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Abstract

Water and chemical use in textile dye production are exacerbating water pollution and ex-
traction across Dhaka, Narayanganj, and Gazipur in Bangladesh, where these industries are
concentrated. However, the ability to cope with water-related challenges is influenced by
multiple factors. This study applies descriptive spatial analysis to map textile dye clusters,
river pollution, and water insecurity. As vulnerability is multidimensional and fluctuates
across subdistricts, this study develops a Water Vulnerability Index (WVI) consisting of
25 indicators across demographics, socioeconomics, gender, health, WASH, and climate
dimensions. The index is based on Multidimensional Vulnerability Assessment (MDVA)
and constructed through multicriteria analysis (MCA). The study highlights that the Shita-
lakhya, Turag-Tongi Khal, Buriganga, and Balu Rivers are highly polluted, with average
biochemical oxygen demand (BOD), chemical oxygen demand (COD), and dissolved oxy-
gen (DO) levels exceeding safe limits. Central Dhaka is identified as being extremely water
insecure, characterized by significant inequalities in water insecurity across subdistricts.
The WVI finds that Gazipur Sadar and Kaliakair subdistricts, housing several textile dye
factories, face the highest water vulnerability of the 57 subdistricts. This study furthers the
case that Dhaka, Narayanganj, and Gazipur host numerous textile hubs, confront serious
water challenges, such as river pollution and water insecurity, and are marked by signifi-
cant spatial disparities in vulnerability. By exploring anthropogenic pollution alongside
multidimensional water vulnerability, this study can inform targeted policy responses,
such as stricter regulatory limits, more frequent monitoring and enforcement, and tailored
support in high-vulnerability areas.

Keywords: Dhaka; Narayanganj; Gazipur; textile dye factories; river pollution; water
insecurity; water vulnerability index; chemicals

1. Introduction

Water is one of the world’s most valuable resources. Access to clean and reliable
drinking water is essential for economic activity, social equity, and environmental sus-
tainability. Since ground and surface water are interconnected systems and form vital
parts of the hydrological cycle, changes to these systems can have various impacts on
society [1]. To understand how areas are affected by water-related challenges requires a
multidimensional lens, as vulnerability is shaped by socioeconomic, demographic, health,
gender, environmental, and climatic conditions [2]. Dhaka is home to a dense, growing,
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and rapidly urbanizing population, expanding and polluting water-intensive industries,
and inadequate water infrastructure to support communities across subdistricts [3,4]. The
degree of vulnerability and capacity to cope with increased water challenges depend on
many factors, including health, gender, income, and education. Water vulnerability refers
to how vulnerable communities, ecosystems, or regions are to water-related challenges
and how well they can adapt [5]. As a result, water governance has become increasingly
important to help improve communities” ability to cope as clean water resources become
scarcer and water insecurity grows more acute and widespread in many places.

One of the key drivers of water insecurity is chemical pollution from industries, as
it poses a significant threat to water systems. In the past two decades, global chemi-
cal production almost doubled from 1.2 to 2.3 billion tons and is expected to triple by
2050 [6,7]. As a result, various synthetic chemicals are released into the environment
without the scientific ability to effectively assess the volume and toxicity of chemicals
that the Earth’s system can tolerate [6,8,9]. Textile dye production is an example of a
rapidly growing industry that relies heavily on hazardous chemicals and clean water re-
sources. This translates into high amounts of wastewater released into surrounding river
systems, making it a prominent driver of water pollution and scarcity [4,10]. According
to UNEP (2022), the textile industry is the second-largest consumer of water worldwide
and is responsible for 20% of global wastewater pollution [11]. Many of the world’s
textile dye factories are in Bangladesh, where the textile industry represents 89% of the
country’s total exports [10,12,13]. These factories are primarily concentrated along the
river systems of Dhaka, Narayanganj, and Gazipur Districts, located in the central part of
Bangladesh, where between 500 and 700 factories release synthetic dyes and heavy metals,
contributing to declining ecosystems, unsafe drinking water, and negative human health
implications [4,14]. When chemicals from textile dye production are released into water-
ways, they contaminate freshwater resources that surrounding communities, in particular
marginalized groups, depend on for domestic use [14,15]. Therefore, over-extraction and
contamination of water resources in Dhaka have caused the water table to decline three
meters per year, contributing to widespread water insecurity and pollution [16].

Several water-related vulnerability indices highlight where people are more exposed
to water challenges, and their capacity to cope is limited. These include the WRI Aqueduct,
which assesses global water risks based on water-related indicators, including flooding,
droughts, and contamination [17]. The UNU-INWEH Global Water Security Index mea-
sures water security across 10 components: access, quality, health, governance, safety,
and resource stability [5]. The Social Resource Water Stress/Scarcity Index (SWSI) adjusts
water availability measurements by incorporating a society’s adaptive capacity, using the
human development index to reflect true water stress levels [18]. Garouani et al. (2024)
developed a Multidimensional Water Vulnerability Index based on 21 indicators span-
ning socio-demographic, infrastructure, resource, and environmental components [19]. In
addition, the Water Poverty Index (WPI) combines physical water stress measures with
socioeconomic factors and integrates five components: resources, access, capacity, use,
and environment. This framework finds a strong relationship between water poverty and
economic poverty, which has been applied to several contexts [20]. Jaren and Mondal
(2021) applied the WPI to different livelihood groups in peri-urban Dhaka and found
that economically inactive women are the most water-poor group [21]. Other Dhaka-
based studies conducted a groundwater vulnerability assessment [22,23] and waterlogging
hazards mapping [24]. In addition, some studies assessed socioeconomic and livelihood
vulnerability [25], drought vulnerability zones [26], and drinking water vulnerability [27]
in rural coastal areas of Bangladesh. The frameworks show that various factors shape
water vulnerability. However, global frameworks primarily focus on national-level vul-
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nerability and often overlook the impact of anthropogenic pollution, such as textile dye
production. Dhaka-based studies are limited to a narrow range of water-related and vulner-
ability indicators. Therefore, multidimensional water vulnerability remains underexplored
in this context, particularly in acknowledging how anthropogenic pollution degrades
water resources.

To address this gap, the study uses Multidimensional Vulnerability Assessment
(MDVA), as it offers a holistic approach to understanding water vulnerability [2]. Fo-
cusing on Dhaka, Narayanganj, and Gazipur Districts in Bangladesh, the aim is to describe
water-related challenges and determine which subdistricts are most vulnerable. To achieve
this objective, this study first maps the current state of water quality within five rivers
running through Dhaka Division, namely, the Shitalakhya, Turag-Tongi Khal, Buriganga,
Dhaleswari, and Balu. This involved using descriptive spatial analysis of river water
quality data from 2023, published by the Bangladesh Department of the Environment
(DoE) [28]. Second, this paper maps water insecurity across subdistricts in Bangladesh
using the indicator “access to basic drinking water”, which stems from the INFORM
Dataset 2022 [29]. Third, this paper develops a Water Vulnerability Index (WVI) based on
25 selected indicators from the INFORM Dataset [29]. The WVI includes six key dimensions
of water vulnerability—demographics; socioeconomics; gender; health; water, sanitation,
and hygiene (WASH); and climate—in which each has several underlying indicators. These
dimensions are combined and assessed using multicriteria analysis (MCA) to analyze
results. To contextualize water vulnerability, this study maps nine textile dye clusters for
descriptive and visualization purposes. This spatial approach highlights areas of industrial
concentration without aiming to establish statistical correlation.

2. Existing Literature

The impacts of textile dye production on local water resources and human health are
widely explored within the natural sciences literature [30-33]. Several Bangladesh-based
case studies have shown a clear link between textile dye production and the degradation of
water resources and aquatic ecosystems [4,10,14,15,34-36]. Textile dye production relies on
high amounts of synthetic chemicals, finishing salts, and clean water as resource inputs.
According to Uddin et al. (2023), dye factories located within the four textile clusters of
Savar, Tongi, Narayanganj, and Gazipur use, on average, 164 L of groundwater, 119 L of
wastewater, and 449 g of chemicals for every 1 kg of textile [10].

2.1. Textile Dye Contamination of Dhaka’s Rivers

The water resources in Dhaka are heavily impacted by chemicals used in textile
dye production, which contributes to widespread surface and groundwater pollution.
These chemicals include heavy metals, synthetic dyes, and polyfluoroalkyl substances
(PFASs) [33,37-39]. According to Islam et al. (2023), approximately 10,000 different syn-
thetic dyes are commercially available; however, azo dyes make up around 50% of all
dyes used globally, raising concerns due to their toxicity to human health and ecosys-
tems [30]. Although the synthetic chemicals used in textiles are widely explored, they
are less studied in Dhaka. The textile sector also uses PFASs to make water-repellent fab-
ric [11], and these chemicals tend to accumulate in the environment and persist [8,40]. Only
one study was found on PFAS concentration in the water and air around Dhaka’s textile
factories [40], which showed elevated levels. In contrast, several Dhaka-based case studies
focus on heavy metal concentrations, which are often applied in textile dye production
to ensure color fastness. These studies illustrate how heavy metals are discharged into
the environment from textile wastewater, among other industries, and create various
problems for human health and aquatic ecosystems [4,14,15,34-36,41,42]. Hossen and
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Mostafa (2023) discovered that 83.3% of water bodies exceed the national government’s
thresholds and found that heavy metal concentrations are highest in Dhaka, where 10 of
11 samples are unsafe for drinking [34]. These results are supported by M. Uddin et al.
(2023), who show that Dhaka’s rivers are severely contaminated with heavy metals [36].
Uddin and Alam (2023) also demonstrate that heavy metal pollution in rivers around
Dhaka, Narayanganj, and Gazipur is extensive due to untreated textile wastewater [35].
These studies acknowledge other pollution sources of heavy metals, including shipbreak-
ing, pharmaceuticals, and agricultural runoff. However, the textile production industry
is the largest in Bangladesh and is identified as a significant source of water pollution in
the central region [10,32,33,35,43—45]. Taken together, the dyes, PFASs, and heavy metals
show very low biodegradability, impacting vital ecosystems and the health, socioeconomic
outcomes, and well-being of the surrounding society [35]. While the literature on water
pollution in Dhaka focuses on heavy metals, the concentration of synthetic dyes, including
PFASs and azo dyes, in the waterways remains underexplored. This is supported by Uddin
and Jeong (2021), who state that other pollutants in water have been largely overlooked in
Bangladesh [4].

Although the concentration of synthetic dyes in water sources is not widely explored
within the context of Dhaka, the broader scientific literature states that the presence of
textile dyes in rivers changes the pH, dissolved oxygen (DO), biochemical oxygen demand
(BOD), chemical oxygen demand (COD), and total dissolved solids (TDSs) [30-33]. Textile
dye effluent interferes with river light penetration, leading to lower DO and higher BOD
and COD levels in water bodies. These changes impair photosynthetic activities and, over
time, lead to declining fish stocks, carrying both environmental and social impacts [30-33].
As a result, some studies measure these indicators to understand river water quality and
evaluate the impacts of textile dye effluent on aquatic ecosystems. Shamsuzzaman et al.
(2021) measure BOD, COD, and DO levels in wastewater from five denim factories in Dhaka
and find that only 20% achieve acceptable DO levels [44]. Whitehead et al. (2019) highlight
that the Turag-Tongi-Balu River system in central Dhaka is one of the most polluted in
the world, finding very high COD and BOD levels and very low DO levels, indicating
substantial industrial discharge [3]. Rashid et al. (2024) find elevated COD values in the
Turag River across observation sites, revealing that the pollution is beyond the safe limits in
terms of the chemicals in the water [46]. Yin et al. (2021) highlight that DO and BOD levels
in all four Dhaka rivers consistently exceeded environmental standards from 2011 to 2018
due to industrial wastewater, particularly from textile dye [47]. As a result, BOD, COD, and
DO indicators are commonly used to signal the presence and intensity of anthropogenic
pollution in affected water bodies [47].

2.2. Impact on Broader Society

The overuse of clean water and the pollution of water resources have severe con-
sequences for surrounding communities. The direct discharge of wastewater impacts
the aquatic environment, particularly algae, fish, and humans [32,33,38,39]. Case studies
highlight that Dhaka’s water does not meet basic requirements for domestic, drinking,
fishing, and industrial uses [14,34-36,38]. According to Sharma et al. (2021), contaminated
rivers may enter the food chain when polluted water is used for agricultural irrigation and
when the fish are consumed [33]. Chakraborty et al. (2022) highlight that some knit-dye
factories in Bangladesh have been forced to close due to a lack of available water [15]. This
is supported by Lellis et al. (2019), who illustrate that water is an essential resource for
development, and a healthy environment is necessary to sustain economic activity [42].
The Dhaka case studies did not assess fish stock depletion or investigate how textile pol-
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lution affects other sectors in Bangladesh, such as agriculture and fishing, which rely on
well-functioning ecosystems.

Several reviews show that toxic chemicals in textile dyes have a significant impact on
human health [32,38,45,48,49]. For instance, azo dyes cause various diseases in humans,
animals, and plants. The azo dye Basic Red 9 is highly toxic and carcinogenic, causing
skin irritation, cancer, and allergic reactions [38]. Heavy metals can also cause health
problems, such as bone disorders, cancer, kidney failure, brain damage, memory problems,
and abnormalities, among others [32]. Shittu et al. (2023) found that children are more
sensitive to heavy metals, which can cause cognitive development disorders, lower 1Q,
and premature death [8]. Palacios-Mateo et al. (2021) discussed the health risks faced by
textile workers and the surrounding community [49]. Water insecurity and pollution can
drive internal displacement and increase informal settlements, which, in turn, heighten
water vulnerability [13,50]. Children in informal settlements are also more likely to be
working [51], depriving them of education, exposing them to hazardous conditions, and
perpetuating poverty [52]. Child labor is common in slum settlements in Dhaka, which
often lack proper sanitation and water sources [51,53]. Hoque et al. (2021) reveal that
marginalized groups in Dhaka, particularly women and girls, rely on polluted water for
everyday activity and are most exposed to pollution [14]. Housing conditions also indicate
how vulnerable people are to water-related challenges. According to Chowdhury et al.
(2022), slum-dwellers in Dhaka pay 7-14 times higher water fees than those in formal
housing, which translates into around 12-15% of their monthly income [54]. Intersar and
Parvez (2024) find that women living in slums in Dhaka are more vulnerable and are
often employed in low-paid work, such as in the textile industry [55]. These women are
often deprived of water, education, nutrition, and safe shelter [55], form most of the textile
workforce [46], experience workplace violence [56], and internalize a greater burden of
poverty, water, and food insecurity [57], as well as being responsible for water-related
household chores, from collection to waste disposal [58]. Although less explored in the
context of Dhaka, violence and water vulnerability are interconnected, as exposure to
harm can heighten sensitivity to water-related challenges, while water insecurity can
increase the risk of violence [59]. Women are also disproportionately affected by limited
WASH services, due to increased needs during menstruation and reproduction [60]. As
a result, poverty, housing, violence, and child labor are important when assessing water
vulnerability. The broader literature shows that textile dye pollution can have health
implications. However, there are limited Dhaka-specific studies that investigate how
textile dye impacts the socioeconomic status, health, and well-being of workers, children,
and women.

2.3. Research Relevance

Section 2.1 illustrates that previous studies were primarily situated within natural
sciences and established a clear link between water pollution and dye factories in Dhaka.
However, there is little mention of the surrounding communities, and the interrelationship
between the social, economic, and environmental aspects of water vulnerability arising
from textile dye pollution. In particular, the case studies state that textile dye factories
impact water resources without including the extent to which these industries are con-
tributing to water insecurity, where water insecurity is highest, and which groups in society
are most at risk and vulnerable to its impacts [34-36,41]. In addition, the literature was
primarily quantitative and scientific in nature, neglecting socioeconomic, demographic,
climatic, and gender influences. Most literature analyzing the local impact of textile dyes is
situated within the natural sciences, such as engineering and chemistry. This is reflected in
the methodologies applied, concepts measured, and the relative lack of focus on socioe-
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conomics, gender, and water vulnerability for the surrounding communities. To address
some of the research gaps identified, this paper explores water vulnerability across Dhaka,
Narayanganj, and Gazipur’s subdistricts by integrating demographic, socioeconomic, gen-
der, health, WASH, and climatic factors, as well as describing water insecurity and river
pollution. In addition, this paper links spatial patterns of textile dye activity to potential
areas of heightened water vulnerability.

3. Data and Methods

This study uses descriptive spatial analysis and multicriteria analysis (MCA) to iden-
tify which subdistricts are most vulnerable to water-related challenges from textile dye.
Descriptive spatial analysis is often applied in case studies to examine patterns and trends
using various data sources without seeking to establish a causal relationship [61,62]. As
outlined in Figure 1, this study maps textile dye clusters based on the academic literature
for reference. This study then proceeds in three main steps. First, it maps pollution across
five rivers. Second, it visualizes access to basic drinking water across subdistricts. Third, it
develops a water vulnerability index based on 25 indicators across six dimensions using
multicriteria analysis (MCA). The grey boxes in Figure 1 illustrate water and chemical
inputs and declining water tables, which provide background but do not form part of
the analysis.

Identify sub-districts most vulnerable to water related challenges from textile dye factories across Dhaka, Narayanganj, Gazipur

Inputs

1. Chemicals (e.g. I | Water table decline
ALLIEISC DI Increase in Water Insecurity | INFoRM2022
metals) mmm I

2. Groundwater —> River Pollution
9 Textile dye factory pH, BOD fl, cobfl, Tos T bo U Water Vulnerability Index
clusters in Dha_ka, Demographic, socioeconomic, gender,
Narayanganj, Shitalakhya, Turag-Tongi Khal, health, WASH, and climate dimensions
Gazipur Dhaleswari, Buriganga, and (25 indicators)
Balu rivers f i
mapped based on sinsns thistii o

literature review

% Using Descriptive spatial Analysis Multidimensional Approach using MCA

Figure 1. Conceptual framework.

Using descriptive spatial analysis, this study maps nine textile dye clusters as identified
in the academic literature [4,43,47,63]. The literature consistently highlights certain areas for
textile dyeing within Dhaka, Narayanganj, and Gazipur, as presented in the following maps.
The purpose of this layer is illustrative rather than exhaustive and aims to contextualize the
spatial distribution of textile dye activity in relation to water vulnerability rather than to
quantify factory density or explore statistical relationships. This approach is often applied
in data-scarce contexts and is used in this study due to limited information on individual
textile dye factory locations. As a result, the mapped clusters offer a spatial overview
to help interpret possible connections between water vulnerability and textile dye water
pollution. They are not intended to be comprehensive or used for statistical analysis but
rather to provide a general descriptive illustration.

3.1. River Water Quality

This study shows river pollution within Shitalakhya, Turag-Tongi Khal, Buriganga,
Dhaleswari, and Balu Rivers, which flow through Dhaka Division. The river water quality
data used in this study stems from the Surface and Ground Water Quality Report 2023 by
the Department of Environment (DoE) in Bangladesh [28]. Although the report measures
pH, DO, BOD, COD, and TDS levels across 29 rivers in Bangladesh, this study only includes
five, as these rivers run through Dhaka, Gazipur, and Narayanganj Districts. The values
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were collected every month throughout 2023, except April, May, and June. For this study,
the mean values were calculated for each indicator to map and assess the general pollution
levels in the selected waterways. The river water quality levels were evaluated based on
standards for fisheries as outlined in the Water Quality Report [28]. The average value
observed within the five rivers was assessed against the categories outlined in Table 1,
which grade river water quality as safe, moderate pollution, or high pollution.

Table 1. Standard water quality classifications [28].

Safe Moderate Pollution High Pollution
pH 6.5-8.5 Higher or lower than 6.5-8.5
DO Above 6 mg/L 6-4mg/L <4mg/L
COD <25mg/L 25-50 mg/L >50 mg/L
BOD <3mg/L 3-6 mg/L >6mg/L
TDS <500 mg/L 500-1000 mg/L >1000 mg/L

The pH, DO, COD, BOD, and TDS levels are key indicators of river pollution and
are influenced by the presence of textile dye effluent. Textile effluent interferes with light
penetration, leading to lower DO and higher BOD and COD levels in the rivers [30-33]. A
key limitation in assessing the impact of textile dye on river quality in Dhaka is the lack of
large-scale data on synthetic dye, heavy metals, microplastics, and PFAS concentrations. As
a result, this study relies on these conventional measures instead. The DoE (2023) data did
not include measures on groundwater levels in Dhaka, although the textile industry relies
on this water source, and Dhaka Division is facing a rapid decline in water tables [28]. In
addition, the values were assessed based on averages, even though these values fluctuate
throughout the year, and the original data shows that pollution levels are highest during
the dry season (November to March) and lowest in the wet season (June to September) [16].

The five rivers included in this study, Shitalakhya, Turag-Tongi Khal, Buriganga,
Dhaleswari, and Balu, flow through Dhaka, Gazipur, and Narayanganj Districts, which are
known for their many textile dye factories. Figure 2 illustrates where the water quality ob-
servations took place in 2023 [28], which included seven observation sites in the Buriganga
River, four in the Shitalakhya River, five in the Turag-Tongi Khal, five in the Dhaleswari
River, and two in the Balu River. Although this dataset offers observations across multiple
rivers, the number of observation sites is limited, and these are not evenly distributed
across subdistricts. Therefore, the sampling quantity and distribution limit the ability to
accurately represent water quality conditions across subdistricts and integrate these into
the WVL

240N

240N

A River Water Quality
B Textile Hub
Dhaka Rivers
= Balu River
== Buriganga River
=== Dhaleshwari River
== Dhaleshwari River
= Shitalakshya River
Tongi Khal
Turag river
Turag River
Upazilas
[ Ohaka
20km ) Gazipur
Narayanganj

90.0°€ 905°€

Figure 2. River quality observation sites in Dhaka, Gazipur, and Narayangan;.
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3.2. Water Insecurity and Vulnerability

The second part of the paper assesses water vulnerability within Dhaka, Gazipur, and
Narayanganj Districts. This includes visualizing access to basic drinking water (WI) across
these Districts to evaluate where water insecurity is highest, as well as developing a Water
Vulnerability Index (WVI) to show which subdistricts are most at risk. The data used to
show water insecurity and the WVI stem from the INFORM Risk Index (2022) [29]. This
dataset comprises 54 indicators disaggregated by Bangladesh’s 489 subdistricts (Admin
Level 3). Bangladesh has three levels of administrative boundaries, with each division
comprising several districts, and each district encompassing multiple subdistricts.

The focus area of this paper includes three of the thirteen districts within the Dhaka
Division. These are Gazipur, Dhaka, and Narayanganj, which are known for their textile
production, as illustrated in Figure 3 [4]. In addition, Figure 3 shows that these districts
include the five rivers described during the first part of this study. The Buriganga River
flows through Dhaka and Narayanganj, the Shitalakhya River intersects with Gazipur and
Narayanganj, and the Turag-Tongi Khal channels through Gazipur and Dhaka Districts,
and is close to the DEPZ, Tongi, and Ashulia textile hubs. The Balu River traverses the
borders of Narayanganj and Dhaka, while the Dhaleswari River travels through Dhaka and
the Savar textile hub.

90.000€

A

24000N —t— . 24000°N
e 4

Textile Hub

Dhaka Rivers

Districts

J Dhaka

> g Gazipur
Narayanganj

90.000°€

Figure 3. Study area, rivers, sub-districts, and textile clusters.

Water insecurity was mapped and assessed separately, given its specific importance
to water vulnerability. This part includes exploring access to basic drinking water across
Dhaka Division and Bangladesh to assess where water insecurity is the most prevalent.
This indicator, drawn from the INFORM dataset, encompasses basic and safely managed
water services. Wl is defined as drinking water from an improved source, with a collection
time of less than 30 min for a round trip. Improved water sources include piped water,
tube wells, protected springs, and packaged water [29]. This data originally stems from
UNICEF and the Bangladesh Bureau of Statistics (BBS) 2019 and includes data across all
489 subdistricts. This informed the second phase, which involved developing a WVI that
includes several indicators from the INFORM dataset.

3.3. Water Vulnerability Index

The Water Vulnerability Index (WVI) compiles 25 indicators from the INFORM Dataset.
Table 2 lists these indicators including their definition and original sources, as presented
in INFORM. As vulnerability is multidimensional and context-specific, there are no stan-



Water 2025, 17, 2475

9 of 28

dardized criteria for the selected indicators [19]. These indicators were chosen based on
relevance to water vulnerability and identified through a review of the existing literature.
This WVI is based on a Multidimensional Vulnerability Assessment (MDVA) framework,
which defines vulnerability as conditions shaped by physical, social, economic, and environ-
mental factors, as well as processes that heighten sensitivity to the impacts of hazards—in
this case, water-related challenges from textile dye production [2]. As a result, the WVI con-
sists of six thematic dimensions, including demographics, socioeconomic, gender, health,
WASH, and climate. In addition, each indicator either increases or decreases water vulnera-
bility, which is indicated by the arrows in the table (1 denotes an increase while | denotes

a decrease).

Table 2. Water Vulnerability Index (1 increases vulnerability and | decreases vulnerability).

No Indicator Measurement/Definition Source/Year
o 1 Population Density Population/km? 1 BBS 2021
g 2 Population Living in Slums The percentage (%) of urban dwellers living in BBS 2014
R slums 1
[
= 3 Urban Population Growth Annual % of urban population growth 1 BBS 2011-21
a 4 Woman-head household % of women-headed households 1 BBS 2021
5 Income inequality The ratio of the Gini from the income distribution 1 BBS 2020
$ 6 Poverty % of poor households + BBS, WB 2017
0
o . - % of population who live on unsustainable 3
g 7 Unsustainable Livelihood livelihood (Agri and non-Agri day labor) 1 BBS-HIES 2016
é Unemployment Rate A portion of the workforce is not employed 1 LFS-BBS 2022
5‘ Child Labor % of children 5-17 years involved in child labor 1 MICS, 2019
10 Floating Population % of the population with no permanent home 1 BBS, 2021
1 Domestic Violence Attitude Jo of women's (15—49? attitudes towards domestic BBS 2019
violence T
g 12/13 Gender Parity Index (GPI) Net attendance for girls divided by net attendance MICS-BBS and UNICEF
o for Secondary School for boys (secondary school) | 2022
Q
14 Menstrual Hygiene % of women aged 15 to 49 years of the total MICS 2019
population |
< 15 Basic Sanitation Services % of population using basic sanitation services | WHO and UNICEF 2019
% 16 Water insecurity % of people having access to basic water services | BBS and UNICEF 2019
T 17 Open Defecation % of population practicing open defecation 1 BBS 2021
18 Under-5 child mortality Per 1000 live births 1 BBS 2019
19 Underweight % of underweight children under 5 years 1 UNICEF 2019
o Insufficient Early Child % of chlldrep (3§—59 months) not on trac}< in three
o 20 domains: literacy-numeracy, physical, UNICEF 2019
2 Development Index - . .
=3 social-emotional, and learning 1
21 Physicians Density The number of doctors per 100,000 population | DGHS 2022
22 Community Clinic Density =~ Number of community clinics per 100,000 people | DGHS 2022
@] 23 Intensive River Flood % of total area exposed to extensive river flood 1 BARC and BBS 2022
g 24/25 Drought Risk Physical exposure to extensive drought (Rabi and Inform 2022
T Kharip) (relative) 1

The WVI was assessed using multicriteria analysis (MCA), assigning equal weight to
the indicators outlined in Table 2. First, the data for each indicator were normalized using
the min-max scaling technique to ensure comparability, which resulted in new indicator
values ranging from 0 to 1, where 1 indicates higher vulnerability and 0 indicates lower
vulnerability. The formula used is:

X — Xmin

Normalised Value (n) = S
max — min
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Given that some indicators lowered vulnerability instead of increased vulnerability,
as indicated by |1 in Table 2, this influenced whether the derived values were positive
or negative.

Rapid urbanization and increasing population density in Dhaka are placing pressure
on current water resources and exacerbating vulnerability [47]. Slum dwellers (PLS) often
do not have access to basic drinking water and rely on rivers for domestic use, increasing
exposure to pollution and heightening water vulnerability [36,55]. In addition, women-
headed households are often at higher risk of water vulnerability, due to lower incomes
and higher water prices [55]. As such, the demographic dimension (D) consists of the
following indicators: population density (PD), population living in slums (PLS), urban
population growth (UPG), and woman-headed household (WHH), which were calculated
after indicator normalization:

PD, + PLS, + UPG, + WHH,

D:
4

The textile industry has been critiqued for providing unsustainable livelihoods and
poverty salaries [55] and using child labor [14], which deprives children of education,
exposes them to hazardous conditions, and perpetuates poverty [52]. Anthropogenic pollu-
tion risks internal displacement and a consequent increase in the “floating population” [50].
As a result, the socioeconomic dimension (SE) embedded in the WVI includes the indicators
income inequality (II), poverty (P), unsustainable livelihood unemployment (ULU), floating
population (FP), and child labor (CL). These indicators are key characteristics that make
people more vulnerable to water-related challenges. The formula applied is:

I1,+ UuLu, + UR,+FP,CL,

E =
S 5

Next, the gender dimension (G) is included as women represent the majority of the
textile workforce [43], experience workplace violence [55], and internalize a greater burden
of poverty, water, and food insecurity [57], as well as being responsible for water-related
household chores from collection to waste disposal [58] and are more exposed to unsafe
water and sanitation facilities [60,64,65]. These factors contribute to women facing higher
risks of water vulnerability, while better menstrual hygiene management and education
attainment reduce vulnerability among women by improving health, dignity, and decision-
making capacity [66,67]. Therefore, the indicators included are women’s domestic violence
attitudes (WDV), GP1I for lower secondary school (GPIL), GPI for upper secondary school
(GPIU), and menstrual hygiene (MH). The formula applied is:

wDV, — GPIL, — GPIU, — MH,

G= 1

The water, sanitation, and hygiene (WASH) dimension (W) is directly linked to water
vulnerability. Lack of access to basic sanitation services (BSSs), higher water insecurity (WI),
and the prevalence of open defecation (OD) indicate a lack of proper water infrastructure
and contribute to water vulnerability [58]. The formula applied is:

—BSS,, — WI,+ OD,

W =
3

Similar to the other dimensions, health issues make populations more vulnerable
to water challenges, and in turn, water challenges increase health problems. Heavy
metals released from textile dye production contribute to increased under-five mortality
(UEM) [68-70] and negatively affect early childhood development (IECD) through contam-
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inated water exposure [8]. In Dhaka, skin diseases and diarrhea are found to be twice as
high in areas proximate to textile factory clusters [68]. According to UNICEF (2023), water
pollution causes an increase in UFM and increases the risks of underweight and diarrhea
among children [7,70]. Access to clinics and doctors is, therefore, important to reduce
vulnerability. Accounting for these factors, the health dimension (H) includes under-5 child
mortality (UFM), underweight (U), insufficient early child development (IECD), physicians
density (PD), and community clinic density (CCD). The formula is:

UrM, + U, + IECD, — PD,, — CCD,,
5

H =

The flow and volume of water in Dhaka vary throughout the year due to a monsoon
climate, resulting in heavy rainfall from June to October (Kharif) and a dry period from
October to March (Rabi). Due to these seasonal patterns, Dhaka relies on rivers to absorb
monsoon rain, refill aquifers, and store water for the dry season, a process that is exposed
to extreme weather, more intermittent rainfall and droughts, rising temperatures and sea
levels, and anthropogenic pollution [3]. As a result, Dhaka’s extensive river system raises
the risk of flooding and further threatens water security. These climate-related indicators
have a direct impact on water vulnerability. Therefore, the climate dimensions (C) include
intensive river flood (IRF), drought risk Rabi (DRR), and drought risk Kharif (DRK). The

formula applied is:
IRF, + DRR, + DRK,

3
All the indicators with “n” are considered the normalized value. The final step of the

C=

MCA involved adding the scores of each dimension together to assess the overall water
vulnerability within the subdistricts of Gazipur, Dhaka, and Narayanganj, building on the
various dimensions outlined in preceding paragraphs. The formula applied to calculate the

WVTIis:
D+SE+G+W+H+C

6

The Supplementary Materials (Table S1) outline the various dimension scores and

WVI =

rankings across 57 subdistricts in Dhaka, Gazipur, and Narayanganj. This divides the
subdistricts into three categories: high (red), moderate (blue), and low (green) vulnerability.
The selection of indicators was limited by data availability across subdistricts. Unfortu-
nately, no large-scale or consistent data on textile factories or water quality were available,
making it difficult to include these dimensions in the WVI directly. Disaggregated data
across the three admin levels is difficult to find, constraining the selection of indicators to
those available in the INFORM Dataset. In addition, the selected indicators come from vari-
ous sources and years; therefore, the data do not reflect the same point in time. Moreover,
some indicators, such as GPIL and ULU, provided data only at the district level, resulting in
similar values across subdistricts. Given that most indicators within the gender dimension
only provided data at the district level, it was not possible to evaluate differences between
subdistricts within this dimension.

4. Results
4.1. River Water Pollution in Dhaka, Gazipur, and Narayanganj

Figure 4 shows the pH, DO, COD, BOD, and TDS levels across the five rivers of obser-
vation. The DO measurement indicates that values under 4 mg/L signal high pollution. DO
concentrations below this threshold will cause a decline in aquatic fish species over time
due to low oxygen levels, which will carry spillover impacts for the fishing industry [30,31].
The graph shows that 17 of the 23 observation sites (Figure 4) have an average DO concen-
tration below 4 mg/L, and only one observation had a safe DO level at 6.31 mg/L, which
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DO mg/L levels (2023)

was at Hazaratpur in the Dhaleswari River. In addition, the results from the Shitalakhya,
Buriganga, and Balu Rivers reveal very low DO levels, indicating high pollution, whereas
the observations in the Turag and Dhaleswari Rivers demonstrate moderate pollution. The
Trimohoni Bridge in the Balu River had the lowest DO observation at 0.47 mg/L, showing
very high pollution. Taken together, the average DO levels for all rivers in Dhaka, Gazipur,
and Narayanganj in 2023 indicate high pollution levels [28].

BOD mg/L Levels
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Figure 4. DO, BOD, COD, TDS, and pH Levels in Shitalakhya, Turag, Buriganga, Dhaleswari, and
Balu Rivers.

The BOD levels across the five rivers indicate poor river health and critical conditions,
as values between 4 and 6 mg/L indicate moderate pollution, while those of 6 mg/L and
above are classified as high pollution. Figure 4 shows that the Shitalakhya, Turag-Tongi
Khal, Buriganga, and Balu Rivers have BOD levels above 6 mg/L across observation
sites, while the Dhaleswari River showed BOD levels indicating moderate pollution. The
Ruhitpur site in the Dhaleswari River is the only observation with safe BOD Levels at
2.85 mg/L, while Murapara (Rupgonj) in the Shitalakhya River had the most elevated BOD
levels at 44.163 mg/L, which show extremely high pollution. Taken together, 17 of the
23 observation sites had an average BOD concentration exceeding 6 mg/1. For instance, the
Trimohoni Bridge in the Balu River showed an average BOD concentration of 29.7 mg/1,
while the Majira Demra Ghat and Murapara (Rupgonj) in the Shitalakhya River showed
an average BOD concentration of 44.16 and 14.56 mg/1, which indicates very high organic
pollution levels.

COD is considered a standard textile dye indicator because toxicity positively cor-
relates with COD in different effluents [38,71]. Figure 4 outlines the average COD levels
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by observation site and shows that values between 25 and 50 mg/L indicate moderate
pollution, while values over 50 mg/L are classified as high pollution. The graph indicates
that the Shitalakhya and Buriganga Rivers experience moderate pollution, whereas the
Dhaleswari and Turag Rivers have low-to-safe pollution levels. However, the Balu River
has the highest average pollution levels, since the Trimohoni Bridge had an average COD
level of 76.25 mg/L. Therefore, the Balu River and the Buriganga River demonstrate the
highest pollution. Taken together, 14 of 23 observations showed an average COD con-
centration between 25 and 50 mg/L, indicating moderate pollution. Taken together, the
Shitalakhya, Turag, Buriganga, Dhaleswari, and Balu Rivers, which flow through Dhaka
Division, are experiencing significant pollution, with most DO, BOD, and COD values
exceeding safe levels for the surrounding communities and ecosystems.

On the contrary, Figure 4 illustrates that the average TDS values are within safe levels.
As the graph shows, all values across the 23 observations are below 500 mg/L. As a result,
this implies that the prevalence of dissolved inorganic concentrations, such as salt, is not too
high, even though salt is often used in high quantities during textile dye production [10].
Similarly, Figure 4 shows that the average pH values are within safe levels (between 6.5
and 8.5) across all 23 observations in Shitalakhya, Turag, Buriganga, Dhaleswari, and Balu
Rivers. The pH scale shows the basic or acidic levels present within the water, in which
a pH of less than 7 is acidic and a pH greater than 7 is basic [28]. This suggests that the
water is neither too acidic nor too basic; therefore, the river pollution levels are unrelated to
this indicator.

The average pH and TDS values across all observation sites are within safe levels.
However, the average BOD, COD, and DO levels demonstrate moderate-to-high pollution
across most observation sites. This indicates that high organic and chemical pollution levels
are present in the rivers included in this analysis, but there are safe levels of dissolved
inorganic solids (TDSs) and no significant acidification or alkalinization (pH) of the river
water. In conclusion, the Balu River has the highest pollution level, the lowest incidence of
DO, and the highest elevated BOD and COD levels. The Buriganga, Turag, and Shitalakhya
Rivers also demonstrate significant pollution, with the average DO, BOD, and COD levels
exceeding high-pollution classifications. For instance, the Shitalakhya River shows elevated
pollution levels within three observation sites. On the contrary, Dhaleswari has the lowest
pollution among the five rivers, with DO concentrations within safe levels across four out
of five observations, as well as BOD and COD within safe-to-moderate pollution levels
across all observation sites.

Only a few water observation points were in proximity to the textile dye clusters
mapped in Figure 2. For instance, the Ashulia textile cluster near the Turag River had
low DO levels (2.78), high BOD levels (12.35), and moderate COD (26.11) levels. The
two observation sites in Tongi Khal near the Tongi textile cluster show high DO (2.80/3.29),
high BOD (14.07/9.41), and moderate COD levels (33.2/31.38). The Shitalakhya River is
close to Narayanganj and Jamalpur textile clusters and shows contrasting results. Near
the Narayanganj textile cluster, the results show low DO (1.76), high BOD (10.36), and
high COD (42.67) levels, while near the Jamalpur textile clusters, both DO (4.20), BOD
(4.40), and COD (17.75) were within safe levels. All three observation points near the
Dhaka textile hub along the Buriganga River show high pollution, as DO (2.68/2.61/1.70),
BOD (13/10.67/12.22), and COD (39.1/53.44/31.56) levels exceed safe levels. This shows
that water quality near the textile clusters where observations were available generally
exceeds pollution thresholds, signaling alarming environmental degradation linked to
industrial discharge.
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4.2. Access to Basic Drinking Water

Water insecurity is unequally felt across Bangladesh. According to the INFORM data,
the average access to clean drinking water is 80% among the subdistricts [29]. However,
Figure 5 illustrates that access to drinking water varies extensively across the country’s
subdistricts and within Dhaka Division, which indicates insufficient distribution and signifi-
cant water inequality. The dark blue subdistricts show that over 83% of their population can
access reliable drinking water. By contrast, the white-colored subdistricts indicate that less
than 17% of their population can access basic drinking water. Figure 5(1) shows that most
subdistricts in Bangladesh have over 83% of their population with access to basic drinking
water. However, as shown in Figure 5(2), central Dhaka is one of the most water-insecure
areas within the country. This is despite the area being the most densely populated and
hosting many industrial zones that rely on water for their production, thereby amplifying
pressure on existing clean water resources. Figure 5(3) shows that out of Dhaka, Gazipur,
and Narayanganj Districts, Dhaka is the most water-insecure area. This also indicates that
the textile clusters are in subdistricts that host communities with access to clean water,
which falls below the national average. For instance, the Savar, DEPZ, and Ashulia textile
hubs are located in Savar, where only 66.9% of the population can access reliable drinking
water. Moreover, Tongi and Gazipur textile clusters are situated in Gazipur, with 38.9% of
the population having access to basic drinking water. This falls to 19.6% within the Tejgaon

industrial area of Dhaka.

Figure 5. Access to basic drinking water across Bangladesh (1), central area of Bangladesh (2), Dhaka,
Gazipur, and Narayanganj (3).

Although central Dhaka is experiencing high water insecurity, subdistricts with textile
clusters coincide with a high percentage of the population lacking access to basic drinking
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water. Although water insecurity is amplified by the use of textile dyes and pollution of
water resources, other factors also influence water insecurity, including social, economic,
and environmental trends. These include changes in surface water, industrial growth,
agriculture, urbanization, population density, and droughts. In addition, the subdistricts in
central Dhaka that experience high water insecurity are also Bangladesh’s most densely
populated subdistricts. This illustrates that the absolute number of people lacking access
to water constitutes a significant proportion of the overall national population, indicating
that the average access to basic drinking water across the country is much lower when
accounting for population size. This is supported by Water.org (2023), which states that 40%
of the total population of Bangladesh lacks access to safe and reliable drinking water [72].
Consequently, there is an urgent need to improve access to clean water in the central area
of Dhaka.

4.3. Water Vulnerability Index (WVI)

Many factors exacerbate water vulnerability, including demographics, socioeconomics,
gender, WASH, health, and climate change. The WVI results include a set of maps disag-
gregated by each of these dimensions and a combined WVI score and map to show which
areas are most vulnerable and less likely to cope with water use and pollution arising
from textile dye production. The subdistricts are grouped by low, moderate, and high
vulnerability as shown in Table S1.

4.3.1. Demographic Dimension of WVI

Figure 6 demonstrates the results of the demographic dimension of the WVI and shows
that Bangshal (0.50) and Kotwali (0.32) in Dhaka District, which border the Buriganga
River and are in proximity to Dhaka’s textile cluster, experience the highest demographic
vulnerability. Savar (0.28) and Gazipur Sadar (0.26), which also host a lot of textile fac-
tories, experience high demographic vulnerability. As shown in Table S1 and Figure 6,
Tejgaon Ind. Area (0.088) and Uttara (0.069) in central Dhaka show the lowest levels of
demographic vulnerability.
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Figure 6. Demographic dimension of Dhaka, Gazipur, and Narayanganj.
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The PD indicator shows that Bangshal, Lalbagh, and Chak Bazar in Dhaka are the
most densely populated subdistricts on the map. UPG reveals that Kotwali (13%) has the
highest urban population growth, while Gazipur Sadar and Savar are experiencing annual
increases of 8% and 9%. In contrast, Tejgaon Ind. Area in Dhaka (—7%) experienced the
highest degrowth among the subdistricts. The PLS indicator reveals that Gazipur Sadar
(27%) in Gazipur, as well as Kadamtali (19%), Adabor (18%), and Pallabi (17%) in Dhaka,
host the largest proportions of urban dwellers living in slums. It is worth noting that
Gazipur Sadar is home to significant textile clusters, including Tongi and Gazipur, with
the highest number of people living in slums among the subdistricts depicted on the map.
Women-headed households are one of the most vulnerable groups [29]. The WHH indicator
shows that Dohar in Dhaka had the highest level of women-headed households at 29.7%,
while Savar, Gazipur Sadar, and Kaliganj had rates of 12.4%, 11.5%, and 9.3%, respectively.
Female-headed households are one of the most water-vulnerable groups and are generally
marked by the absence of an adult male earner, lower incomes, and greater exposure to
other socioeconomic risks and disadvantages [29]. Taken together, Figure 6 shows that
when the results of the four indicators are combined, the textile hubs of Savar and Dhaka
are characterized by a greater incidence of demographic vulnerability.

4.3.2. Socioeconomic Dimension of WVI

Figure 7 shows the socioeconomic dimensions of the WVI, and Tejgaon Ind. Area
(0.317), Paltan (0.324), and Shahbagh (0.374) in Dhaka had the highest socioeconomic (SE)
vulnerability. In addition, Kaliganj (0.250), home to the Jamalpur textile area, showed high
levels of SE vulnerability. For income inequality (II), data were only available at the district
level and show that Gazipur (0.349), Dhaka (0.38), and Narayanganj (0.396) have similar
income inequality levels. By contrast, poverty (P) was more widely calculated and was
substantially differentiated across the subdistricts. For instance, Cantonment and Adabor
in Dhaka had the highest poverty levels at 35.2% and 28.6%, while Gulshan and Nawabganj
had the lowest levels at 0.4% and 0.7%. Savar (3.1%), Tejgaon Ind. Area (4.3%), and Gazipur
Sadar (8.8%) showed relatively low levels compared to other subdistricts. In addition,
unsustainable livelihood unemployment (ULU) was highest in Narayanganj District at
36.14%, while Gazipur and Dhaka had 18.36% and 20.5%. In addition, child labor (CL)
rates in Narayanganj and Dhaka were 5.8% and 5.6%, respectively, while in Gazipur, the
rate was 9.6%. Moreover, Shahbagh and Tejgaon Ind. Area have the highest proportion of
the population with no permanent home (FP), while Savar had the fourth lowest among
the subdistricts on the map. Taken together, water-related challenges can deepen SE vulner-
ability, while SE conditions, such as livelihood, poverty, inequality, informal settlements,
and child labor, shape the ability to cope with increased water challenges.

4.3.3. Gender Dimension of WVI

Figure 8 displays the gender dimension of the WVI. For all indicators, the data was
only provided at a district level, resulting in the same values for the subdistricts. In addi-
tion, most indicators in this dimension reflect a decrease in vulnerability, which is why the
collective score is negative. Narayanganj District had the lowest levels of gender vulner-
ability at —0.312, while Dhaka scored —0.263, and Gazipur scored —0.1544. The results
from each indicator showed that in Dhaka, 20.3% of women believe domestic violence is
justifiable (WADV), while this is 24.3% for Gazipur and 28.6% in Narayanganj. The GPIL
and GPIU indicators show that Narayanganj (1.41 and 1.45) had a higher proportion of
girls enrolled in lower and upper secondary school compared to boys. Although these
results were lower for Gazipur (0.95 and 1.11) and Dhaka (1.14 and 1.25), the measures still
show that more girls than boys are enrolled in upper secondary schools, contributing to
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lower gender vulnerability. The results from the MH indicator show that 94.8% of people
in Gazipur, 97.2% in Dhaka, and 95% in Narayanganj have access to menstrual hygiene. As
a result, the gender vulnerability is low across the three districts considered, and although
the map presents different colors, the difference is small across the three districts. Taken
together, gender vulnerability to water-related challenges is influenced by various factors,
including women'’s education levels, exposure to violence, and access to menstrual hygiene.
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Figure 7. Socioeconomic dimension of Dhaka, Gazipur, and Narayanganj.
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Figure 8. Gender dimension of Dhaka, Gazipur, and Narayanganj.
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4.3.4. WASH Dimension of WVI

Figure 9 outlines the WASH dimension of the WVI and shows that the most WASH-
vulnerable subdistricts are in central Dhaka, particularly Shah Ali (—0.110), Kotwali
(—0.130), and the Tejgaon Ind. Area (—0.166), which house textile dye factories and exhibit
elevated levels of WASH vulnerability. In contrast, Dohar (—0.52) and Nawabganj (—0.50)
in Dhaka had the lowest WASH vulnerability, as shown in Table S1. When separating the re-
sults by indicators, access to basic sanitation and drinking water varies significantly across
the subdistricts. For instance, the Bangladesh Bureau of Statistics (BBS) reports that only
6.51% of the population in Araihazar and 6.64% in Rupganj within Narayanganj District
have access to basic sanitation, rising to 97.52% in Mohammadpur and 90.24% in Lalbagh,
both in Dhaka. Subdistricts known for textile dye production, such as Tejgaon Industrial
Area, Gazipur Sadar, and Savar, have access to sanitation at 31.63%, 37.57%, and 31.63%
respectively. The situation regarding access to basic drinking water is of concern in New
Market, Paltan, and Chak Bazar, where only 0.7%, 1.1%, and 5.5% of the population have
access. Although the number is higher, access to drinking water remains low in Tejgaon
Industrial Area, Gazipur Sadar, and Savar, where access is reported at 19.6%, 38.9%, and
66.9%. Open defecation practices are low across these subdistricts. In Tejgaon Industrial
Area, Savar, and Gazipur Sadar, only 1.15%, 1.15%, and 0.565% of the population engage
in open defecation. However, the subdistrict of Dhamrai in Dhaka reports the highest
percentage of open defecation at 7.92%.
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Figure 9. WASH dimension of Dhaka, Gazipur, and Narayangan;.

4.3.5. Health Dimension of WVI

Figure 10 illustrates the health dimension of the WVI. Similar to the gender dimension,
some indicator values were only provided at the district level, and therefore, results appear
to be the same across subdistricts. The map shows that Savar (0.1628) has the highest health
vulnerability. This area hosts many textile dye factories and borders the Dhaleswari River,
which connects to the Buriganga River. Both are polluted by industrial effluent.
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Figure 10. Health dimension of Dhaka, Gazipur, and Narayanganj.

Tejgaon Ind. Area (0.156) also shows high health vulnerability. Moreover, the in-
dicators illustrate that Dhaka District has 22.9 per 1000 under-5 child mortality, while
Narayanganj and Gazipur have 24.2 and 28.3 per 1000. Dhaka has 13.3% of children not on
track in at least three development domains (IECD), while Narayanganj and Gazipur have
16.3% and 16.2%. Although there are relatively few differences across districts, Narayan-
ganj and Gazipur demonstrate a higher level of UFM and IECD vulnerability. On the
contrary, severe underweight among children under 5 years in Dhaka was 6.6%, more than
double that in Narayanganj (2.5%) and Gazipur (3%). Narayanganj Sadar (0.4 and 0.83) and
Savar (0.5 and 1) had the lowest numbers of doctors (PDs) and community clinics (CCs)
per 1000 people. However, Dohar (4.8) and Nawabganj (6.1) in Dhaka have the highest
numbers of doctors, while Kaliganj in Gazipur has the most clinics. Most subdistricts,
including Gazipur Sadar, have around 0.94 doctors per 1000 people.

4.3.6. Climate Dimension of WVI

Figure 11 shows the climate dimension of the WVI. The map indicates that the entire
Gazipur District, including Kaliganj (0.371) and Gazipur Sadar (0.371), is highly climate-
vulnerable. Similarly, Uttar Khan (0.38) in Dhaka, which borders the Tongi textile hub and
Savar (0.317), shows high vulnerability. The DRK indicator shows that the subdistricts Uttar
Khan, Dakshinkhan, Kaliganj, Gazipur Sadar, and Savar have the highest risks of extensive
drought during monsoon seasons, while the DRR indicator shows that the Gazipur Sadar,
Kaliakair, Kaliganj, Turag, Uttar Khan, and Savar subdistricts are at high risk of extensive
drought during dry seasons. In addition, the IRF indicator illustrates that Dohar (97%),
Keraniganj (34%), and Savar (10%), located near the Dhaleswari River, and Narayanganj
Sadar (15%), located near the Shitalakshya River, have a high percentage of area exposed to
extensive river flooding. Taken together, the climate dimension indicates that the textile hub
areas of Kaligangj, Gazipur, and Savar are more climate-vulnerable than other subdistricts
presented on the map. Climate and water vulnerability are closely linked, as climate
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impacts floods and droughts, worsens water scarcity and quality, and makes people more
vulnerable to water-related challenges.
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Figure 11. Climate dimension of Dhaka, Gazipur, and Narayangan;.

4.3.7. WVI

The WVI results combine the values of all six dimensions and are visualized in
Figure 12 and Table S1. The main map covers Gazipur, Dhaka, and Narayanganj Districts,
including the textile dye hubs and the rivers of interest. These three districts comprise
57 subdistricts (Upazilas), in which Gazipur Sadar (0.10) and Kaliakair (0.078) in Gazipur
are the most water-vulnerable, followed by Dakshinkhan (0.072), Uttar Khan (0.071), Kot-
wali (0.062), and Savar (0.061) in Dhaka. Gazipur Sadar hosts Gazipur and Tongi textile
hubs and has the highest water vulnerability. In addition, the Dakshinkhan and Uttar
Khan subdistricts border the Tongi textile hub and are situated near the Tongi Khal River.
Savar subdistrict encompasses the Dhaleswari and Turag Rivers and features multiple
textile hubs, including Savar, DEPZ, and Ashulia. The Dhaka Export Processing Zone
(DEPZ) was established in 1993 and is 35 km from Dhaka’s city center [73]. As a result,
the map shows that Gazipur and parts of Dhaka have a higher level of water vulnerability
compared to Narayanganj District. On the contrary, the subdistricts Kaliganj (—0.039)
in Gazipur, Nawabganj (—0.037), and Dhamrai (—0.014) in Dhaka, as well as Sonargaon
(—0.017), Araihazar (—0.011), and Bandar (—0.008) in Narayanganj, show the lowest levels
of water vulnerability on the map.

As shown in Table S1, the vulnerability levels change when disaggregated by each
dimension and show that subdistricts with the highest overall vulnerability are not nec-
essarily the most vulnerable within each dimension. For instance, within demographics,
Bangshal (0.50), Kotwali (0.32), Savar (0.28), and Sadar (0.26) demonstrate high vulnerabil-
ity. The socioeconomic dimension highlights heightened vulnerability within Tejgaon Ind.
Area (0.317), Paltan (0.324), and Shahbagh (0.374) in Dhaka, as well as in Kaliganj (0.250),
home to the Jamalpur textile area. On the gender dimension, Gazipur (—0.1544), followed
by Dhaka (—0.263), and then Narayanganj (—0.312), have the most elevated vulnerability.
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Central Dhaka has the most WASH-vulnerable subdistricts, including Shah Ali (—0.110),
Kotwali (—0.130), and Tejgaon Ind. Area (—0.166). Savar (0.1628) has the highest health
vulnerability, followed by Kotwali (0.156) and Tejgaon Ind. Area (0.156). Finally, the results
indicate that Savar, Gazipur Sadar, Kaliganj, Uttar Khan, and Dakshinkhan are the most
climate-vulnerable subdistricts and are known for their textile dye production.

236'N

w— Rivers

Bl Toxtile Hub

Water Vulnerability Index
[]-0.039-0.002 20N
0.002-0.015

I 0.015-0.032

I 0.032-0.053
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Figure 12. Water Vulnerability Index results of Dhaka and Bangladesh.

5. Discussion
5.1. River Pollution, Water Insecurity, and Water Vulnerability Index

Textile dye production relies on significant amounts of clean water and toxic chemicals,
which impact local water resources and are, therefore, found to be a major driver of
water-related challenges. This paper reveals that the quality and quantity of the existing
water resources in Dhaka, Gazipur, and Narayanganj are increasingly scarce and highly
polluted. The average BOD, COD, and DO levels indicate moderate-to-high pollution
across observation sites (Figure 4). This suggests elevated levels of organic and chemical
pollution in the rivers analyzed, affecting ecosystems and communities that depend on
these rivers. The Balu River exhibits the highest levels of pollution, characterized by the
lowest DO and the highest BOD and COD levels (Figure 4). The Buriganga, Turag, and
Shitalakhya Rivers also show high pollution, while the Dhaleswari River shows safe-to-
moderate pollution (Figure 4). These results confirm the findings in existing studies, which
reveal that these rivers are heavily polluted by anthropogenic activity [14,34-36,41,42]. As
a result, the high level of river pollution in Dhaka, Gazipur, and Narayanganj renders
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the water unsuitable for basic uses, including domestic consumption, drinking, fishing,
irrigation, and industrial purposes.

Although textile dye production in these areas has contributed to robust economic
growth, not every community and subdistrict is benefiting from this trend [10]. As shown in
Figure 5, this study identifies central Dhaka as the most water-insecure area in Bangladesh,
with some subdistricts showing that only 17% have access to basic drinking water. The
findings indicate that access to basic drinking water in Dhaka, Gazipur, and Narayanganj is
below the national average. Notably, only 0.7% of New Market has access to basic drinking
water, contrasting with the 96% access rate in the Nawabganj subdistrict (Figure 5). This
shows high water inequality across Bangladesh and within Dhaka District. In Gazipur
Sadar, which includes the Tongi and Gazipur textile hubs, 38.9% of the population has
access to basic drinking water, which increases to 66.9% in Savar, with both below the
national average. This suggests that existing clean water resources may be prioritized for
industry use over domestic needs and that the textile dye industry significantly contributes
to water insecurity in the region due to substantial pollution of rivers and groundwater
depletion [10].

The ability to cope with water-related challenges is determined by many factors,
including demographics, socioeconomics, health, WASH, gender, and climate change. The
WVl illustrates that vulnerability fluctuates across subdistricts and dimensions. Figure 12
shows that Gazipur Sadar has the highest water vulnerability levels within Dhaka Division,
with a combined WVI score of 0.1. However, this subdistrict scores only moderately high on
demographic (0.256), gender (—0.154), socioeconomic (0.25), health (0.134), WASH (—0.25),
and climate (0.37) vulnerability (see Table S1). This suggests that no single dimension is
critical, but a combination of factors contributes to overall water vulnerability. Dakshinkhan
(0.072) and Uttar Khan (0.071) near the Tongi Textile Cluster and Tongi-Khal River also
show a high risk of water vulnerability. Like Gazipur Sadar, these subdistricts scored
above average across the six dimensions, while only Dakshinkhan showed very high
WASH vulnerability levels. Savar (0.061) in Dhaka, home to many textile dye industries
and situated between the Turag and the Dhaleswari River, also exhibits significant water
vulnerability. This is influenced by having the second-highest health vulnerability levels.
In contrast, Kaliganj (—0.039) in Gazipur and Nawabganj (—0.037) and Dhamrai (—0.014)
in Dhaka, as well as Araihazar (—0.011) and Bandar (—0.008) in Narayanganj, have among
the lowest levels of water vulnerability. As a result, while Gazipur and parts of Dhaka
are found to be at the highest risk of water vulnerability, Narayanganj District exhibits the
lowest overall risk. Taken together, when disaggregating by vulnerability dimensions, the
findings indicate that lowering water vulnerability cannot be resolved through a singular
solution but instead demands multi-faceted responses that address several factors at once.

Given the range of chemicals used in textile dye production and the limited data
available, there is a need to observe a broader range of water quality indicators, including
synthetic dyes, heavy metals, microplastics, and PFAS concentrations. This will enable a
more direct and statistical assessment of the impact of textile dye on water quality. Similarly,
large-scale water quality observations across subdistricts would allow future WVIs to
include a water quality dimension. These techniques could be applied in other South Asian
countries or to countries such as China with high levels of textile dye production [12].

5.2. Policy Recommendations

The primary benefit of the WVI under the MDVA approach is to support the iden-
tification of the most vulnerable areas and inform targeted policy responses. To reduce
water pollution, minimize inequalities of water access across subdistricts, and strengthen
communities’ resilience to cope with future water challenges in Dhaka, this paper proposes
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the following recommendations: Based on the spatial distribution of water pollution and
insecurity outlined in this paper, stricter pollution limits and more frequent monitoring
and enforcement could be imposed in high-risk areas around textile dye clusters, such as
Savar, Gazipur, and central Dhaka. The introduction of Pollution Control Priority Areas
(PCPAs) around the Buriganga, Balu, Shitalakhya, and Turag-Tongi Khal Rivers would
safeguard citizens’ health and well-being. Within these zones, stricter pollution standards,
mandatory monitoring, and targeted enforcement actions could be implemented to opti-
mize the allocation of governments’ regulatory and financial resources. In addition, given
that clean water is scarce and declining, this paper proposes a pro-poor water allocation
model where the most water-vulnerable and water-insecure subdistricts are prioritized.

The PCPAs can be supported by a tiered pricing system where water use beyond a
certain amount is charged at a higher rate, which would target industry use and improve
water efficiency while ensuring that local communities are not overcharged for domestic
water use. The revenues generated could be used for water infrastructure and WASH
facilities in areas like the Tejgaon Ind. Area in Dhaka due to its high water scarcity and SE
vulnerability. In addition, to tackle vulnerability across subdistricts, the WVI highlights
the need for more targeted investments in Gazipur Sadar, Dakshinkhan, and Uttar Khan,
among others. It also shows that vulnerabilities differentiate across dimensions within each
subdistrict, and efforts in each subdistrict should be tailored to dimensions with the highest
vulnerability levels, as shown in Table S1.

However, improving the quality and quantity of water resources in Dhaka will demand
various policy interventions, including chemical regulations in textile dye production to
minimize pollution. Given that the textile supply chains operate globally, more international
efforts are needed to monitor, regulate, and ban toxic chemicals to improve the quality and
quantity of local water resources around production sites. The Bangladesh Government
has introduced several attempts to minimize industrial pollution and protect the natural
resources that producers depend on for their continued operation and existence. The
Bangladesh Environment Conservation Act 1995 mandated measures to regulate discharge
and promote safer waste disposal [74]. In 2009, the Department of Environment declared
Dhaka’s rivers ecologically critical [14]. A decade later, the High Court of Bangladesh ruled
that these rivers are “legal entities” with similar rights to living things [14]. Despite these
efforts to minimize pollution and protect water resources, the issue remains critical and
unresolved, which underscores the need for both global, national, and local policy efforts.
Therefore, further research on how anthropogenic pollution impacts various aspects of
vulnerability in Dhaka could be explored to reveal the local impact of global textile supply
chains and support the need for stronger international action. More water quality data and
pollution monitoring are needed across subdistricts beyond the conventional measures
used in this study to assess multidimensional water vulnerability adequately. Currently,
limited synthetic dyes, PFASs, and microplastics, among others, remain to be assessed
in Dhaka.

6. Conclusions

Textile dye factories are concentrated in Dhaka, Gazipur, and Narayanganj. Due to
their high use of clean water and chemicals, these factories contribute to river pollution
and groundwater depletion. Based on data from Bangladesh’s Department of Environment,
this paper finds that four of the five rivers are highly polluted. Balu River has the highest
pollution, with the lowest DO concentration and the highest BOD and COD levels. Buri-
ganga, Turag-Tongi Khal, and Shitalakhya Rivers were also highly polluted. By contrast,
the Dhaleswari River has the lowest pollution level, with safe DO levels across four out
of five observations, as well as BOD and COD levels within safe-to-moderate pollution
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levels across all sites. In addition, this paper evaluates access to basic drinking water and
finds significant disparities across Bangladesh and within Dhaka Division. The results
show that access to basic drinking water within many Dhaka, Gazipur, and Narayanganj
subdistricts is below the national average. For instance, in Gazipur Sadar, which includes
the Tongi and Gazipur textile hubs, 38.9% of the population has access to basic drinking
water, which increases to 66.9% in Savar. In addition, this study identifies central Dhaka as
the most water-insecure part of Bangladesh and the most densely populated, with many
subdistricts only showing 17% having access to basic drinking water. Subdistricts with
textile dye production show high water insecurity, which may suggest that existing clean
water resources are prioritized for industry use over domestic needs.

After assessing water-related challenges in the study area, this paper developed and
mapped a WVI based on six dimensions—demographics, socioeconomics, gender, WASH,
health, and climate—including 25 indicators from the INFORM Risk Index. As many factors
shape the ability to cope with water challenges, this helps identify which subdistricts are
more vulnerable and which drivers contribute to this vulnerability. Gazipur Sadar has
the highest water vulnerability within Dhaka Division, with a combined WVI score of
0.1. Dakshinkhan (0.072) and Uttar Khan (0.071) near the Tongi Textile Cluster and Tongi-
Khal River also show a high risk of water vulnerability. Savar (0.061) in Dhaka, home to
textile dye industries and situated between the Turag and Dhaleswari Rivers, also exhibits
significant water vulnerability. When disaggregated, no single dimension was found to be
critical within the most vulnerable subdistricts. Rather, a combination of factors collectively
contributes to water vulnerability in these areas.

Taken together, this paper finds that four out of five of the main rivers are experi-
encing high water pollution, that there is high water inequality across Dhaka, Gazipur,
and Narayanganj’s subdistricts, and that many subdistricts in central Dhaka are extremely
water-insecure as well as being densely populated. Lastly, this paper highlights that
Gazipur Sadar is the most at-risk subdistrict for water vulnerability and that all subdistricts
known for their textile production face higher risks of water insecurity and vulnerabil-
ity than Dhaka Division’s surrounding subdistricts. As a result, more policy efforts are
needed to minimize anthropogenic pollution in Dhaka, Gazipur, and Narayanganj while
strengthening resilience in the most vulnerable subdistricts.
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