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Abstract

Groundwater currently provides 98% of all drinking-water supply in Bangladesh. Groundwater is found throughout Bangla-
desh but its quality (i.e., arsenic and salinity contamination) and quantity (i.e., water-storage depletion) vary across hydro-
logical environments, posing unique challenges to certain geographical areas and population groups. Yet, no national-scale,
multi-parameter groundwater hazard maps currently exist enabling water resources managers and policy makers to identify
vulnerable areas to public health. We develop, for the first time, groundwater multi-hazard maps at the national scale of Bang-
ladesh combining information on arsenic, salinity, and water storage. We apply geospatial techniques in ‘R’ programming
language and ArcGIS environment, linking hydrological indicators for water quality and quantity to construct risk maps. A
range of socioeconomic variables including access to drinking and irrigation water supplies and social vulnerability (i.e.,
poverty) are overlaid on these risk maps to estimate exposures. Our multi-parameter groundwater hazard maps show that a
considerable proportion of land area (5-24% under extremely high to high risks) in Bangladesh is currently under combined
risk of arsenic and salinity contamination, and groundwater-storage depletion. As small as 6.5 million (2.2 million poor)
to 24.4 million (8.6 million poor) people are exposed to a combined risk of high arsenic, salinity, and groundwater-storage
depletion. Our groundwater hazard maps reveal areas and exposure of population groups to water risks posed by arsenic and
salinity contamination and depletion of water storage. These geospatial hazard maps can potentially guide policy makers
in prioritizing mitigation and adaptation measures in order to achieve the United Nation’s Sustainable Development Goals
across the water, agriculture, and public health sectors in Bangladesh.
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public health, economic development, and poverty allevia-
tion (Conti et al. 2016).

For example, Bangladesh’s progress in providing nearly
universal access to technologically “improved” drinking-
water supply according to the Millennium Development
Goals (MDGs) can mostly be credited to switching from
highly—polluted surface water sources to groundwater
sources (Hasan et al. 2019). The MDGs, however, did not
monitor critical dimensions of safe drinking water such as
water quality, convenience, and continuity of service (World
Bank 2018). Unsafe water supply is still a leading cause of
mortality and morbidity, accounting for at least 1.23 million
deaths and 64 million disability-adjusted life years (DALYs)
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per year (Stanaway et al. 2018). The majority of the bur-
den is from the onset of diarrheal diseases and other enteric
infections. Interventions that improve household drinking-
water quality are generally effective in reducing diarrheal
disease (Clasen et al. 2015; Fewtrell et al. 2005; Wolf et al.
2018). However, with the exception of continuous, on-
premise piped water supply, there is no strong evidence to
suggest that gains in improved water coverage will lead to
health gains in low- and middle-income countries (LMICs)
(Clasen et al. 2015; Wolf et al. 2018). This is likely because
improved water structures cannot reliably guarantee water
free of fecal and chemical contaminants. The UN estimates
that at least 27% of the population relies on some level of
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fecal or chemical contamination despite most countries
meeting MDG water targets of improved water coverage.
Rates of contamination are highest in rural regions of least
developed countries (WHO/UNICEF 2019). However, the
UN’s 2030 Agenda for Sustainable Development revises
water targets to meet “safely managed water” criteria, where
households have access to a technologically improved water
source that is available on premise, free of bacterial and
chemical contaminants, and available when needed. The
revision to the water targets is intended to maximize public
health benefits of water infrastructure improvements and
helps meet other Sustainable Development Goals (SDGs)
such as ending preventable deaths among under-five children
by 2030 (Das et al. 2019).

In Bangladesh, about 98% of drinking and 80% of dry-
season irrigation water supplies come from groundwater at
shallow depths (< 150 m below ground level, bgl) (Sham-
sudduha 2018). However, widespread arsenic (As) contami-
nation of shallow aquifers affects some 26% of all tubewells
across Bangladesh (UNICEF and BBS 2015; World Bank
2018), making it the largest mass poisoning of a population
in history (Smith et al. 2000). Furthermore, a national water-
quality assessment estimates that nearly 40% of all tubewells
are contaminated with indicators of fecal bacteria (UNICEF
and BBS 2015; World Bank 2018). In some areas of the
coast, shallow parts of the Bengal Aquifer System (Burgess
et al. 2010) are also subject to increasing salinization in
groundwater as a result of sea-level rise, coastal storm-surge
inundation, changes in land use, and intensive pumping for
water supplies (Ayers et al. 2016; Khan et al. 2014; Sham-
sudduha 2018). Additionally, shallow groundwater levels in
the northwestern, north central, and southwestern areas of
the country are declining over time, particularly affecting
public water supplies during the dry season when there is
notable groundwater abstraction for irrigation (Shamsud-
duha et al. 2009, 2012).

Sourcing groundwater from deep aquifers has become an
effective and popular mitigation strategy to improve drink-
ing-water supply over the last couple of decades for both As
and even salinity water-quality issues (Burgess et al. 2010;
van Geen et al. 2016). According to the 2011 Bangladesh
Census, 31 million households have access to groundwater
supplies via tubewells, dugwells, and piped water taps (BBS
2015). The current number of privately owned tubewells is
approximately 17 million, compared to a previous estimate
of 6-11 million in the early 1990s (BGS and DPHE 2001).
In addition to these private wells, additional 1.6 million
public tubewells have been installed by the Department of
Public Health Engineering of Bangladesh in order to provide
As-free drinking-water supply in rural areas. About 20% of
these wells are considered deep (> 150 mbgl) wells (DPHE
2016). However, there are concerns of potential contamina-
tion of deep groundwater due to ingress of As and salinity

from shallow depths (Shamsudduha et al. 2018). Further,
improper well-sitting has been documented during exten-
sive deep tubewell installation campaigns (Mondal et al.
2014; van Geen et al. 2016). Contrary to these hydrological
concerns, Ravenscroft and others (Ravenscroft et al. 2013)
advocate that the development of deep groundwater in Bang-
ladesh is needed. Although it may lead to unsustainable
exploitation over the long-term, it will lessen the burden of
crippling disease and death from As and salinity contami-
nation of shallow groundwater and surface water while also
benefiting future generations by improving public health,
education, and economic conditions.

Assessment of groundwater hazards (i.e., natural con-
tamination, depletion) in Bangladesh has been conducted
previously but in isolation. For instance, using various geo-
spatial techniques within the Geographic Information Sys-
tem (GIS) platform population risks to groundwater arsenic
was mapped at local to national scales in Bangladesh (Has-
san and Atkins 2007; Khan and Bakar 2019). Hazard maps
of groundwater salinity in Bangladesh are, however, limited
to coastal region where saline levels are greatest in shal-
low groundwater (Zahid et al. 2013). Groundwater-storage
maps (Shamsudduha et al. 2009) are conducted as individual
hazard in relation to risks to drinking and irrigation water
supplies. To date, integrated, multi-parameter groundwa-
ter hazard mapping has not been conducted at the national
scale to guide water resources officials and policy makers in
Bangladesh. It is suggested that sustainable groundwater-fed
water supplies critically depend on both quality and quantity
(MacDonald et al. 2016). We, therefore, argue that multi-
parameter groundwater hazard maps combining information
on both water quality (e.g., arsenic, salinity) and quantity
(e.g., storage depletion) are more useful than individual haz-
ard maps as policy makers and water managers can identify
priority areas with multiple hazards and population expo-
sure. For example, interventions for mitigating arsenic can
also help reduce population exposure to high salinity and
pathogens, as multiple water-related hazards can be present
in the same area as revealed in a recent study (Mondal et al.
2014). As the new era of the United Nation’s Sustainable
Development Goals (SDGs) has begun, Bangladesh needs
to look beyond improved access to ‘improved and safe drink-
ing water supply’ in order to address water quality (SDG
6.3: improve water quality by reducing pollution) and water
sustainability (SDG 6.4: ensure sustainable withdrawals and
supply of freshwater to address water scarcity). Strategies
in meeting these integrated targets can benefit from geospa-
tial analysis of layers of digital data on groundwater quality
and quantity in Bangladesh as identified in a recent policy
research (Shamsudduha et al. 2019).

Here, we develop, for the first time, multi-parameter
groundwater hazard maps for Bangladesh incorporating
three hydrological indicators: groundwater arsenic, salinity,
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Fig.2 Groundwater hydrological parameters used to develop ground-
water multi-hazard maps for Bangladesh: a arsenic concentrations
in shallow groundwaters, b groundwater salinity (i.e., electrical con-
ductivity), and ¢ depth to dry-season groundwater levels. Hydrologi-
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and water storage. Our national-scale maps identify criti-
cal areas across the entire Bangladesh that may have both
groundwater quality (arsenic and salinity contamination)
and quality (groundwater-storage decline) issues—affect-
ing access to drinking and irrigation water supplies. We
have estimated exposure of population groups, particularly
poor and socially vulnerable population, number of house-
holds with access to tubewells and piped water supplies,
and the access to irrigation water supply to various levels of
groundwater risks. These groundwater multi-hazard maps,
and associated hydrological information and data will be
made publicly available so that additional water-related indi-
cators (e.g., E. coli, access to sanitation services) can be
incorporated to the models in future to develop further these
national-scale groundwater risk maps to estimate population
exposure.

Materials and Methods

Water-related multi-parameter groundwater hazard mapping
at the national scale of Bangladesh is conducted in this study
that applies a number of hydrological indicators or variables
such as (i) shallow groundwater arsenic (As) concentra-
tions, (ii) groundwater salinity [i.e., Electrical Conductiv-
ity (EC) of shallow groundwater], and (iii) the mean depth
(2004-2013) to dry-season (December—April) groundwater
levels (GWD) as an indicator of groundwater-storage deple-
tion. A brief description of the hydrological data is provided
here but a broader description can also be found in the sup-
plementary text.

Arsenic Concentrations in Groundwater

We use groundwater arsenic (As) dataset from the national-
scale survey of groundwater in Bangladesh (National
Hydrochemical Survey) that was conducted jointly by
the British Geological Survey (BGS) and the Department
of Public Health Engineering (DPHE) (BGS and DPHE
2001). According to the national hydrochemical survey,
nearly 90% of these surveyed wells have an intake depth
of < 150 mbgl and are considered shallow wells (see Sup-
plementary Texts for further details). Approximately 25%
of these shallow tubewells were drawing groundwater with
As concentrations > 50 pg/L (Bangladesh drinking-water
standard); nearly 42% of these wells were recorded to con-
tain As concentrations > 10 pg/L (WHO drinking-water
standard). Our analysis applies interpolated As concentra-
tions (Fig. 2a) for developing groundwater risk maps at the
national scale in Bangladesh. Arsenic concentrations at
geographic points (n=3207) were interpolated using the
Inverse Distance Weighting (IDW) algorithm and resampled

at 2.5-km X 2.5-km grid resolution using the ‘raster’ pack-
age in the ‘R’ programming language (R Core Team 2017).

Groundwater Salinity: Electrical Conductivity

Elevated groundwater salinity is common at shallow depth
(< 150 mbgl) in coastal aquifers of southern Bangladesh
and is generally defined by total dissolved solids (TDS), or
Electrical Conductivity (EC) or chemical constituent such as
chloride (Cl) (Zahid et al. 2013). There is no national-scale,
frequent (e.g., monthly) monitoring of groundwater salinity
in Bangladesh. Over the years, a few studies (see Supple-
mentary Texts for further details) have generated some con-
tour maps of groundwater EC at the national scale but there
is little detail on the datasets used for mapping. Here, we
have generated a groundwater EC map at the national scale
using data primarily from two sources. First, we collated
groundwater EC data from 461 newly installed monitor-
ing boreholes that were installed recently under a regional-
scale hydrogeological study conducted in 19 coastal districts
by the Bangladesh Water Development Board (BWDB)
(BWDB 2013). Second, we have digitized and georeferenced
the contoured map of groundwater EC (Rahman and Raven-
scroft 2003) and extracted point data of EC at 102 locations
throughout the country, predominantly in the northern part
where there are limited groundwater EC measurements as
groundwater is generally fresh. Finally, we interpolated the
point data (n=563) at the national scale using the IDW algo-
rithm in ArcGIS environment. The interpolation error was
50 pS/cm compared to the data range of 27-43,950 pS/cm
with a mean of 5251 pS/cm. We then rasterized, using the
‘R’ programming language, the interpolated EC data at a
grid resolution of 2.5-km x 2.5-km (Fig. 2b).

Depth to Dry-Season Groundwater Levels

We use mean depth to dry-season (December—April)
groundwater levels as a hydrological indicator for represent-
ing groundwater-storage depletion in Bangladesh. This is an
important measure of sustainability of shallow groundwater
abstraction in Bangladesh using low-lift pumps, for example,
the No. 6 hand-operated pump, which is widely used for
drinking and domestic purposes (see Supplementary Texts
for further details). Mean depths to dry-season groundwater
levels were estimated from weekly monitoring records from
236 boreholes from 2004 to 2013 (Fig. 2c). These monitor-
ing boreholes belong to a network of some 1250 monitoring
wells across the entire country that have been managed by
the Bangladesh Water Development Board (BWDB) since
the early 1960s. We estimated depth to mean dry-season
groundwater levels (i.e., maximum depth below ground
level) using the ground surface as a reference level.
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Demography, Access to Water Supply, and Social
Vulnerabilities

Demographic datasets on population, poverty, tubewells,
and access to pipe water supplies in Bangladesh at the upa-
zila level are collated from a GIS database (The Bangladesh
Interactive Poverty Maps) published by the World Bank
(2016). The country-level demographic database allows one
to explore and visualize socioeconomic data at both Zila
(district) and Upazila (sub-district) level. The online GIS-
based mapping tool enables an easy access to different types
of indicators including poverty, demographics of the popu-
lation, children’s health and nutrition, education, employ-
ment, and household access to energy, water, and sanitation
services (World Bank 2016). These maps (see maps in sup-
plementary Figure S1) were constructed by combining three
different data sources all of which are publicly available: (i)
2010 Bangladesh Poverty Maps, (ii) 2011 Bangladesh Cen-
sus of Population and Housing, and (iii) 2012 Undernutrition
Maps of Bangladesh (BBS/WFP/IFAD 2012). Children’s
health and nutrition datasets were produced by the World
Food Program (WFP) and are constructed based on data
from the Child and Mother Nutrition Survey of Bangladesh
2012 (MICS) and the Health and Morbidity Status Survey
2011 (HMSS).

Upazila-level total population and percentage of poor
population (i.e., percentage of the population that lives
below the official national upper poverty line, which is based
on household’s poverty status assessed using per capita con-
sumption) are shown in Figure S1. According to the 2011
National Population Census, conducted by the Bangladesh
Bureau of Statistics, the total population of the country was
144 million with 76% of the total population live in rural
areas in Bangladesh (see Supplementary Texts for further
details).

Upazila-level, percentage of households with access to
tubewell and tapwater supplies in Bangladesh are shown in
Figure S2. The data on access to water supply come from the
2011 Census of Population and Housing. The national aver-
age of households with an access to tubewell and tapwater
supply (town or municipal water supply via piped network)
is 82% and 10%, respectively. Tapwater supply is limited
to provincial towns and large metropolitan cities such as
Dhaka, Chittagong, Rajshahi, Sylhet, Barisal, and Rangpur
(Fig. 1).

Access to groundwater-fed water supplies for irrigation is
an important indicator for measuring food security in Bang-
ladesh. Upazila-level, groundwater use for irrigation for the
year of 2006—2007 Boro rice season is shown in Figure S2c.
Groundwater irrigation has been estimated using reported
information on irrigated area and the number of irriga-
tion pumps surveyed under the minor irrigation campaign
by the Bangladesh Agricultural Development Corporation
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(BADC). Additional information on irrigation requirement
for dry-season rice cultivation under various soil types and
their infiltration capacity (Ravenscroft 2003) has been used
to estimate groundwater irrigation.

The social vulnerability is defined here by the lack of
nutrition in children under the age of five. Four indicators
measuring the level of undernutrition in children: the num-
ber of underweight and severely underweight, and stunted
and severely stunted children at the upazila level of Bang-
ladesh (Figure S3) are used here to characterize social vul-
nerabilities. According to the 2012 Undernutrition Maps of
Bangladesh, underweight and severely underweight children
are those, whose standardized weight-for-age is less than
two and three standard deviations, respectively, below the
median for the international reference following the WHO
standard. Similarly, stunted and severely stunted children are
those, whose standardized height-for-age is less than two and
three standard deviations, respectively, below the median
for the international reference following the WHO standard.

Groundwater Risks Mapping at the National Scale

We construct two multi-hazard groundwater hazard maps
based on the following selection criteria applying on ground-
water arsenic (As), salinity (i.e., electrical conductivity, EC),
and dry-season depth to shallow groundwater levels (GWD)
at the national scale in Bangladesh. Mapped areas of ground-
water risks represent four zones with specific ranges of
groundwater As and salinity concentrations that are consid-
ered risks to public health, and depth to dry-season ground-
water levels below or greater than a certain threshold (4-8 m
bgl) that is considered unsustainable to low-lift pumping
technologies and economically expensive. Cut-off values of
hazard parameters such as arsenic, salinity, and groundwa-
ter depletion are based on various drinking-water standards
and lifting capacity of traditional pumping technologies used
in Bangladesh. For instance, drinking-water standards for
arsenic are 10 pg/L and 50 pg/L according to the World
Health Organization (WHO) and Bangladesh Government
guidelines, respectively. There are no Bangladesh standards
for salinity in drinking water; however, according to the
WHO the “palatability of water with a total dissolved solids
(TDS) level of less than about 600 mg/L is generally consid-
ered to be good” (WHO 2011). According to the secondary
drinking-water guidelines by the US Environmental Protec-
tion Agency’s (EPA 2018), the drinking-water standard for
TDS is 500 mg/L that is equivalent to~ 750 puS/cm of elec-
trical conductivity (EC) considering a ratio of 0.65 between
TDS and EC (Rusydi 2018). Finally, the maximum lifting
capacity of hand-operated pumps in Bangladesh is 7-8 m
below ground level (bgl) (UNICEF 2010). We consider two
threshold-based multi-hazard risk modeling of groundwater
into four categories: extremely high, high, medium, and low
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risks. An area is classified as at risk (ranging from extremely
high to low) based on the levels of multiple hazards being
present over a certain threshold as listed below.

Groundwater multi-hazard map is based on the following
criteria (model 1) for four risk categories:

e Extremely high risk: As> 100 pg/L & EC > 1500 pS/cm
& GWD > 8 m bgl

e High risk: As>50 pg/L & EC>750 pS/cm &
GWD > 6 m bgl

e Medium risk: As> 10 pg/L & EC>750 pS/cm &
GWD > 5 m bgl

e Lowrisk: As>10 pug/L & EC>500 pS/cm & GWD >4 m
bgl.

Groundwater multi-hazard map is based on the following
criteria (model 2) for four risk categories:

Extremely high risk: As> 100 pg/L & EC > 1500 pS/cm
High risk: As> 50 pg/L & EC> 750 puS/cm

Medium risk: As> 10 pg/L & EC>750 pS/cm

Low risk: As> 10 pg/L & EC > 500 pS/cm.

Groundwater multi-hazard maps are generated using the
above sets of criteria in ‘R’ programming language (R Core
Team 2017). First, raster maps of spatial grid resolution of
2.5-km x 2.5-km for the three hydrological risk variables
are generated using the Inverse Distance Weighting (IDW)
algorithm in ESRI’s ArcGIS environment (software version
10.3.1). Raster datasets are imported into ‘R’ statistical soft-
ware environment and the above sets of criteria are applied
to individual grid point (total number of grids: 19,613 cover-
ing an area of ~ 148,000 kmz).

Results

Groundwater Multi-hazard Mapping at National
Scale

A composite groundwater multi-hazard map (Fig. 3) in red,
green, and blue (RGB) colors represents, a combination of
three hydrological indicators such groundwater arsenic con-
centration (green), salinity or groundwater EC (blue), and
depth to dry-season groundwater levels (red) in Bangladesh.
The composite map clearly shows that the northwestern
and northcentral Bangladesh is featured by deep dry-season
groundwater levels, whereas arsenic problem in shallow
groundwater is mainly concentrated in southcentral region,
and the southern, coastal region of Bangladesh has the high-
est level of groundwater salinity. The composite map clearly
highlights the areas where more than one hydrological indi-
cator or risk variable (i.e., high arsenic and high salinity; or

high arsenic and deep groundwater levels; or a combination
of all three elements) exists to a varying degree.

Groundwater Risks to Population Exposure

Two groundwater multi-hazard maps for Bangladesh using
two sets of combination criteria (model 1: groundwater arse-
nic, salinity and storage; model 2: groundwater arsenic and
salinity) are shown in Fig. 4. Each groundwater risk map has
four classes: extremely high risk, high risk, medium risk, and
low risk that are based on a set of criteria (models) described
in the method section. In addition, groundwater risks posed
by arsenic and salinity alone are mapped considering vari-
ous concentrations of arsenic and electrical conductivity in
water (see risk maps in supplementary Figures S7 and S8).
Groundwater multi-hazard map under model 1 (Fig. 4a),
the mapped area (208 km?; Table 1) within the zone of
extremely high risk, is small and located mainly in central
Comilla district of the southeastern part of Bangladesh
(Fig. 4a). There are some 219,193 (0.15% of total popula-
tion) people exposed to the extremely high risk of ground-
water (Table 2). The high-risk zone covers a large area of
7146 km? (5.3% of total land area) from southwestern to
southeastern Bangladesh encompassing a number of districts
such as Satkhira, Jessore, Narail, Fardipur, Dhaka, Munshi-
ganj, Comilla, Feni, and Chittagong where some 6.4 mil-
lion (4.4%) people are exposed to groundwater risks. The
medium-risk zone covers a larger area of 10,350 km? (7%)
over most part of the Ganges—Brahmaputra—Meghna delta
except for the exposed coastal region and about 9.5 million
(6.6%) people are exposed to medium groundwater risks.
Combined population of approximately 16 million (11%)
are currently at variable risk (extremely high to medium
risk) of elevated arsenic, salinity, and depth to dry-season
groundwater levels. Lastly, the mapped zone under low risk
in model 1 covers an area of 28,123 km? (20%) where 21
million (15%) people are currently at combined low risk of
arsenic, salinity, and groundwater-storage depletion.
Groundwater multi-hazard map under model 2
(Fig. 4b), the mapped area within the zone of extremely
high risk, is substantial (18,297 km?; 13% of total land
area) and it covers most part of southeastern Bangladesh
where nearly 13 million (9% of total population) people
are exposed (Tables 1, 2). The high-risk zone covers an
area of 15,147 km? (11%) and an estimated 12 million
(8%) people are currently exposed. The medium-risk zone
covers an area 13,160 km? (9%) and an estimated 9 million
(6%) people are currently exposed. Finally, an estimated
land area of 18,797 km? (13%) and 13 million (9%) people
are located in an area where there is low groundwater risk
due to relatively less contamination of arsenic and salinity.
Considering arsenic and salinity individually, we find that
approximately 33 million (23% of total population) people
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Fig.3 A national-scale RGB L L
(red—green—blue) color compos-
ite map of the three groundwa-
ter hazards: storage decline as
indicated by the depth to dry-
season groundwater levels (red),
arsenic concentrations in shal-
low groundwaters (green), and
groundwater salinity hazard as
indicated by electrical conduc-
tivity (blue). The scale of each
side of the triangle represents
the range (minimum as 0 to
maximum as 100%) of values
for each hydrological parameter
as shown in Fig. 2
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are currently at variable risk of elevated (> 50 ug/L) arse-
nic, and nearly 26 million (18%) are exposed to very high
(> 1500 pS/cm) salinity in shallow groundwater.

Groundwater Risks to Access to Drinking
and Irrigation Water Supplies

In addition to demographics of population, we estimate
exposure of poor people and household access to water
supplies within the mapped groundwater risk zones under
both models. Results are summarized in Tables 1 and 2.
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Groundwater risk mapping reveals that 3—6 million house-
holds with an access to tubewells are currently at risk of
various degrees under models 1 and 2, respectively. Fur-
thermore, an estimated 237-418 thousand households
with an access to tapwater supply are at risk of arsenic
and salinity contamination as well as depletion of shallow
groundwater. However, this is noteworthy that tapwater
supplies in towns and metropolitan cities often derive from
deep groundwater that may not be at immediate risk to
arsenic or salinity contamination.
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Fig.4 Groundwater risk maps at the national scale in Bangladesh: a
groundwater risk map based on model 1 (arsenic, salinity, and dry-
season groundwater levels); b groundwater risk map based on model
2 (arsenic and salinity only). Both maps show four zones: extremely

high, high, medium, and low risks to shallow groundwater based on a
combination of two or three parameters above some threshold values
described in the method. Maps of higher resolution are provided in
the supplementary information

Table 1 Summary statistics
number of grids used in the
groundwater multi-hazard risk

Risk zone

No. of grids

Area (km?) Cumulative area Proportion of cumu-

(km?) lative land area (%)

mapping at the national scale in
Bangladesh; area covered under

four risk zones under each risk Extremely high risk 27
model High risk 955
Medium risk 2299
Low risk 5951

Groundwater risk map (model 1: arsenic, salinity and groundwater storage)

Groundwater risk map (model 2: arsenic and salinity only)

Extremely high risk 2376
High risk 4343
Medium risk 6052
Low risk 8493

208 208 0.15
7146 7354 5.26
10,350 17,704 12.66
28,123 45,826 32.78
18,297 18,297 13.09
15,147 33,444 23.92
13,160 46,604 33.33
18,797 65,401 46.78

Groundwater Risks to Socially Vulnerable
Population

Our analysis shows that poor people are exposed to ground-
water risks at various degrees. According to groundwa-
ter risk map (model 1), there are approximately 5 million

poor people who are currently exposed at various degrees
of risks with a potential of another 6 million poor people
being affected in future. Groundwater multi-hazard map and
assessment of risk based on model 2 show greater num-
ber of poor people (11 million) are currently exposed to
shallow groundwater with elevated arsenic and salinity
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Table2 Summary statistics of demographics of the population, pov-
erty, and social vulnerability levels, and household and irrigation
access to water supplies in Bangladesh that are under various degrees

of groundwater risks due to elevated arsenic and salinity contamina-
tion and depletion of groundwater storage

Variables at risk Extremely high risk

High risk

Medium risk

Low risk

Groundwater risk map (model 1: arsenic, salinity, and groundwater storage)

Total population (% of country total) 219,193 (0.15%)

Poor population 86,640
Access to tubewells (no. of households) 41,232
Access to tapwater (no. of households) 777
No. of people under irrigation water risks 112,231
No. of underweight children 9740
No. of severely underweight children 2438
No. of stunted children 10,206
No. of severely stunted children 5735

Groundwater risk map (model 2: arsenic and salinity only)

Total population (% of country total) 12,766,085 (8.9%)

Poor population 4,800,111
Access to tubewells (no. of households) 2,460,107
Access to tapwater (no. of households) 88,852
No. of people under irrigation water risks 1,623,303
No. of underweight children 475,340
No. of severely underweight children 113,746
No. of stunted children 540,627
No. of severely stunted children 307,608

6,361,209 (4.4%)

9,453,381 (6.6%)

21,291,790 (14.8%)

2,101,933 2,677,818 6,443,670
1,252,477 1,763,131 4,141,321
79,289 157,063 311,157
2,206,011 4,288,679 10,569,615
229,192 547,423 1,374,227
53,563 127,925 327,032
274,545 659,847 1,629,770
155,620 373,739 939,453

11,646,293 (8.1%) 8,958,893 (6.2%) 13,431,311 (9.3%)

3,838,106 2,276,558 3,852,640
2,185,143 1,585,841 2,710,915
122,535 206,509 209,565
4,049,400 5,278,533 10,834,711
921,537 1,205,462 1,707,839
221,445 286,543 405,216
1,062,574 1,413,476 2,019,439
606,262 805,423 1,161,879

Statistics of the same variables are reported under the two groundwater risk models developed in this study. Note that figures under each risk

class only refer to exposure within each risk zone and not cumulative

contamination. Our risk analysis shows that 9740 (extremely
high risk) to 229,192 (high risk) children are underweight,
and 10,206 (extremely high risk) to 274,545 (high risk) chil-
dren are stunted under the risk model 1 (Table 2). According
to the risk model 2, an estimated 475,340 (extremely high
risk) to 921,537 (high risk) children are underweight, and
540,627 (extremely high risk) to 1,062,574 (high risk) chil-
dren are stunted (Table 2).

Discussion

Bangladesh has made significant progress in addressing food
security and public health in the last few decades. Contribu-
tion of groundwater resources to economic development,
social well-being, and public health has been paramount.
Despite the importance of groundwater and its critical role
in all sectors including health, no multi-parameter hazard
maps for Bangladesh currently exist. The links between
adverse human health and long-term exposure to elevated
arsenic (As) and salinity concentrations in drinking water
are well established in the country. Access to drinking and
irrigation water supplies is also affected due to widespread
depletion of shallow groundwater storage in various parts
of Bangladesh threatening food security. Here, for the first

@ Springer

time, we develop multi-parameter groundwater hazard maps
for Bangladesh at the national scale by applying geospatial
techniques and formulating a set of criteria involving both
groundwater-quality and storage indicators. We generate two
groundwater multi-hazard maps combining multiple hydro-
logical hazards such as elevated groundwater As, salinity,
and depleted water storage—all of which pose a threat to
public health through unsafe and unsustainable drinking-
water supply from shallow groundwaters. In addition, we
also provide geospatial maps of the individual (arsenic,
salinity) groundwater hazards (Figure S7-S8). Using these
multi-hazard groundwater maps, we quantify risks of vary-
ing degrees to the proportion of exposed population through-
out Bangladesh. The adopted classification of individual
groundwater hazards in categorizing risks is sensibly based
around national, international water-quality standards, and
lifting capacity of pumping technologies linked to the ques-
tion of sustainability of groundwater resources. Therefore,
the classification does not critically differentiate the relative
importance of various cut-off limits linked to health risks of
individuals exposed.

Furthermore, we test the validity of our national-scale
groundwater multi-hazard maps using exposure dataset of
As-affected population in Bangladesh. Arsenic-affected
population dataset provided by the Directorate General of



Multi-hazard Groundwater Risks to Water Supply from Shallow Depths: Challenges to Achieving... 667

Health Services in Bangladesh (DPHE/JICA 2010) shows
that some 18,672 (51%) of the total of 37,039 patients (i.e.,
primarily skin lesions) are located in areas where > 80%
wells are found to be As contaminated. Overlaying on our
groundwater multi-hazard maps, we find that some 1000
(3% of total patients) to 22,450 (61%) As-affected patients
are located within the extremely high- to high-risk zones
(Fig. 5). One of the limitations of our analysis of multi-
hazard-based groundwater risk mapping is that the maps
represent an aggregated risk of static levels of arsenic, salin-
ity, and declining groundwater storage. We employ ground-
water arsenic data from the National Hydrochemical Survey
that was conducted in 1998-1999 with the assumption that
As concentration has limited seasonal and temporal vari-
ations (Bhattacharya et al. 2011; Dhar et al. 2008) and, at

Fig.5 Groundwater risk map 1 1

the basin scale, the spatial pattern of background As levels
has remained largely unchanged (BBS and UNICEF 2010).
Similarly, our groundwater multi-hazard maps represent an
average level of salinity though it varies seasonally (Zahid
et al. 2013). Our groundwater multi-hazard maps are based
on multi-hazard indicators of various levels. Therefore, any
area outside of the mapped risk categories may or may not
be free from a single hydrological hazard such as elevated
arsenic, salinity, or depletion of water storage. For example,
an area with high salinity (> 1500 pS/cm) but low arsenic
(<10 pg/L) is not mapped as groundwater risk as it does not
fulfill the set criteria of multi-hazard indicators but consid-
ered to be affected by individual hazards.

Our groundwater multi-hazard maps update the current,
rather loosely constrained, estimates of population exposure

and exposure of arsenic-affected
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to elevated As and salinity concentrations in Bangladesh.
Our groundwater multi-hazard mapping reveals that an esti-
mated 33 (23% of total population) and 64 (44%) million
people in Bangladesh are currently exposed to As concentra-
tions greater than 50 and 10 pg/L (WHO standard), respec-
tively, in shallow (< 150 mbgl) groundwater. Using the
groundwater electrical conductivity (EC) map, we estimate
that approximately 26 million (18%) people, predominantly
in the coastal region of Bangladesh, are exposed to consider-
ably high salinity (EC > 1500 pS/cm) in groundwater. Our
estimate of population exposure to high salinity in ground-
water is substantially greater than a previous estimate of 20
million (Khan et al. 2011) people in coastal Bangladesh.
Furthermore, the analysis of population exposure to vari-
ous levels of groundwater risks reveals that approximately
37 (26%) to 47 (33%) million people are currently at risk to
elevated arsenic, salinity, and declined groundwater stor-
age combined that covers 31-44% land area of Bangladesh.
Given the proven public health risk to elevated arsenic and
salinity in drinking water and considerable threat to food
security associated with depleted water storage, our national-
scale multi-parameter groundwater hazard maps have the
potential to guide current practices and policies towards
achieving the UN’s sustainable development goals in Bang-
ladesh. Additional water-quality hazards (e.g., pathogens)
can be incorporated to our mapping framework, as new data
are available at the national scale. Finally, our multi-param-
eter groundwater hazard maps and methods of qualifying
risks to exposed populations can be replicated in other Asian
mega-deltas where similar groundwater hazards exist.

Conclusions

We draw the following main conclusions from this national-
scale multi-parameter, groundwater hazard mapping and
assessment of risk to population in Bangladesh:

1. Approximately 5% (risk model 1: arsenic, salinity water-
storage depletion combined) to 24% (risk model 2: arse-
nic and salinity) land area in Bangladesh is exposed to
extremely high to high risks of elevated arsenic, salinity,
and groundwater depletion hazards.

2. An estimated 4.5% (risk model 1) to 17% (risk model
2) of total population (144 million) of Bangladesh are
exposed to extremely high to high risks of elevated arse-
nic, salinity, and groundwater depletion hazards; 2.2-8.6
million of these vulnerable populations are poor.

3. Nearly a million (risk model 1) to over 4 million (risk
model 2) children, who are exposed to extremely high to
high risks of multi-hazard groundwater risks are either
underweight or stunted.

@ Springer

4. An estimated 32 km? of groundwater is withdrawn annu-
ally in Bangladesh for irrigation (90%), and domestic
and industrial (10%) use; this volume is equivalent
to~4% of global groundwater withdrawals. Further-
more, an estimated 2.3 million (risk model 1) to over 5.7
million (risk model 2) people, who depend on ground-
water-fed irrigation are exposed to extremely high to
high risks of multi-parameter groundwater hazards.

Finally, we have updated the existing, rather specula-
tive estimates of population exposure to arsenic or salinity
contamination individually. Our new estimation using the
geospatial risk mapping suggests that nearly 33 million peo-
ple are exposed to > 50 pg/L (Bangladesh drinking-water
standard) of arsenic concentrations, and nearly 26 million
are exposed to considerably high (electrical conductivity
values > 1500 pS/cm) salinity in groundwater.
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