer, 2012; Pelletier
et al., 2015). While a certain prognosis can be made on precipitation, sea level rise
and flooding from earth system models, other aspects such as salinity and sedimenta-
tion are currently not adequately incorporated in earth system models. As these are
key aspects impacting the livelihoods of millions of people, this further underlines the
need for more socio-hydrological modelling approaches when analyzing the complex
interactions in the GBM delta (Sivapalan et al., 2011; Bierkens, 2015; Pelletier et al.,
2015).

We also detect feedback loops such as e.g. the increase in shrimp farming in areas with
high salinity content, which in turn leads to an even stronger salinification of coastal
areas (Amoako Johnson et al., 2016). While these two-way feedback loops are crucial to
the understanding of natural and anthropogenic processes, in particular in the context
of climate change, they are also not included sufficiently in models (Di Baldassarre
et al., 2015; Pelletier et al., 2015).

In addition to pinpointing areas in which earth system models should be developed
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further, the framework can also aid in showcasing socio-hydrological aspects that are
currently barely being focused on by researchers and policy makers. For example,
when attempting to mitigate the impact of natural hazards on mortality, the focus
in Bangladesh currently lies mostly on cyclones, tornadoes and flooding (Paul, 1998;
Alam and Collins, 2010; Paul et al., 2010; ABheuer et al., 2013). From Chapter 4 and
5.2, it becomes clear that droughts - though not a key node in Figure 5.1 - have a
significant impact on mortality rate. While the population has developed sufficient
coping mechanisms to recurring floods, these are not yet in place for more rarely
occuring drought events. The lack of focus in this area by researchers and NGOs
working in disaster management is problematic, more so as we can see from Figure 5.1
that droughts are connected to several key nodes such as freshwater availability and
a lower discharge due to the construction of dams, and are thus far from an isolated
problem (Immerzeel and Bierkens, 2012; Gain and Giupponi, 2014).

Identifying tipping points

The socio-hydrological framework includes several non-linear interactions between in-
dicators, which respond at a variable rate to the driving forces. Two-way feedbacks
could gradually amplify the forcing, and/or could include tipping points, a threshold
marking abrupt changes in the forcing-response relationship that could lead to sudden
and perhaps irreversible system transitions (Pelletier et al., 2015). For Bangladesh,
we identified several tipping points e.g. sinking deltas as a natural and e.g. political
conflict as an anthropogenic tipping point.

Natural tipping point - sinking deltas Subsidence is one of the central nodes
identified in Chapter 5, with Syvitski et al. (2009) naming the oceans global volume,
aggradation, sediment compaction, and vertical movements resulting from plate tec-
tonics and other geophysical processes as the four main factors in determining a delta’s
elevation above sea level. As the ocean volume is likely to expand due to climate
change (IPCC, 2013), and Bangladesh also experiences increasing compaction with e.g.
increases in groundwater extraction (Brown and Nicholls, 2015) and reduced aggrada-
tion due to e.g. the construction of dams and embankments (Gain and Giupponi, 2014),
the GBM delta is at risk from increasing subsidence and thus rising relative mean sea
levels, more coastal flooding, and higher salinity. The latter are all key nodes in the
socio-hydrological framework, stressing the importance of a holistic approach to high-
light the relationship of key processes in the GBM delta. Furthermore, Syvitski et al.
(2009) describe the sinking of a delta as a non-linear process that can reach a certain
threshold after which the subsidence is no longer reversible. This has already occured
in the delta of the Indus River in Pakistan, which has shrunk by 90 % of its original
size and runs dry close to 140 days of the year, displacing up to a million people.

Anthropogenic tipping point - political conflict A tipping point could also
occur due to political tension, which refers both to intra-national conflicts, e.g. the
Chittagong Hill Tract conflict due to building of Kaptai Dam, which displaced over
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100,000 members of the ethnic group of the Chawa (Parveen and Faisal, 2002), as well
as international tension, e.g. due to water sharing issues resulting from the construction
of Farrakka barrage. Over the years, several attempts have been made to formalize the
sharing of water in the dry season, with schedules suggesting to alternate flow every two
weeks while supplying a minimum flow of 35,000 m3/s to Bangladesh. The impacts
resulting from the construction of Farraka Barrage, in particular in the dry season,
are extensively discussed in Chapters 2.3.1, 5.1.4 and A.3.4. Already, political tension
is seen as a result of these impacts, largely due to the minimum flow not being met
in every year (Mirza, 1997). If political tension remains unadressed, livelihoods and
well-being of individuals will be more and more affected, and could - in a worst-case
scenario - eventually lead the system to armed conflict, certainly a tipping point from
which the system could not easily revert to its original state (Houghton et al., 2010;
Buntgen et al., 2011; Schleussner et al., 2016).

The challenge of climate change

While it is noteworthy that Bangladesh contributes comparatively little to global
climate change in terms of COs emissions, there is overwhelming agreement that
Bangladesh and the GBM delta are likely to be severely impacted by climate change.
A particular focus in constructing this framework was thus placed on addressing the
overall challenge of climate change to ensure that policy makers know where available
resources can be used most effectively to increase resilience and reduce vulnerability.

To answer the question how climate change will impact flooding in Bangladesh, and
especially the slum dwellers in Dhaka, it is important to not only take into account
the direct effects of the changing climate on flooding, but also their interactions with
other indicators in the framework. While a prognosis on flooding currently remains
difficult to quantify down to exact numbers due to large uncertainties in climate models,
possible changes such as increases in the duration, magnitude or frequencies of flooding
will likely take place over long stretches of time. This enables the population to adapt
slowly. Resources such as social capital, which is one of the main tools for the slum
dwellers in Dhaka to be able to cope with flooding, can be altered over time (Afheuer
et al., 2013; ABheuer, 2014), and as such the system can be considered overall stable
and resilient. This is also evident in the missing connection between extreme flooding
and mortality (Chapter 4).

However, changes to the system such as the construction of Farraka Barrage may sev-
erly impact the current capacity to cope. We showed that since operations began in
1974/1975, the hydrological characteristics of the river downstream have been changed
(Chapter 2.3.1, Swain (1996); Mirza (1998); Gain and Giupponi (2014)). While the
effect is also present during the flood season, this holds especially true for the dry
season, which has a wide number of implications both on the country-wide as well as
the individual level. With dam construction having more interactions than climate
change (11 vs 9, Figure 5.1) we strongly agree with Gain and Giupponi (2014); White-
head et al. (2015) who name the construction of dams as one of the major causes of
anthropogenically induced hydrological alterations.
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Planned projects such as the Indian River Linking Project, which calls for the con-
struction of a similar dam on the Brahmaputra before it enters Bangladesh, are thus
of particular concern (Doshi, 2016). In addition, China is planning to build its own
dam further upstream. With 90 % of the river discharge draining through Bangladesh
falling as precipitation outside of Bangladesh and droughts expected to increase in the
future (Whitehead et al., 2015), these structures are bound to impact the livelihood
of the millions of people living in the GBM delta. Treaties to share the water of the
Ganges across the border have already proven largely ineffective for Farakka Barrage
with only two countries involved (Mirza, 1998; Gain and Giupponi, 2014). The situ-
ation along the Brahmaputra, with two countries planning on retaining water along
their respective borders before the river enters Bangladesh, is likely to be even more
complicated. Both India and China also have to adapt to the challenges posed by a
growing population and climate change, and are not likely to refrain from building the
dams. A slum dweller in Dhaka can be expected to have the resources to cope with i.e.
an increase in flood duration of 5 days by 2100 (ABheuer et al., 2013; ABheuer, 2014),
but how the geopolitical decision making of the neighbouring countries will impact
the livelihoods is completely unclear. We also find that while climate change mostly
interacts with natural processes in Figure 5.1.1, these are in turn connected to anthro-
pogenic processes affecting the entire framework. A slow rise in absolute sea level by
itself is negligible compared to the pressure put on e.g. freshwater availability and food
supply by a rapidly growing population (Brammer, 2014). Personal interviews with
slum dwellers confirm that the urban poor in particular face many short-termed chal-
lenges such as e.g. food security, educating their children, or finding employment, and
perceive these as a much greater risk than climate change. Climate change can thus
be seen as an anthropogenic amplification of the socio-hydrological challenges faced by
Bangladesh.

Both the urban and rural poor are a particularly vulnerable subset of the population.
While the continuing economic growth has helped reduce the population living below
the poverty line by increasing financial capital, they are usually affected more strongly
by hardships such as salinization and water logging than more affluent members of the
community, creating a social inequity (Brouwer et al., 2007; Amoako Johnson et al.,
2016). In particular poor women and children are often disproportionally affected by
impacts on e.g. food security (Mirza, 2011). The urban poor currently face a shrinking
space of democracy, which increases the vulnerability by e.g. forcing slum dwellers
to build their homes in flood-prone areas by refusing them the right to urban space
(Chapter 5.1.5). In extreme cases, the lack of workers’ rights in the textile industry
is thought to be responsible for the high death toll after a structural collapse in April
2016, as workers’ concerns were not taken serious and building codes were violated
(The Guardian, 2013; Than, 2013).

Using the framework to identify and aid in creating effective solutions

The link between environmental and anthropogenic dimensions is of great impor-
tance to successful policy and decision making, and aids in creating effective solutions
(Niemeijer and de Groot, 2008b; Rabbani et al., 2010). An example for the country’s
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capabilities to execute effective disaster risk management is the large-scale investment
into infrastructure such as shelters and embankments to protect the population from
cyclones (Yu et al., 2010). However, while this has been successful in reducing the
number of deaths related to cyclones, these embankments in turn impacted e.g. coastal
sediment transport, affecting soil fertility and thus crop yield (Hossain et al., 2008;
Schiermeier, 2014; Pelletier et al., 2015). Larger projects such as the Bangladesh Delta
Plan could build on and expand the presented socio-hydrological framework to carefully
evaluate possible impacts (Rabbani et al., 2010).

Creating more resilient communities today simultaneously prepares them for the un-
avoidable challenge of future climate change. The socio-hydrological framework has
the potential to address the challenges from avoidable feedback cycles such as an
increased salinity and reduction in freshwater in coastal areas through unregulated
shrimp farming. Freshwater supply could be increased through rainwater harvesting,
recycling waste water and increasing water productivity through educating commu-
nities, or through the installment of flexible embankments that allow flooding during
the monsoon season but keeps out saline water during the dry season (Schiermeier,
2014). On the other hand, projects suggesting the diversion of water from the Ganges
to increase freshwater availability in the dry season (Brammer, 2013, 2014) seems ques-
tionable with the multitude of implications from dam construction (Figure 5.3).

To address drivers of poverty in the GBM delta, which include salinization, water
logging, employment, education and access to roads, focusing on other issues such as
improving the population’s capacity to learn or self-organize rather than on the capacity
to cope with the long-term effects of climate change are also of importance (Amoako
Johnson et al., 2016). Successful implementation of capacity building measures could be
vital to enable the slum dwellers to move from simply “getting by” to “getting ahead”
(ABheuer et al., 2013; ABheuer, 2014). Most importantly, we agree with Rabbani et al.
(2010) and ABheuer (2014) that these solutions should not be offered from the outside,
but should be developed in close cooperation with affected communities as well as
through empowering researchers at national universities.

Future research

The goal of setting up a socio-hydrological framework was to show that the impacts
of climate change on flooding and thus livelihoods in Bangladesh can not be treated
isolated and by utilizing a causal chain approach, but rather that both natural and
anthropogenic processes and their two-way feedbacks need to be included. While this
can be confirmed from the extensive overview provided in Figure 5.1, certain aspects
could certainly be elaborated on and adapted depending on the research question. For
example, a study focusing on ecosystem changes needs to include naturally occuring
fauna such as the Bengal tiger, which is currently missing from the framework.

Depending on the goal or research question, a stronger focus also needs to be placed on
the quantification of the indicator interaction (Patricio et al., 2016). The impact of e.g.
precipitation and subsidence is weak and negligible on certain spatial scales (Steckler
et al., 2010), but important if the goal of a study is to assess the likelihood of the
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entire delta sinking in the next 100 years (Syvitski et al., 2009; Steckler et al., 2010).
Discussing the different processes responsible for adult mortality also is not possible
without quantifying the increase in death rate from each of the individual interactions.

Especially for the links coming from climate change, links may have different levels of
certainty, which is important when communicating the results to policy makers. For
some interactions, such as the connection between ENSO with monsoon precipitation,
scientific literature disagrees on the nature of the interaction, which is currently not
evident from Figure 5.1. Temporal information important for studying short-term
effects such as the amount of freshwater available over the course of a dry season, or
long-term effects from e.g. climate change, as well as non-linear link interaction is also
not clearly distinguished (Pelletier et al., 2015).

When discussing impacts on the human system, Patricio et al. (2016) criticize the
eDPSIR approach for its over-simplification of environmental problems, especially in
that different eDPSIR components are being treated as mutually exclusive. They
suggest using the Drivers - Activities - Pressures - State (change) - Impacts (on human
welfare) - Response (using Measures) or DAPSI(W)R(M) framework, an extension of
the eDPSIR that includes e.g. activities in the framework in an attempt to more clearly
distinguish between driving forces and pressures while also placing a stronger focus on
human welfare (Scharin et al., 2016).

The eDPSIR framework currently treats hazards as discreet and independent events,
and neglects the possibility of spatiotemporal co-occurrence. Instead of including natu-
ral hazards in a single hazard approach, the framework in Figure 5.1 could be combined
with a multihazard framework as proposed by Gill and Malamud (2014, 2016), which
would allow the inclusion of a hazard cascade, where primary hazards trigger the onset
of a secondary hazard. An example for such a compound event is the occurrence of
a major flood immediately after an earthquake in 1787, which also led to a 150 km
westward shift in the flow of the Brahmaputra (Hoéfer and Messerli, 2006; Khalequzza-
man, M.D., 1994). Should a similar event occur today, this would impact millions of
people due to the high population density. For Bangladesh, a multihazard framework
is also of importance as Gill and Malamud (2016) identify flooding as a particularly
vulnerable secondary hazard, meaning that it is likely that primary hazards such as
earthquakes, tsunamis, land slides, subsidence, storms or extreme temperatures - all
of which occur regularly in the GBM delta - could increase the probability of a flood
event occuring.

Gill and Malamud (2014) propose that a complete multihazard methodology should
contain the following four aspects:

Hazard identification and comparison The identification and valid comparison of
all identified individual hazards, relevant to a given spatial region.

Hazard interactions The identification and characterisation of all possible interac-
tions between identified hazards.

Hazard coincidence An investigation into the impacts of two or more hazards
coinciding spatially and/or temporally, such that the hazard potential and/or
vulnerability may differ from the sum of its parts.
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Dynamic vulnerability An understanding of how one, or a series of hazards, will
impact upon the vulnerability and resilience of a community, thus changing the
overall future risk to a location or community.

While we do identify and compare hazards and their interactions in Figure 5.1 and
Chapters 5, A.1, A.2, A.3 and A.4, we are currently not focusing on hazard coinci-
dence and dynamic vulnerability of the community. We suggest that a multihazard
expansion of our framework would greatly benefit the documentation, understanding
and attribution of compound events, which is essential to modelling how these events
will be affected by climate change.

The availability of high-quality observational data on relevant temporal and spatial
scales for both natural and anthropogenic processes is another necessity, in particular
for those indicators identified as key nodes such as precipitation, salinity and freshwa-
ter availability (Elsner et al., 2008; Cash et al., 2008; Annamalai and Sperber, 2016;
Masood et al., 2015). This is important both to monitor for possible changes in e.g.
mortality rate, as well as to reduce uncertainty in modelling physical relationships such
as e.g. monsoon dynamics (Immerzeel and Bierkens, 2010; Simmer et al., 2015; Anna-
malai and Sperber, 2016). Such observations are key to improving earth system models
used in global climate modelling approaches. Rather than quantifying climate change
impacts in an isolated manner, implementing the observed feedbacks between climate,
hydrology and society can advance earth system models to provide climate change
scenarios including the anthropogenic amplification of existing socio-hydrological chal-
lenges.






Appendix A

Indicators included in enhanced
Driving force - Pressure - State -
Impact - Response framework

This chapter provides a more extensive discussion of the indicators included in the
socio-hydrological framework (Figure 5.1), and lists all indicator interactions including
applicable references using the following scheme:

Interacts with: —

Outgoing arrows in Figure 5.1.
Impacted by:<+—

Incoming arrows in Figure 5.1.

A.1 Indicators for natural processes

The relevant natural indicators contributing to sociohydrological processes in Bangladesh
can be separated into four compartments: the atmosphere, the soil and ground, hy-
drology and vegetation. Effects of other intra-annual atmospheric circulations such as
the Indian Ocean Dipole (IDO), Quasi Biennial Oscillation (QBO) or the Madden-
Julian-Oscillation (MJO) are not described here, but can be found in e.g. Meehl and
Arblaster (2002) and Ahmed et al. (2016).

A.1.1 Atmosphere

In the following, key atmospheric variables and observed trends relevant to hydrological
processes in Bangladesh are listed.

Temperature For a description of the temperature regime in Bangladesh, see Chap-
ter 2.2. Temperature is a key component of cold spells, heat waves and droughts
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as well as glacial melt and determining the growth of crops and vegetation, while
temperature differences between the flood plains in Bangladesh and the Tibetian
Plateau are thought to influence the strength of the Indian Summer monsoon
(Liu and Chen, 2000; Immerzeel, 2008; Wassmann et al., 2009a,b). This temper-
ature difference is expected to amplify, as seasonal temperatures are expected to
increase between 2000 and 2100, with stronger changes on the Tibetian Plateau.
Likewise, global warming is also evident within the GBM catchment, with both
mean and extreme temperatures increasing in past observations and future pro-
jections (IPCC, 2013). This change in temperature is believed to impact crop
yields, in particular for rice (Wassmann et al., 2009a,b).

Interacts with: —

Monsoon. Glacial melt. Vegetation. Extreme temperatures. Droughts. Crops.
Impacted by:+

Climate change.

Precipitation For a description of the precipitation regime in Bangladesh, see Chap-

ter 2.2 and Islam et al. (2005); Islam and Islam (2006) and Rafiuddin et al. (2010).
Single precipitation events can be driven by cyclones or hail storms, while the
amount of annual precipitation is largely determined by the strength of the Indian
Summer monsoon (Immerzeel, 2008).

Precipitation is a key driver for many hydrological processes in Bangladesh, in
particular discharge (Chowdhury and Ward, 2004; Jian et al., 2009) and thus
droughts and flooding. In addition, annual loading of water during the monsoon
season through increased precipitation and subsequent unloading lead to vertical
elastic deformation of up to 6 cm over the entire GBM delta (Steckler et al., 2010).
During the dry and pre-monsoon season, brick manufacturing can be impacted
by heavy precipitation events (ABheuer, 2014). Precipitation also influences sed-
imentation, salinity, glacial melt, vegetation and crop yield (Mirza, 1998; Vineis
et al., 2011; Tao and Zhang, 2013; Pelletier et al., 2015; Zhao et al., 2016). Heavy
rains have led to land slides and dam breakages (Ahasan et al., 2013). Burkart
and Kinney (2016) describe the connection between precipitation and mortality
for seasons, age and gender; they found that e.g. low but ongoing amounts of
precipitation during the dry season can result in an increase in mortality in the
elderly. During the rainy season, heavy amounts of precipitation cause a rise in
infectious disease mortality (Burkart et al., 2014b), but also seems to mitigate
heat stress (Burkart and Kinney, 2016).

Because of it’s connection to hydrological processes Bangladesh, the impact of
climate change on precipitation in Bangladesh is of great interest. In the fol-
lowing, we briefly discuss past trends and future projections for precipitation.
The assessment of past trends in precipitation across a catchment as large and
climatically diverse as the GBM is difficult as sufficient observational records are
lacking (IPCC, 2013). Furthermore, the choice of precipitation products such as
the Climate Prediction Center Merged Analysis of Precipitation (CMAP) or the
Climate Anomaly Monitoring System (CAMS) largely determine the outcome of
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trend analyses, with products disagreeing especially for the region of Bangladesh
(Cash et al., 2008). Existing attempts using observations include Mirza et al.
(1998), who provides an overview of trends based on data from the 16 meteoro-
logical subdivisions within the GBM catchment; Gain and Giupponi (2014), who
found no trends in annual precipitation in the Ganges basin between 1964 - 2005;
Immerzeel (2008) who likewise found no significant trends in annual precipitation
for the period of 1900 - 2002 in the Brahmaputra basin.

For Bangladesh, station data cover most of the country from the 1950s onward.
By assessing data from 17 stations for 1958 - 2007, Shahid (2010) detected signif-
icant increases in country-wide average annual and pre-monsoon rainfall, with an
overall increase in wet months and a decrease in dry months. Mirza et al. (1998)
confirms the results for the areas of the Ganges, Brahmaputra and Meghna catch-
ment inside Bangladesh.

Future estimates of rainfall for Bangladesh and the entire GBM catchment come
with large uncertainties as climate models still experience difficulties in captur-
ing an adequate representation of the Indian Summer monsoon (Immerzeel et al.,
2010), but IPCC (2013) project significant increases in both mean and extreme
precipitation during the monsoon season, with light rain events decreasing. Im-
merzeel (2008) also finds seasonal increases in precipitation between 2000 to 2100
for the Brahmaputra basin, in particular for the monsoon season.

Interacts with: —

Discharge. Sedimentation. Salinity. Glacial melt. Vegetation. Extreme heat.
Land slides. Subsidence. Droughts. Floods. Industry. Freshwater availability.
Crops. Dam breakage. Morbidity. Mortality.

Impacted by:+

Monsoon. ENSO. Cyclones. Climate change.

Monsoon The Indian Summer or South Asian monsoon is a highly complex circula-
tion system resulting from differential heating of land and water over the Indian
subcontinent. By mid-June, humid air masses arrive along the southeastern
coast of Bangladesh, marking the onset of the monsoon, the key driver for sum-
mer precipitation in Bangladesh. Moving to the northwest in the coming weeks,
the summer monsoon is in full force across the GBM catchment as the pressure
gradient between land and ocean becomes strongest by mid-July. Up to 70 % of
Bangladesh’s total annual precipitation falls during the monsoon, which usually
loses its intensity by the end of September (Hofer and Messerli, 2006; Immerzeel,
2008). In addition, annual loading of water during the monsoon season through
increased precipitation and flooding and subsequent unloading lead to vertical
clastic deformation of up to 6 cm over the entire GBM delta (Steckler et al.,
2010). Further information on the Indian summer monsoon, e.g. regarding its
connection to glacial melt, hail storms or lightning, can be found in e.g. (Hofer
and Messerli, 2006; Webster et al., 1998; Scherler et al., 2011; Zhao et al., 2014,
Annamalai and Sperber, 2016).

The monsoon undergoes intraseasonal oscillations as well as interannual varia-
tions, (Lawrence et al., 2001; Fujinami et al., 2011), and its strength is signifi-
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cantly related to air temperature differences between the flood plains in Bangladesh
and the Tibetian Plateau (TP) as well as the snow cover on the TP (Li et al.,
1996; Liu and Yanai, 2001; Immerzeel, 2008; Immerzeel and Bierkens, 2010). The
monsoon over the Indian subcontinent is also affected by El Nino Southern Oscil-
lation, with El Nino years generally resulting in weaker monsoons as convection
is surpressed over South Asia (Webster et al., 1998; Kumar, 1999; Singh et al.,
2001). For Bangladesh, Ahasan et al. (1993) found that the overall variability of
precipitation in Bangladesh remains largely unaffected, but more extreme events
occur during ENSO years.

Immerzeel et al. (2010), Immerzeel and Bierkens (2010), Saha et al. (2014), and
Annamalai and Sperber (2016) describe difficulties in assessing climate change
impacts on monsoon systems, as climate models experience difficulties in correctly
representing their complex dynamical features. For example, the majority of the
climate models used for the Coupled Model Intercomparison Project (CMIP5)
has not been able to capture the overall weakening of the monsoon in the years
since 1950, (Saha et al., 2014) while Sharmila et al. (2015) found regional incon-
sistencies in the spatial patterns among 20 CMIP5 models. Models did agree on
an intensification of the frequency and strength of extremely wet and dry years
under RCP8.5, with a decrease in number of wet days (Sharmila et al., 2015).
Regional climate model simulations found the weakening of the past to continue
into the 21st century, as well as a delayed onset by several days (Ashfaq et al.,
2009).

Interacts with: —

Precipitation. Glacial melt. Hail storms. Lightning. Subsidence.
Impacted by:+

Temperature. ENSO. Climate Change.

ENSO During the El Nifio phase of the El Nino Southern Oscillation (ENSO), the

Bay of Bengal and adjoining regions are dominated by high pressure anomalies,
with low pressure anomalies prevailing during La Nina years (Singh et al., 2001).
El Nino (La Nina) events are thought to be connected to a weak (strong) mon-
soon and thus lower (higher) precipitation amounts (Kumar, 1999). Singh et al.
(2001) detected an increase in monsoon precipitation during La Nina years for
the Meghna basin, resulting in increased discharge and a mean tide level that is
5 cm higher in August compared to an El Nino year. A co-occurrence of ENSO
and IOD events showed severe anomalies for droughts and floods, indicating that
precipitation is indeed impacted by ENSO (Ahmed et al., 2016). However, in
recent years the impact of ENSO on monsoon precipitation is not as clear. Im-
merzeel (2008) and Fujinami et al. (2011) could not confirm that ENSO plays an
important role in explaining monsoon precipitation. Cash et al. (2008) found that
the choice of precipitation data product can determine the apparent relationship
between rainfall and ENSO, while Kumar (1999); Kumar et al. (2006) suggest
that a midlatitude continental warming trend has enhanced the land-ocean ther-
mal gradient beneficial to a strong monsoon event, so that monsoon rainfall rates
stay high despite a strong ENSO event. Elsner et al. (2008) suggests that El Nifio
conditions may be relevant to the formation of cyclones. The impacts of climate
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change on the different characteristics of ENSO are detailed in Yeh et al. (2009),
with the expected shift in El Nino from the eastern Pacific to the central Pacific

likely to have an impact on the Indian Summer monsoon.

Interacts with: —

Precipitation. Monsoon. Sea level. Cyclones.
Impacted by:+

Climate change.

A.1.2 Soil and geology

Processes concerning the soil, in particular in the diverse and complex coastal region
of Bangladesh, as well as geological characteristics of Bangladesh, are extensively de-
scribed in Moslehuddin et al. (1997); Brammer (2012, 2013, 2014); Emran et al. (2017).
Brief descriptions of the most important aspects with respect to hydrological processes

and their key interactions are given below.

Tectonics The greater Indian and Eurasian Plate meet with the Burma Arc in the

Bengal Basin, thus Bangladesh is situated in a critical tectonic position with
tectonic motions in the region uncertain and thus a largely unknown seismic
hazard. For an extensive review of the tectonics in the Bengal Basin and its
contribution to the creation of the delta as well as the distribution of sediments
throughout Bangladesh, see e.g. Johnson and Alam (1991); Kuehl et al. (2011).
The active subduction zone resulting from the Indian plate moving under the
Burma Arc contributes to subsidence and changes of relative mean sea level
in the region, while various fault lines make Bangladesh prone to earthquakes
(Steckler et al., 2008, 2016).

Interacts with: —
Sedimentation. Sea level. Earthquakes. Subsidence.

Accretion and erosion Accretion and erosion refer to the growth and loss of land,

particularly along the coastline, coastal islands and rivers, and is often a cyclic
process in the highly dynamic coastal region of Bangladesh. Satellite imagery
combined with ground truthing and water level measurements indicate constant
changes in Bangladesh’s surface area. Accretion and erosion are affected by the
slope of the banks (steep - erosion, gentle - accretion), sea level and tidal pressure
(high - erosion, low - accretion), and the material composition of banks (loose
- erosion, compact - accretion). (Rabbani et al., 2010; Brammer, 2014; Emran
et al., 2017)

Accretion and erosion rates vary throughout Bangladesh, but are especially pro-
nounced in the Meghna estuary (eastern region in Figure A.1). By comparing
Landsat images from 1984 and 2007, Brammer (2013) found that the estuary had
a net growth of 19.6 km? per year, or 451 km? in total. Accretion is mainly de-
pendant on the sediment loads carried by the Ganges, Brahmaputra and Meghna,
and is thus also influenced by dams being built further upstream (Haque et al.
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Figure A.1: Gains and losses of land on the Brahmaputra-Ganges-Meghna delta front
between 1984 - 2007, from Brammer (2012).

(2016), see also Chapter 2.3). Accretion is aided by an increased focus on agro-
forestry, as mangroves can assist in stabilizing land (Hasan and Alam, 2006).

Despite a net gain, several areas have lost significant amounts of land because
of erosion. For example, Sandwip Island has lost a net 24 km? in land in the
past 30 years, which has led to increased migration from the coast line and river
banks further inland as households - often farmers - need to move to sustain their
livelihoods (Brammer, 2014; Emran et al., 2017).

Interacts with: —

River morphology. Sea level. Migration. Livelihoods.

Impacted by:+

River morphology. Sedimentation. Sea level. Tides. Agroforestry.

Fertility Soil fertility is a vital factor in determining the sustainable use of land for

agricultural purposes. It describes the ability of the soil to supply plants with
sufficient nutrients and thus directly influences agricultural yields (Rahman and
Parkinson, 2007). Soil organic carbon, available nitrogen, and the concentration
of phosporus and potassium are soil fertility parameters described extensively for
Bangladesh by Rahman and Parkinson (2007); Moslehuddin et al. (1997). Soil
fertility varies throughout Bangladesh (Ali et al., 1997), with upland soils low in
organic matter and deficient in nitrogen whereas the flood plains generally show
fertile soils. Agroforestry and educational efforts in sustainable agricultural prac-
tices in Bangladesh have shown to positively impact fertility (Hasan and Alam,
2006). With increasing depletion of soil organic matter throughout Bangladesh,
Ali et al. (1997), Moslehuddin et al. (1997), Hossain (2001) and Rahman and
Parkinson (2007) stress the need for conservation measures to ensure a continu-
ing acceptable fertility status in coming years.



Appendix A. Indicators included in enhanced Driving force - Pressure - State -
Impact - Response framework 85

Interacts with: —

Crops. Food security. Livelihood.

Impacted by:+

Floods. Crops. Agroforestry. Chemical pollution and spillage.

A.1.3 Hydrology

An overview of the hydrology of Bangladesh is also given in Chapter 2.3.

Discharge See Table 2.1, Figure 2.4 and Chapter 2.3 for details.

Interacts with: —

Groundwater level. Salinity. Droughts. Floods. Transportation. Freshwater
availability. Nuclear reactor failure.

Impacted by:«

Precipitation. Sea level. Glacial melt. Dam construction. Irrigation. Dam
breakage.

River morphology Morphological variables of river channels include bankfull width,
channel slope, and meander length (Bjerklie, 2007). These variables are influ-
enced by the size, composition and availability of sediments, as well as vegetation
along the slopes and obstructions further upstream (Mugade and Sapkale, 2015).
River aggradation or degradation, the process of raising or lowering the river bed
plays a role in relative sea level.

Bangladesh has highly dynamic rivers, with short-term shifts in river channels
creating chars that affect the livelihood of up to 600,000 people (Sarker et al.,
2003). Larger avulsions can cause the river channel to shift several kilometers,
such as the 150 km westward shift of the Brahmaputra after an earthquake in
1762 (Hofer and Messerli, 2006; Brammer, 2012, 2014).

Interacts with: —

Accretion and Erosion. Sea level. Livelihoods.

Impacted by:+

Accretion and Erosion. Vegetation. Sedimentation. Earthquake. Floods. Dam
construction.

Sedimentation Combined, the Ganges, Brahmaputra and Meghna carry between
728 and 1,506 10° tons of sediments through Bangladesh (see also Chapter 2.3).
Pelletier et al. (2015) found sediment yield increasing with precipitation and
decreasing with increasing vegetation growth. The amount of sediments is vital
to soil fertility, river morphology and accretion, with its distribution throughout
the delta also depending on glacial melt and past tectonic movement (Kuehl
et al., 2011; Struck et al., 2015). Areas with high amounts of sedimentation such
as behind embankments experience problems due to water logging and fewer
useable waterways for transportation (Hoque and Alam, 1997; Mahmuduzzaman
et al., 2014). Dams such as Farakka barrage have been attributed with reducing
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sedimentation (Gain and Giupponi, 2014), with reduced sediments accelerating
the sinking of deltas Syvitski et al. (2009). Sediments also play a role in arsenic
contamination (Acharyya et al., 2000).

Interacts with: —

River morphology. Accretion. Subsidence. Arsenic contamination. Transporta-
tion.

Impacted by:+

Precipitation. Vegetation. Tectonics. Erosion. Glacial melt. Dams. Embank-
ments.

Groundwater level The groundwater level varies throughout the GBM delta, with

sinking groundwater tables tied to the degree of subsidence (Syvitski et al.,
2009). A high groundwater level can in turn exacerbate flooding (Hofer and
Messerli, 2006; Khalequzzaman, M.D., 1994). Aquifer recharge, which increases
the groundwater level, depends on discharge and groundwater pumping (Hoque
et al., 2007). In the city of Dhaka, an overall decrease of the groundwater table
depth of an average rate of 2 m per year has been observed since 1986 (Akther
et al., 2009; Haque et al., 2013).

Interacts with: —

Subsidence. Floods. Freshwater availability.
Impacted by:+

Discharge. Groundwater extraction.

Sea level Absolute sea levels through a variety of global processes, including thermal

expansion, changes in ocean salinity, and melting ice sheets and glaciers. In the
Bay of Bengal, sea levels are impacted by ENSO during monsoon season (Singh
et al., 2001; Moon et al., 2015) and have a backwater effect on discharge and
can thus worsen flooding (Mahmuduzzaman et al., 2014). Relative mean sea
levels are impacted by river aggradation and degradation (Pelletier et al., 2015),
tides (Pethick and Orford, 2013), and changes in elevation of land, e.g. because
of tectonic movement and subsidence (Syvitski et al., 2009; Wada et al., 2012;
Konikow, 2011), or glacial isostatic adjustment, which lowers the apparent sea
level rise by 0.3 mm per year (Douglas and Peltier, 2002). Pethick and Orford
(2013) stress that observing and analyzing relative mean sea levels underestimates
the rise in high water levels, and suggests the effective sea level rise (ESLR),
which focuses on trends in high tide maxima, which have increased due to estuary
channels being constricted by the construction of embankments. ESLRs in the
Bay of Bengal have increased between 2.8 and 8.8 mm/year, with high water
levels impacted more strongly by about 15.9 and 17.2 mm/year (Rabbani et al.,
2010; Pethick and Orford, 2013).

Rising sea levels increase salinity in coastal areas (Schiermeier, 2014), and cause
increased erosion and coastal flooding. Rabbani et al. (2010); IPCC (2013) and
Alam and Uddin (2013) state that a 45 cm sea level rise could dislocate about 35
million people from coastal areas by 2050. Changing coast lines could also cause
border disputes and political tension (Houghton et al., 2010). Globally, absolute
sea levels are expected to rise due to global warming, with Pfeffer et al. (2008)
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estimating a total sea level rise between 0.8 to 2 m by 2100 as physically possible
and plausible. Glacial melt is also expected to play a role in increasing sea levels.

Interacts with: —

Erosion. Discharge. Salinity. Floods. Coastal flooding. Migration. Livelihood.
Impacted by:+—

ENSO. Tectonics. Accretion. River morphology. Tides. Glacial melt. Subsi-
dence. Climate change. Embankments.

Salinity Salinity refers to the saline content of land and water in the coastal areas of
Bangladesh. Over 1 million hectar of cultivated land (about 70 %) are considered
to be saline to a varying degree (Rahman et al., 2013). Salinitzation of agricul-
tural lands, freshwater ponds, canals and rivers is caused by salt water intrusion
due to tides or coastal flooding, as well as upward movement of saline ground-
water during the dry season (Haque, 2006; Brammer, 2014; Mahmuduzzaman
et al., 2014). Precipitation, discharge, sea level rise and increasing extraction
of freshwater through groundwater pumping are further factors determining the
degree of salinity (Mirza, 1998; Vineis et al., 2011). Shrimp farming requires a
certain amount of salinity, but the recent unregulated expansion of shrimp farms
has led to previously cultivatable land being converted to saline soils, a process
which is difficult to reverse (Amoako Johnson et al., 2016). Increased salinity of
drinking water not only create problems for deltaic crops, livestock and ecosys-
tems (Haque, 2006; Wassmann et al., 2009b; Rabbani et al., 2010), but can also
cause hypertension and other health-related issues in humans (Khan et al., 2008;
Vineis et al., 2011). Agroforestry could be beneficial in reducing salinity content
of soils and water (Hasan and Alam, 2006).

Interacts with: —

Vegetation. Freshwater availability. Water quality. Crops. Shrimp farming.
Livestock. Ecosystems. Livelihood. Morbidity.

Impacted by:+

Precipitation. Discharge. Sea level. Coastal flooding. Groundwater extraction.
Shrimp farming. Agroforestry.

Tides Tidal fluctuations in water levels can be observed as far as 400 km inland, with
a typical amplitude of semi-diurnal tidal fluctuations of e.g. 60 cm in the Meghna
river 30 km east of Dhaka (Lobitz et al., 2000; Han and Webster, 2001). The mean
tide level also varies by about 1 m within a 14 - day neap-spring tide cycle, as
well as throughout the year, reaching its peak during the monsoon season (Singh
et al., 2001). Tidal ranges are about 2 - 3 m for southwestern Bangladesh, and
increase to 2.5 - 4 m in Chittagong. The strength of the tides impact accretion and
erosion (Emran et al., 2017), can worsen flooding and are important to relative
sea level (Pethick and Orford, 2013). Embankments influence tidal range, which
has increased due to the estuary channels being constricted by embankments
(Pethick and Orford, 2013).

Interacts with: —
Accretion and Erosion. Sea level. Floods.
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Impacted by:+
Embankments.

Glaciers in GBM catchment The GBM catchment includes over 25.000 km? of
glaciers in the Himalayas, particularly in the Tibetian Plateau (Immerzeel et al.,
2010). Even though the runoff regimes of both the Ganges and the Brahmapu-
tra are driven by monsoon precipitation, meltwater from these glaciers seasonally
contributes to the flow of especially the Brahmaputra river (3.1 % glaciated area),
and to a lesser extent also to the Ganges (1.0 % glaciated area) (Immerzeel, 2008;
Immerzeel et al., 2010; Lutz et al., 2014). The mass balance of glaciers in the
Himalayas is thus of concern when assessing hydrological processes in Bangladesh
(Kehrwald et al., 2008). For a detailed description of glaciers, including their spa-
tial variation throughout the Himalayas, see Shi and Liu (2000) and Maussion
et al. (2014).

Glaciers in the GBM catchment retreat or have a negative mass balance either
because of less accumulation through reduced snow fall or increased melting,
evaporation and sublimation in the zone of ablation e.g. due to higher tempera-
tures (Rupper and Roe, 2008). Studying temperatures on the Tibetian Plateau
between 1955 and 1996, Liu and Chen (2000) found an increase in annual mean
temperature of 0.16 °C per decade, and an increase in 0.32 °C per decade for
the winter mean. Seasonal snow cover in the Himalayan and Tibetian region
has decreased by 30 % between 1966 and 2001, with the rate of decrease largest
at lower elevations (Rikiishi and Nakasato, 2006). In accordance, glacial retreat
has been observed throughout the Himalayas, in particular along the northern
Himalayas, with up to 80 % of glaciers in western China retreating during the
past 50 years (Ding et al., 2006). Furthermore, the rate of glacial retreat in Asia
has been accelerating (Hijioka et al., 2014).

Several studies have attempted to assess how climate change might impact glaciers
in the Himalaya, e.g. due to changes in meteorological parameters such as precip-
itation and temperature, as well as the effects this would have on water resources
and ecosystems in the region (Xu et al., 2009; Bolch et al., 2012). While IPCC
(2013) projected a decrease of glacial surface area from 500,000 to 100,000 km?
between 1995 and 2030, Scherler et al. (2011) considers this an overestimation
as heavily debris-covered glaciers retreat much slower than initially assumed.
Regardless, both Scherler et al. (2011) and Zhao et al. (2014) found that by
2050, more than 65% of the monsoon-driven glaciers in the Himalaya will have
retreated, thus initially contributing more meltwater to the catchment and con-
tributing between 3.6 - 9.2 mm to sea level rise (Zhao et al., 2014, 2016). However,
with continuing decrease, the amount of meltwater over time will also decrease,
which in turn impacts the sediment load at the headwaters of the Ganges and
Brahmaputra (Hijioka et al., 2014; Struck et al., 2015). For the period 2046 -
2065 and the IPCC4 A1B scenario, Immerzeel et al. (2010) found a reduction in
flow in upstream parts of Ganges (17.6 %) and Brahmaputra (19.6 %) despite
increased precipitation.

While glaciers certainly have an impact on hydrological processes further down-
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stream, a prognosis on the development of the glaciers in the Himalayas is difficult
and comes with large uncertainties. Climate models have difficulties in correctly
representing one of the key contributors to glacial volume loss, namely precipita-
tion, as the monsoon circulation is often not captured correctly (Immerzeel et al.,
2010; Lutz et al., 2013; Hijioka et al., 2014; Zhao et al., 2016). Nevertheless, the
expected changes in glaciers due to climate change are an important component
when evaluating future water resources in Bangladesh, in particular as they can
in turn contribute to rising sea levels (Bolch et al., 2012; Chen et al., 2013).

Interacts with: —

Sedimentation. Discharge. Sea level. Freshwater availability.
Impacted by:+

Temperature. Precipitation. Monsoon. Climate change.

A.1.4 Vegetation

Vegetation in Bangladesh consists mainly of bamboo and rattan in the lower hills of
Chittagong, swampy vegetation and jungles in the central part of the country, and
cultivated plants and fruit in the northern plains. The Sundarbans covering 6,017
km? in the southern part of the Ganges delta are one of the largest mangrove forests
worldwide, and have been a UNESCO heritage site since 1997 (Iftekhar and Saenger,
2008).

Despite covering a comparatively small area in Bangladesh, the Sundarban mangroves
are a carbon sink with a large carbon storage potential and play an important role in
carbon cycling (Alongi, 2014). Organic-rich soils account for up to 98 % carbon storage
in mangrove forests, while mangroves also provide nutrients for fish spawning grounds
(Donato et al., 2011).

In metropolitan areas, vegetation contributes to urban green spaces and plays an im-
portant role in the urban ecosystem, e.g. through cleaning the air and reduction of
noise (Byomkesh et al., 2012). Green spaces have also been connected directly to the
well-being of Dhaka’s inhabitants (Gruebner et al., 2012). However, due to rapid ur-
banization and migration in recent years, green spaces have shrunk significantly in
recent years. Dewan and Yamaguchi (2008) found that in the 1960s, close to 80 % of
all land was non-urban, but that this number was reduced to 40 % by 2005 .

Interacts with: —

River morphology. Sedimentation. Ecosystem. Livelihood. Well-being.

Impacted by: +

Precipitation. Temperature. Salinity. Urbanization. Freshwater supply. Crops. Agro-
forestry.
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A.2 Natural hazards

A.2.1 Atmospheric

Extreme temperatures Extremely hot temperatures or heat waves impact energy
demand due to increased cooling, freshwater supply, water quality, crop produc-
tion, livestock, morbidity and mortality (Zuo et al., 2015). Urban areas often see
an increased summer mortality peak due to cardiovascular problems experienced
due to high temperatures (Burkart et al., 2011a,b). As the population is not ad-
justed to a colder climate and thus often not adequately equipped with clothing
and housing, temperatures below 10 °C can already cause respiratory diseases
despite the comparatively mild winters. This increase in morbidity ultimately
contributes to an increased mortality due to the lack of access to medicine and
primary care. Thus, colder periods have an even stronger connection to excess
mortality (Burkart et al., 2014a; Burkart and Kinney, 2017). Effects due to both
extremely low and high temperatures are more noticeable among children and
especially the elderly (Burkart et al., 2011b).

While maximum daily temperatures are expected to increase in the future, cold
days have decreased over the past years, and the impact of cold temperatures
may lessen even further with future climate change (IPCC, 2013).

Interacts with: —

Energy demand. Freshwater availability. Water quality. Crops. Livestock. Well-
being. Morbidity. Mortality.

Impacted by:+

Temperature. Precipitation. Climate Change.

Cyclones The cyclone season in Bangladesh is mainly in the pre-monsoon (AM) and
post-monsoon season (ON), with 0 to 3 events each year (Alam and Dominey-
Howes, 2014a). Most cyclones hitting Bangladesh originate in the Bay of Ben-
gal and the Indian Ocean. While cyclones hit all along the coast, the highest
number of landfalls occurs near Chittagong (Alam and Dominey-Howes, 2014a).
Although robust trend assessments are difficult due to data constraints, Hijioka
et al. (2014) did not find significant trends in the number of tropical cyclones
making landfall. Additional information can be found in a review compiled by
Alam and Dominey-Howes (2014a) covering 304 cyclone events in Bangladesh
between 1000 and 2009.

Peterson and Mehta (1981) presumed that periods with particularly intense cy-
clonic activity correlate to periods with reduced tornado activity, but this is to
be verified by further studies. On the other hand, cyclones often result in storm
surges, such as during the 1985 Bhola tropical cyclone, which raised water lev-
els by up to 3 m all throughout the Bay of Bengal (Alam and Dominey-Howes,
2014a).

As cyclones move further inland, millions of people are affected. The category
4-5 cyclone Sidr formed in the Bay of Bengal on November 11th, 2007, before
making land-fall in southwestern Bangladesh on November 15th and dissipating
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on November 16th. Sidr affected over 6 million people by destroying 0.35 million
ha of cropland, damaging 0.9 million and destroying 0.3 million homes. Liveli-
hoods of over 500,000 people were disrupted as employment ceased and income
generating-assets such as rikshas were destroyed, with numerous households de-
ciding to migrate inland (Kartiki, 2011). The destruction of water treatment
plants and freshwater pipes caused a shortage of drinking water (Rabbani et al.,
2010).

Unusually high fatality rates such as during the 1991 cyclone (>138,000 lives
lost) have resulted from cyclones in the past (Alam and Collins, 2010), with a
conservative estimate from Alam and Dominey-Howes (2014b) attributing over
16 million deaths to 71 tropical cyclones in the Bay of Bengal between 1484 and
2009. Alam and Collins (2010) names several factors as responsible: storm surges
are amplified to exceptionally high levels due to the physical characteristics of the
continental shelf, with the funnel-shaped coast further amplifying storm surges as
they reach the low-lying coastal areas (As-Salek, 1998). Early-warning systems
and shelters were also not readily available in the past (Alam and Collins, 2010),
although significant improvements have been made in the years since 1991, after
which the number of cyclone related deaths rapidly decreased, with cyclone Sidr
causing 3,000 fatalities in 2007 (Rabbani et al., 2010; Paul et al., 2010; Alam and
Dominey-Howes, 2014a).

Due to the variety of factors contributing to the genesis and intensification of
tropical cyclones, estimating the impact of climate change is difficult. While SST's
are expected to increase in the region, a possible connection between increasing
SSTs and intensification of tropical cyclones seems debatable in the Bay of Bengal
(see Alam and Dominey-Howes (2014a) for an extensive discussion), with Elsner
et al. (2008) suggesting that other factors such as changes in the region of origin
and El Nino conditions may be more relevant.

Interacts with: —

Precipitation. Tornadoes. Coastal flooding. Migration. Livelihoods. Morbidity.
Mortality.

Impacted by:<+—

ENSO. Climate change.

Hail storms Heavy hailstorms are also noteworthy for Bangladesh, which usually
occur during the months of April to June, accompanying the heavy thunderstorms
in the pre-monsoon season (Cecil and Blankenship, 2012). Bangladesh also holds
the record for the heaviest hailstone weighing 1.02 kg, which was found on April
14, 1986 near Khulna (World Meteorological Organization, 2017). Hail storms
not only damage crops and buildings, but also result in loss of life, as e.g. the
hail storm in April 1986 caused a ferry to capsize, leaving over 100 people dead
and many injured (UN Department of Humanitarian Affairs, 1986).

Interacts with: —

Crops. Livelihood. Morbidity. Mortality.
Impacted by:+—

Monsoon.
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Lightning Bangladesh has a comparatively high lightning rate, with 20 - 30 strikes per
km? per year for most parts of Bangladesh. Lightning strikes occur throughout
the year, but peak during the pre-monsoon (MAMJ) months, as does the fatality
rate (Gomes et al., 2006, 2012; Holle, 2008). Despite presumed underreporting
especially in the rural areas, the lightning fatality rate is higher than in more
developed countries, with 100 to 200 fatalities each year (Gomes et al., 2006). A
single storm event in May 2016 tallied over 65 people killed from lightning strikes
in just four days (Pokharel, 2016).

Interacts with: —
Morbidity. Mortality.
Impacted by:+
Monsoon.

Tornadoes Tornadoes are most likely in the afternoon and evening in early April
during severe local convective storms (Yamane et al., 2013), with the most violent
tornadoes occuring in a small area in central Bangladesh. Peterson and Mehta
(1981) presume that periods with particularly intense tornado activity correlate
with periods of reduced cyclonic activity. Tornadoes damage crops, livestock,
buildings (Paul, 1998), impact the mental health of the population (Choudhury
et al., 2006) and cause high fatalities, especially among the elderly (Sugimoto
et al., 2011). On April 26, 1989, a single tornado in the Manikganj district to the
west of Dhaka killed over 1,000 people, the deadliest tornado on record (World
Meteorological Organization, 2017); another tornado on May 13, 1996 destroyed
30,000 homes (70 - 90 % of standing structures) in over 90 villages in north-central
Bangladesh, killing over 700 people (Kunii et al., 1996; Paul, 1998).

Interacts with: —

Crops. Livestock. Livelihood. Well-being. Morbidity. Mortality.
Impacted by:+

Cyclones.

A.2.2 Land

Earthquake Alam and Dominey-Howes (2016) catalogued about 562 earthquakes be-
tween 810BC and 2012 in Bangladesh and the Bay of Bengal area, based on both
felt intensities as well as instrumentally recorded events (from January 1st, 1900
onward). The last major earthquake was the 1762 Arakan earthquake, during
which Chittagong sank several meters, numerous tsunamis were triggered, and
over 500 people were killed (Alam and Dominey-Howes, 2014b; Steckler et al.,
2016).

Both Cummins (2007) and Steckler et al. (2016) describe the Ganges-Brahmaputra
Delta as a still highly tectonic active region, with 13 to 17 mm /year plate conver-

gence along a locked megathrust fault (or >5.5 m since 1762). This leads them to

expect the next earthquake to reach a magnitude of 8 to 9 on the Richter scale.

Since population has drastically increased since 1762, this would impact over 140

million people living within 100 km of the locked megathrust.
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Interacts with: —

River morphology. Land slides. Subsidence. Coastal flooding. Livelihood. Mor-
bidity. Mortality.

Impacted by:+

Tectonics.

Land slide Land slides in Bangladesh occur predominantly in the hilly areas such
as the southeastern Chittagong hill tracts, especially during the monsoon season
following heavy rains or following floods. Due to their unpredictable nature, they
often not only result in erosion of up to 10,000 tons per km? per year, but also in
loss of homes as well as causing severe injuries and casualties (Karim and Haider,
1991). On June 11th, 2007, more than one-third of Chittagong was flooded due
to high tidal water and unusually heavy rains intensified by a storm on June 10th,
with more than 425 mm of rainfall recorded in 24 hours. Resulting flash floods
caused mud slides in the deforested hills near Chittagong, leaving more than 150
injured and at least 130 dead (Ahasan et al., 2013).

Interacts with: —

Erosion. Livelihood. Morbidity. Mortality.

Impacted by:+

Precipitation. Erosion. Earthquakes. Floods. Agroforestry.

Subsidence Subsidence is a drop in land elevation, usually occuring gradually over
time and rarely through sudden ground collapses. The net subsidence rate is de-
termined by a complex interaction between tectonics, compaction, sedimentation
and anthropogenic causes (Syvitski et al., 2009), and is described extensively in
a literature review for the GBM delta by Brown and Nicholls (2015), as well
as by numerous authors such as Hoque and Alam (1997), Steckler et al. (2008),
Steckler et al. (2010), Higgins et al. (2014) and Brammer (2014). Net subsidence
rates vary both temporally and spatially throughout Bangladesh’s coastal regions
between -1.1 mm /year to 43.8 mm/year, with a mean rate of 5.6 mm/year and a
median rate of 2.9 mm/year. Higher rates are often found locally in urban areas
due to e.g. groundwater abstraction (Brown and Nicholls, 2015). In addition,
annual loading of water during the monsoon season through increased precip-
itation and flooding and subsequent unloading lead to seasonal vertical elastic
deformation of up to 6 cm over the entire GBM delta (Steckler et al., 2010).

According to Brammer (2014), subsidence in Bangladesh is largely due to tec-
tonic movements in the region and aggravated by the various troughs, folds and
fault lines in the basin (Hoque and Alam, 1997; Steckler et al., 2008). For ex-
ample, in the eastern half of the delta, the subsidence rate of 1 to 12 mm/year
is thought to mainly be due to tectonic loading (Steckler et al., 2010). Using
Interferometric Synthetic Aperture Radar (InSAR) and ground-based GPS mea-
surements , Higgins et al. (2014) produced a spatial map of observed subsidence
rates between 2007 and 2011. Subsidence rates for Dhaka ranged between 0 to
over 10 mm/year, the highest rates from 0 to over 18 mm/year were found in
southwestern Bangladesh, an area with more readily compacting organic-rich soil.
In 1762, an earthquake is estimated to have dropped the land near Chittagong
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by several meters (Schiermeier, 2014).

Subsidence can be due to e.g. reduced precipitation leading to drying and com-
pacting of sediments (natural compaction), while anthropogenic processes include
e.g. groundwater extraction or embankments and polders (Syvitski et al., 2009;
Konikow, 2011; Wada et al., 2012). Tectonic uplifting, as well as aggradation
through sedimentation counteract subsidence to a certain extent (Hoque and
Alam, 1997; Higgins et al., 2014).

Because of subsidence, relative sea level increases, resulting in an increased vul-
nerability to high tides, coastal flooding and storm surges. Other implications
include salinification, land loss, and water logging due to slower drainage (Hig-
gins et al., 2014; Schmidt, 2015). When subsidence occurs in urban areas, sudden
structural collapses can occur, particularly when building codes have not been
met (see Section A.4).

Syvitski et al. (2009) classified the Ganges-Brahmaputra-Meghna Delta as a delta
in peril, meaning that the reduction in aggradation due to reduced sediment flow
plus accelerated compaction, partly due to major groundwater extraction, cur-
rently overwhelms the estimated rate of sea level rise. With increasing subsidence,
the delta is at risk of collapsing, and would be unable to return to its natural
state (as seen in the Indus delta).

Interacts with: —

Erosion. Sea level. Salinity. Coastal flooding. Structural collapse.

Impacted by:+

Precipitation. Monsoon. Tectonics. Aggradation. Sedimentation. Groundwater
level. Floods. Earthquakes. Groundwater extraction.

Arsenic contamination In 1993, it was discovered that Bangladesh’s soils are nat-
urally contaminated with arsenic (Acharyya et al., 2000), partly aided by the
sediment structure which makes the soil particularly susceptible to contamina-
tion due to the increased surface to mass ratio (Datta and Subramanian, 1997).
The contamination of the soil is reflected in the contamination of groundwater,
which is pumped to the surface in particular during the dry season for individual
freshwater use and irrigation. Using the contaminated groundwater for irrigation
is problematic both for the well-being and morbidity of the population, as well as
for agriculture such as rice paddies (van Geen et al., 2006; Brammer, 2009). In
Bangladesh, up to 40 million people in the southern delta of the GBM catchment
use tube wells with arsenic levels over the permissible level of 50 ppb (Uddin and
Huda, 2011). The increased extraction of groundwater and the use of phosphate
fertilizer may have aided the release of arsenic from sediments (Acharyya et al.,
2000).

Uddin and Huda (2011) lists several impacts to individuals due to chronic arsenic
exposure, ranging from cardiovascular effects to cognitive impairment and an in-
creased risk of cancer. Infant morbiditiy and mortality also increase with arsenic
exposure during pregnancy, usually via drinking water.

Interacts with: —
Water quality. Crops. Morbidity. Mortality.
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Impacted by:+
Sedimentation. Groundwater extraction.

A.2.3 Hydrological

Droughts Droughts are mainly due to a combination of factors such as decreased
precipitation and lower discharges. See Chapter 2.3.2 for detailed information.

Interacts with: —

Vegetation. Freshwater availability. Transportation. Morbidity. Mortality.
Impacted by:+

Precipitation. Temperature. Discharge.

Floods Around 20 % of the country is flooded on average each year, fertilitzing the
soil through nutrient-rich alluvial deposits. See Chapter 2.3.3 for detailed infor-
mation.

Interacts with: —

Fertility. River morphology. Land slides. Subsidence. Freshwater availability.
Dam breakage. Morbidity. Mortality.

Impacted by:+

Precipitation. Discharge. Groundwater level. Sea level. Tides. Urbanization.
Dam construction. Agroforestry.

Coastal flooding Coastal flooding is mostly due to storm surges and tsunamis. Storm
surges resulting from cyclones can raise water levels by up to 3 m, flooding the
low-lying coastal areas (Karim and Mimura, 2008; Alam and Dominey-Howes,
2014b). Alam et al. (2012) provides a review of a total of 135 tsunami events
in the northeast Indian Ocean, with the most recent tsunami having occurred
simultaneously during the flood of 1988 (Khalequzzaman, M.D.; 1994). Cummins
(2007) and Alam et al. (2012) consider it very likely that the Bay of Bengal has
a high potential for tsunami-triggering earthquakes in future years.

Coastal flooding can reduce crop yields and impact freshwater availability, such
as following the storm surge during Cyclone Sidr, which contaminated over 6,000
ponds with saline water, reducing the available freshwater and increasing the
salinity of both water and land during the following months (Rabbani et al.,
2010; Mahmuduzzaman et al., 2014). Depending on the severity of flooding,
households are left homeless, which can sometimes lead to migration (Red Cross,
2001). With increasing subsidence, coastal flooding will worsen (Higgins et al.,
2014; Schmidt, 2015), although the construction of embankments can lessen the
effects to a certain extent (Pethick and Orford, 2013).

Interacts with: —

Sea level. Salinity. Freshwater availability. Livestock. Dam breakage. Liveli-
hoods. Migration. Morbidity. Mortality.

Impacted by:+—

Cyclones. Earthquakes. Subsidence. Dam breakage.
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A.3 Indicators for anthropogenic processes

A.3.1 Demography

Population growth Despite a comparatively low birth rate of 2.2 children per woman,
Bangladesh is expected to see an increase in population of 218 million by 2050
(United Nations, 2007; Streatfield and Karar, 2008). The continuous growth of
the population impacts the transportation and agricultural sector, urbanization,
freshwater supply, water quality, and energy demand (Faisal and Parveen, 2004;
Haque et al., 2013; Gain and Giupponi, 2014).

Interacts with: —
Urbanization. Energy demand. Transportation. Freshwater supply. Water qual-
ity. Crops. Shrimp farming. Livestock.

Urbanization Urban growth in cities such as Dhaka, which has rapidly increased
in population from an estimated 12 million in 2000 to 16.8 million in just 15
years, is largely attributed to the migration from rural areas, as well as economig
growth (United Nations, 2007; Dewan and Yamaguchi, 2008; Rabbani et al.,
2010). Urbanization causes several urban development issues such as increas-
ing traffic jams and accidents, urban fires, reduced water quality through an
increase in untreated waste water, increased flooding through water logging, the
reduction of living areas for the urban poor, as well as increased violence due to
socio-economic pressures. (Rana, 2011; Haque et al., 2013; Gain and Giupponi,
2014) In addition, urbanization and economic growth with associated increases

in per capita income can cause dietary changes in form of a “livestock revolution”
(Delgado, 2003).

Interacts with: —

Flooding. Transportation. Transportation accidents. Shrinking space of democ-
racy. Water quality. Livestock. Urban fires. Political tension.

Impacted by:+

Population growth. Migration.

A.3.2 Socio-economics

Energy demand Overall, 60 % of the population has access to electricity in Bangladesh
(90 % in urban areas, 50 % in rural areas). Currently, electricity is largely pro-
duced using fossil fuels, and more than able to cover the needed amount (53 billion
kWh production vs 46 billion kWh consumption in 2014). Hydropower is gener-
ated at Kaptai Dam, where 5 % of the country’s electricity is produced (Parveen
and Faisal, 2002). A nuclear facility is currently planned 160 km northwest of
Dhaka (World Nuclear Association, 2017). Key drivers regulating energy demand
are industrial processes as well as personal consumption, which can increase e.g.
during a heat wave.
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Interacts with: —

Dam construction. Nuclear reactor failure.

Impacted by:+

Extreme temperatures. Population growth. Industry. Dam construction.

Economic growth While Bangladesh is currently considered a developing country
with a lower-middle-income economy, Bangladesh’s economy is also expected to
grow tremendously during the 21st century. Economic growth is beneficial to the
industry sector, while associated increases in per capita income can cause dietary
changes in form of a “livestock revolution” (Delgado, 2003).

Interacts with: —

Industry. Livestock. Livelihoods.
Impacted by:+

Industry.

Industry The main sectors of industry are the production of garments and leather,
with more than 80 % of total exports coming from the textile sector (Central
Intelligence Agency, 2013). Dhaka also has a thriving brick industry (ABheuer
et al., 2013). The water quality in the vicinity of factories and especially tanneries
is often negatively affected due to untreated waste water being released into the
rivers. The continuing growth of the industry sector, which is tied directly to
the overall economic growth, will initially require more energy and freshwater
consumption before more sustainable production methods are implemented.

Interacts with: —

Water quality. Energy demand. Freshwater supply. Economic growth. Chemical
pollution and spillage.

Impacted by:+

Economic growth.

Transportation The transportation network in Bangladesh contains of 2,460 km rail-
ways, 8,370 km of waterways, which are reduced to about 5,200 km in the dry
season, and 21,269 km of roads, of which over 90 % are unpaved (Central In-
telligence Agency, 2013). Urbanization has led to increasing traffic congestion,
particularly in Dhaka, with a high rate of transport accidents Maniruzzaman and
Mitra (2005); Bangladesh Police (2017). Increased sedimentation can make wa-
terways unfeasible for transportation (Hoque and Alam, 1997; Mahmuduzzaman
et al., 2014).

Interacts with: —

Transportation accidents.

Impacted by:<—

Discharge. Sedimentation. Drought. Population growth. Urbanization.

Shrinking space of democracy Shrinking space of democracy is a term referring
to current developments in Bangladesh that reduce the democratic rights of the
people, such as the introduction of new laws curtailing the freedom of speech and
increasing arrests of journalists (Ahmad, 2015; Amnesty International, 2017).
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Additional laws endanger people to be arrested for more than ten years if they
criticize the so called founder of the nation (the assassinated father of the current
Prime Minister) or if they are perceived to endanger public order through e.g.
posts in social media. New projects of foreign-funded non-governmental orga-
nizations (NGOs) are under strict - and to some extent arbitrary - control of
the government (see also Chapter A.3.2; Bergman (2016); Rahman and Ahmad
(2016)). This especially impacts the urban poor, who are more and more refused
certain rights. E.g. in urban areas through the reduction of available living areas
due to urbanization, no regulated and safe access to freshwater, the violating
of building codes, displacement of entire communities due to the construction
of dams, or workers’ rights being withheld all prevent the people from utiliz-
ing their resilient structures and creating a sustainable livelihood (Parveen and
Faisal, 2002; Keck and Etzold, 2013; Hackenbroch, 2013; Aflheuer, 2014).

Interacts with: —

Political tension. Livelihoods. Well-being. Morbidity. Mortality.

Impacted by:+

Urbanization. Freshwater availability. Dam construction. Structural collapse.
Urban fires.

A.3.3 Climate change

Global warming due to an increasing COs concentration in the atmosphere has
impacts on many processes in Bangladesh. For a detailed description, see Chapter
1.1.3 or reports such as Nicholls, R.J. et al. (2007); IPCC (2013) and Hijioka
et al. (2014). Increases in energy demand and industrial growth, as well as
deforestation of mangroves are processes contributing to global climate change
through an increase in CO5 (Donato et al., 2011; IPCC, 2013; Hijioka et al., 2014),
while increasing COs concentrations in the atmosphere could lead to higher crop
yields (Faisal and Parveen, 2004; Tao and Zhang, 2013).

Interacts with: —

Temperature. Precipitation. Monsoon. ENSO. Sea level. Glacial melt. Extreme
temperatures. Cyclones. Crops.

Impacted by:+

Energy demand. Industry. Agroforestry.

A.3.4 Water management

Dam construction Within Bangladesh, Kaptai Dam was constructed to meet in-

creasing demands on freshwater supply and electricity, 5 % of which is gener-
ated through hydropower (Central Intelligence Agency, 2013; Parveen and Faisal,
2002). International dam construction at e.g. Farraka Barrage on the Indian bor-
der has several reasons, see more in Chapter 2.3.1 and 5.1.4, as well as Figure
2.5. Smaller dams are constructed as flood prevention, or to increase freshwa-
ter supply e.g. for irrigation purposes. Despite water sharing agreements with
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India, dry season discharge and groundwater levels have decreased further down-
stream from Farakka Barrage (Mirza, 1997, 1998; Adel, 2002; Gain and Giupponi,
2014). Dams also reduce available sedimentation, impact river morphology, and
can cause severe flooding in case of dam breachment (Syvitski et al., 2009). Both
Farakka Barrage and Kaptai Dam have resulted in ecosystem changes further
downstream in the Sundarbans, political tension, migration and have impacted
livelihoods (Parveen and Faisal, 2002; Mirza, 1997, 1998; Inman, 2009; Gain and
Giupponi, 2014).

Interacts with: —

Sedimentation. River morphology. Discharge. Floods. Energy supply. Dam
breakage. Ecosystem changes. Political tension. Migration. Livelihood.
Impacted by:+

Energy demand. Freshwater availability.

Embankments Embankments and levees have been constructed in the coastal region
of Bangladesh to protect the area from coastal flooding and increase the land
area available for crops (Hoque and Alam, 1997; Inman, 2009). Embankments
influence sea levels and tidal ranges through changes in the estuary channels
(Pethick and Orford, 2013), but also prevent sedimentation from entering the
protected area, which leads to uncompensated subsidence and the accompany-
ing problems of water logging and drainage congestion (Hoque and Alam, 1997;
Schmidt, 2015).

Interacts with: —
Sedimentation. Sea level. Tides. Coastal flooding. Crops. Dam breakage.

Freshwater availability Freshwater is supplied through precipitation, discharge, glacial
melt, groundwater pumping and reservoirs built through the construction of dams
(Gain and Giupponi, 2014; Gain and Wada, 2014). About 15 % of the popula-
tion lack access to freshwater sources (Central Intelligence Agency, 2013; Rabbani
et al., 2010). Supply is affected through increasing salinity and coastal flooding
(Haque, 2006; Wassmann et al., 2009b; Rabbani et al., 2010), as well as a ex-
treme temperatures, growing population, urbanization, the textile industry and
extensive irrigation (Hijioka et al., 2014; Zuo et al., 2015). Despite an abundance
of water in the flood season, water is scarce in the dry season, which can amplify
droughts and have negative effects on crops, livestock and morbidity (Gain and
Wada, 2014). An extensive assessment of future freshwater availability in the
Brahmaputra basin is supplied by Gain and Wada (2014).

Interacts with: —

Droughts. Groundwater extraction. Irrigation. Crops. Livestock. Morbidity.
Impacted by:+

Precipitation. Discharge. Groundwater level. Salinity. Glacial melt. Extreme
temperatures. Coastal flooding. Population growth. Industry. Shrinking space
of democracy. Dam construction. Groundwater extraction.

Groundwater extraction Because freshwater demand currently exceeds the supply
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in urban areas, groundwater pumping has led to a decrease of groundwater levels
at an average rate of 2 m per year (Akther et al., 2009; Hoque et al., 2007;
Haque et al., 2013), and an increase in salinity in coastal areas (Mirza, 1998;
Vineis et al., 2011). In rural areas, the increased extraction of groundwater for
irrigation set free arsenic from sediments in deeper layers, reducing the water
quality (Acharyya et al., 2000). Subsidence of land due to increased groundwater
depletion (Wada et al., 2012; Konikow, 2011). Groundwater depletion could be
counteracted by increasing freshwater supply through reservoir storage via the
construction of dams, waste water treatment and rainwater harvesting.

Interacts with: —

Groundwater level. Subsidence. Arsenic contamination. Freshwater availability.
Impacted by:+

Freshwater availability. Irrigation.

Irrigation Irrigation for agricultural purposes, especially for rice during the dry sea-
son, is among the main water uses in Bangladesh, and thus important to agri-
cultural productivity and food security (Shahid, 2011). Irrigation also allows for
crop diversification, which is important for food security.

Interacts with: —

Discharge. Groundwater extraction. Crops. Food security. Morbidity.
Impacted by:+

Freshwater availability. Crops.

Water quality Water quality is affected by waste water from industry and house-
holds, as well as chemical pollution and spillage, with population growth and
urbanization causing a decline in quality over past years particularly for Dhaka
(Haque et al., 2013). Extreme temperatures, salinity, the increasing use of fertil-
izers to compensate for a reduction of soil fertility, and arsenic contamination also
impact water quality (Haque, 2006; van Geen et al., 2006; Brammer, 2009, 2014;
Zuo et al., 2015). Access to clean water is important to ecosystems, crops, live-
stock and human health. While e.g. contaminated water sources due to flooding
lead to the outbreak of communicable diseases (Sirajul Islam et al., 2007; Islam
et al., 2010), irrigation with arsenic contaminated water increases morbidity and
is detrimental to rice paddies (van Geen et al., 2006; Brammer, 2009).

Interacts with: —

Crops. Livestock. Ecosystem change. Morbidity. Mortality.

Impacted by:+—

Salinity. Extreme temperatures. Arsenic contamination. Floods. Population
growth. Urbanization. Industry. Crops. Chemical pollution and spillage.

A.3.5 Agriculture

While agriculture contributes only about 15 % to the nation’s GDP, 65 % of Bangladeshis
are employed in the sector, with rice and fish being one of the key export products (Yu
et al., 2010).
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Crops The main crop currently grown in Bangladesh is rice, covering about 80 % of
the total cropped area. The country is self-sufficient for rice and consumes an
estimated 30 million tons per year (Ricepedia, 2014), but perceives a decline in
productivity due to decreasing soil fertility (Hossain, 2001; Hossain et al., 2005).
Factors impacting rice yields are salinification, changes in growing season due to
atmospheric changes such as increasing precipitation, temperature or CO, lev-
els, and extreme temperatures (Rahman and Parkinson, 2007; Wassmann et al.,
2009a,b; Tao and Zhang, 2013). During the pre-monsoon season, crops are also at
risk from destruction through hail and tornadoes(Paul, 1998; Cecil and Blanken-
ship, 2012), while during the dry season arsenic contaminated water used for the
irrigation of rice paddies can also impact crop production (van Geen et al., 2006;
Brammer, 2009). In coastal regions, embankments are often necessary to create
or protect land for the purpose of agriculture (Hoque and Alam, 1997). Unsus-
tainable farming practices have led to increased chemical pollution and have been
detrimental to soil fertility (Rasul and Thapa, 2004).

Interacts with: —

Fertility. Irrigation. Water quality. Chemical pollution. Food security.
Impacted by:+

Precipitation. Temperature. Fertility. Salinity. Extreme temperatures. Hail
storms. Tornadoes. Arsenic contamination. Population growth. Embankments.
Freshwater supply. Irrigation. Water quality. Climate change. Dam breakage.

Fisheries and shrimp farms About 80 % of the population’s daily animal protein
intake comes from fish, with fisheries and shrimp farms contributing over 3.5 %
to Bangladesh’s GDP (Ali, 1999). A growing population has created a larger de-
mand for food, and especially pond-based shrimp farming has increased over the
last years (Streatfield and Karar, 2008). The shrimp farms require the conver-
sion of freshwater ponds to brackish water to create a suitable habitat for shrimp
cultivation, and thus prove a successful adaptation to increasing sea levels and
associated salinity intrusion (Amoako Johnson et al., 2016). However, in par-
ticular the unregulated establishment of a growing number of shrimp farms by
destroying embankments has intensified the salinification of both water and farm
land in coastal areas, causing a decline in rice yield as well as loss of livestock
and mangrove degradation (Haque, 2006; Paul and Vogl, 2011; Rahman et al.,
2013; Mahmuduzzaman et al., 2014; Amoako Johnson et al., 2016)

Interacts with: —

Salinity. Dam breakage. Ecosystem changes. Food security.
Impacted by:+—

Salinity. Population growth.

Livestock Poultry, cattle, goats and sheep are the main livestock in Bangladesh. Most
livestock is raised by landless and small farmers (74 % of cattle, 82.5 % of goats
and sheep, and 82.7 % of poultry), although commercial production has increased
in recent years (Huque and Sarker, 2014). Urbanization and economic growth
with associated increases in per capita income can cause dietary changes in form
of a“livestock revolution” (Delgado, 2003), where diets change to include larger
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proportions of livestock-related products such as eggs, meat and dairy. Although
this effect has not yet been detected (Pica-Ciamarra and Otte, 2011), this could
impact the livestock production in the future. Extreme temperatures, increasing
salinity and reduced water quality can negatively impact livestock production as
morbidity is increased (Haque, 2006; Rabbani et al., 2010; Zuo et al., 2015).

Interacts with: —

Freshwater availability. Food security.

Impacted by:+—

Salinity. Extreme temperatures. Population growth. Urbanization. Economic
growth. Water quality.

Agroforestry Agroforestry refers to both deforestation and the planting of trees such
as orchards or mangroves, which could aid in increasing fertility, reducing salinity
and increasing accretion (Hasan and Alam, 2006) as well as allowing the creation
of sustainable livelihoods for the rural population (Nath et al., 2005; Rahman,
2011).

Deforestation in the hilltracts of Chittagong is thought to contribute to increased
land slides and flooding (Nath et al., 2005), although Hofer and Messerli (2006)
could not confirm this in the case of the Himalayas. Deforestation of mangroves
would release a large amount of carbon (Donato et al., 2011).

Interacts with: —

Accretion. Fertility. Salinity. Land slides. Flooding. Climate change. Ecosystem
change. Livelihoods.

Impacted by:+—

Salinity.

A.4 Technical failures

Technical failures per the classification used in Gill and Malamud (2014) that have
occured or are likely to occur in coming years in Bangladesh are listed in the following.
Sources are mainly technical reports and news reports.

Structural collapse Building collapses are unfortunately not uncommon in Bangladesh,
particularly in the larger cities such as Dhaka. In April 2016, Rana Plaza col-
lapsed, wounding almost 2,500 and killing over 1,100 people, mainly workers fom
the four garment factories housed in the building (BBC, 2013). Subsequent in-
vestigations found that the building was built in an area that is assumed to not
having been drained properly, while up to four floors were added illegally, thus
violating construction codes. Heavy vibrating machinery in combination with
insufficient steel reinforcements in the concrete is another reason for the collapse.
Notably, the workers had noticed the cracks in walls and pillars the day before
the collapse, but were forced to return to work when the factory owners reopened
on the next day (The Guardian, 2013; Than, 2013).
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Interacts with: —

Shrinking space of democracy. Morbidity. Mortality.
Impacted by:+

Subsidence.

Dam breakage Dams and embankments are often not designed to withstand extreme
floods and are thus at risk of breaking at an already perilous time (World Wide
Fund For Nature, 2001). During floods and cyclones, which are accompanied by
heavy coastal flooding, embankments are often destroyed or breached (Hossain
et al., 2008; Alam and Dominey-Howes, 2014a). The increase of shrimp farming
has also led to an increased destruction of embankments to allow saline water to
enter previously protected areas (Amoako Johnson et al., 2016).These breakages
often leave entire villages inundated, which not only lead to huge financial losses,
but also cause migration and urbanization particularly among the poor who see
little chance in building up their homes again (Hossain et al., 2008). Livelihoods
of farmers are endangered if they lose their harvest, such as after the Paknar
Haor dam breach in Sunamganj in April 2017. Excessive rain and an unusally
early flash flood caused the dam breach, which resulted in an estimated loss of 0.5
million tons of rice and 1276 tons of fish due to changes in oxygen levels (Bangla
Mirror, 2017).

Emergency releases of water at upstream dams to prevent dam breakage are
also an issue, with political tension added when the dams are located outside of
Bangladesh. In September 2000, four dams in India were not able to withstand
severe flooding - the subsequently released water caused an unnaturally sudden
and high flood peak downstream in Western Bangladesh (World Wide Fund For
Nature, 2001). Up to 2000 causalities were reported, partly because this area is
usually not flooded and residents were thus not equipped with the resources to
cope with this sudden threat (Red Cross, 2001).

Interacts with: —

Floods. Coastal flooding. Crops. Ecosystems. Migration. Political tension.
Livelihoods.

Impacted by:+

Precipitation. Discharge. Floods. Coastal flooding. Dam construction. Shrimp
farming.

Chemical pollution and spillage Chemical pollution is a widespread problem in
Bangladesh, in particular close to industrial centers (Matin, 1995; Saha et al.,
2009). This includes pollution through untreated waste water and spillages such
as the ammonia gas leak in Chittagong on August 22nd, 2016 which affected
up to 200 and hospitalized 50 people (Hussain, 2016; Chittagong Bureau, 2016).
Particular problematic are textile industry and tanneries, many of which save on
utility costs by dumping waste water directly into the rivers without removing
textile dyes and other garment treatment chemicals. These factories are located
in the outer skirts of Dhaka and often directly near the slum settlements of the
urban poor (Yardley, 2013). Intense agricultural practices and population density
are expected to aggravate chemical pollution over the coming years (Datta and
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Subramanian, 1997).

The risk of chemical contamination is amplified due to the soil characteristics in
Bangladesh according to Datta and Subramanian (1997). The sediments in the
GBM delta are solely made up of fine sand, silt and clay. The small sediment
size (and thus large surface-to-mass ratios) and mineral composition result in a
high potential for chemical adsorptive reactions.

Interacts with: —

Fertility. Water quality. Ecosystem changes. Morbidity.
Impacted by:+

Crops. Textile industry.

Transport accident Bangladesh has one of the highest road accident fatality rates
worldwide, with 60 deaths per 10,000 motor vehicles per year reported by Maniruz-
zaman and Mitra (2005), most of which are transport accidents related to mini-
vans and busses as there is little car ownership outside of Dhaka. 20 % of all
cases occur in Dhaka, with overall numbers likely to be higher as Maniruzzaman
and Mitra (2005) also consider the reporting system faulty. In recent years, the
Bangladesh Road Transport Authority has reported a decline in total number of
accidents, yet still 2,376 fatalities and 1,958 injuries were reported for 2015, with
the high number of fatalities likely due to the high number of pedestrians involved
(up to 50 % of all accidents) (Maniruzzaman and Mitra, 2005; Bangladesh Police,
2017).

Interacts with: —

Morbidity. Mortality.
Impacted by: +
Urbanization. Transportation.

Urban fire Fires are a hazard particularly noteable in the densely populated urban
spaces, which can also cause industrial explosions. Together with structural col-
lapses, urban fires have killed at least 1,800 Bangladeshi garment workers between
2005 and 2013 (The Guardian, 2013). One such fire broke out on the ground floor
of the Tazreen factory in outer Dhaka in November 2012, injuring over 200 and
killing at least 117 workers. Reasons for the fire named in subsequent investiga-
tions are an electrical short circuit, the high death toll is also a direct result of
blocked escape routes and faulty fire alarm routines. The building’s fire safety
certificate had expired in July 2012 (BBC, 2013).

Interacts with: —

Industrial explosions. Morbidity. Mortality.
Impacted by:+

Urbanization. Shrinking space of democracy.

Industrial explosion An industrial explosion refers to an industrial accident that
directly results from technical malfunction, negligence or incompetent use. At
least two major industrial explosions have taken place between September 2016
and April 2017 alone. In Dhaka, boiler explosions and a subsequent fire left
50 workers severely injured and an additional 40 workers dead at the packaging



Appendix A. Indicators included in enhanced Driving force - Pressure - State -
Impact - Response framework 105

factory Tampaco Foils Ltd in September 2016 (Gazipur Correspondent, 2016). A
boiler explosion at a rice mill injured 28 and killed 1 worker in Dinajpur in April
2017 (Sunny, 2017).

Interacts with: —
Urban fires. Morbidity. Mortality.

Nuclear reactor failure Bangladesh does not yet have a nuclear power plant, but
has continuously been pursuing plans since 1963 to construct the Rooppur Nu-
clear Power Plant with two nuclear reactors 160 km northwest of Dhaka. Site
work started in October 2013 and was largely completed in April 2016, with
construction of the first Rooppur nuclear unit expected to begin in August 2017
(World Nuclear Association, 2017). Concerns are voiced about the decrease in
dry season flow of the Ganges river due to Farakka barrage, as vast amounts of
water will be required for the cooling of the nuclear reactors. The water used to
cool the reactors is also returned to the Ganges, thus increasing the temperature
of the water downstream of the plant, causing ecosystem changes. In addition,
the plant is located near three active earthquake fault lines. Because the plant is
being built in a densely populated region, a nuclear reactor failure would impact
up to 3.5 million people living in a 30 km radius (Islam, 2015). Nuclear reactor
failure is thus a problem that could occur in coming years.

Interacts with: —

Ecosystem changes. Morbidity. Mortality.
Impacted by:+

Discharge. Energy demand.

A.5 Implications

The various processes in the natural and anthropogenic system have a number of
implications, which we discuss on the country-wide as well as the individual level.
Of course, the implications themselves interact: an increase in morbidity is also likely
to impact mortality, just as migration or political tension can have a detrimental effect
on the well-being of an individual. Implications are counted in the purple arrows of
Figure 5.1.

A.5.1 Country-wide implications

Our assessment focuses on four main impacts on the regional to national scale that can
be related to hydrological processes in Bangladesh:

Ecosystem changes Changes in ecosystems such as the Sundarbans, the mangrove
forests in southwestern Bangladesh, can be observed through studying ecological
indicators such as the growth of algae or the thriving of fish species (Dale and
Beyeler, 2001; Rabbani et al., 2010; Gain and Giupponi, 2014).
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Political tension Current international political tension relating to hydrological pro-
cesses in the region is due to e.g. marine boundary disputes and water sharing
issues on the Ganges river (Mirza, 1998; Gain and Giupponi, 2014). National
political tension is ongoing due to e.g the construction of Kaptai Dam in the
Chittagong Hill tracts, which displaced over 100,000 people from mostly ethnic
communities (Parveen and Faisal, 2002).

Food security Food security plays a central role in risk assessment studies for the
GBM delta, in particular for poor women and children (Faisal and Parveen, 2004;
Mirza, 2011; Keck and Etzold, 2013; Hijioka et al., 2014). Currently, Bangladesh
is one of the most efficient regions world-wide in terms of people fed per ton
produced (Cassidy et al., 2013). Regardless, Rabbani et al. (2010) states that
more than 27 % of the population in South Asia currently lacks access to adequate
food supplies. In addition, the country is not yet self-sufficient and has larger
imports than exports (Yu et al., 2010).

Migration Bangladesh has a net migration rate of -3.1 migrant(s) per 1,000 popula-
tion (2016 est., (Central Intelligence Agency, 2013)). Nation-wide movement is
observed both seasonally in seeking labor, as well as continuously directed from
coastal regions to cities inland, with coastal erosion and salinification named as
key reasons to permanently move a household (Inman, 2009; Kartiki, 2011).

A.5.2 Individual implications

Impacts on the individual level occur in the following four categories.

Livelihood The livelihood of an individual and the corresponding household is com-
posed of five assets as postulated by and described in Chambers and Conway
(1991), DAID (1999) and Krantz (2001) :

e Human capital includes the knowledge, skill set, ability to work as well as
physical and psychological health (see sections on Well-being, Morbidity and
Mortality below).

e Natural capital refers to renewable and non-renewable resources naturally
available from the environment, e.g. water, air, soil, oil and metals, and is
the basis of any production.

e [Financial capital is comprised of the financial resources available or acces-
sible to a household, including economic assets such as cash, savings and
access to credit programs.

e Physical capital refers to materials, machinery and infrastructure.

e Social capital has varying definitions across disciplines, we understand it as
the ability of actors to secure benefits by virtue of membership in social
networks or other social structures (Portes, 1998).
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The more capital is available to an individual or their household, the more they
are likely to withstand adverse effects from processes such as natural hazards
(ABheuer et al., 2013; Bebbington, 1999).

Well-being The constitution of the WHO states that “Health is a state of complete
physical, mental and social well-being and not merely the absence of disease or
infirmity.” Well-being thus describes both the physical and psychological state of
well-being, and is a vital aspect of overall health (Gruebner et al., 2012; WHO,
1946).

Morbidity Morbidity refers to an illness or an abnormal condition or quality such as
a disability resulting from any cause (Ezzati et al., 2004).

Mortality In certain cases, natural and anthropogenic processes can directly be at-
tributed as the cause of death. The number of deaths in a population is measured
by the mortality rate (Burkart et al., 2011a).
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