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Preface 

Water resources, environmental sustainability, and community resilience are crit-
ical global challenges that require innovative approaches and solutions. This book 
“Sustainable Water Management and Environmental Resilience” presents a collec-
tion of selected papers from the 9th International Conference on Water and Flood 
Management (ICWFM), held from October 14 to 16, 2023, in Dhaka, Bangladesh, 
highlighting research efforts aimed at tackling key challenges in water management, 
sanitation, ecosystem conservation, and climate adaptation. The book addresses 
broader hydrological and environmental concerns, including the hydrologic alter-
ation of major rivers, pollution in coastal waters, and the impact of infrastructural 
projects on water quality. The studies on erosion monitoring, water security, and the 
effectiveness of nature-based solutions emphasize the synergy between technology, 
governance, and community-driven interventions. 

We firmly believe that this collection will be beneficial to researchers, policy-
makers, and practitioners working in water resources management, environmental 
conservation, and sustainable development. We hope that this book will inspire 
further research and innovation in addressing critical challenges, particularly in 
vulnerable regions like Bangladesh and beyond. 

We extend our sincere gratitude to the members of the Scientific Committee 
and the reviewers for dedicating their valuable time to reviewing the papers. Our 
appreciation also goes to Springer Nature for publishing this volume. This serves as 
a strong incentive for early-career researchers to participate in the conference and 
showcase their work. 

Dhaka, Bangladesh Prof. G. M. Tarekul Islam 
Dr. Sonia Binte Murshed 

Dr. Shammi Haque
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Chapter 1 
Assessment of Hydrologic Alteration 
for the Ganges River in Bangladesh: 
A Pre and Post Farakka Barrage 
and Treaty Scenario 

Md. Reaz Akter Mullick, Shyamal Acharya, Md. Hazrat Ali, 
Md. Abu Sayed, and Saima Zaheen 

Abstract This study investigates the hydrological alteration of the Ganges River in 
the context of three distinct periods: pre-Farakka (1960–1975), post-Farakka (1976– 
2019), and the post-Ganges Water Sharing Treaty (GWT) period (1997–2019) using 
Indicators of Hydrologic Alteration (IHA) software. The Ganges River, shared by 
India, China, Nepal, and Bangladesh, is vital for the socio-economic and environ-
mental well-being of the region. The Barrage at Farakka that was constructed in 
1975 altered the natural flow of the Ganges, impacting downstream riparian country 
Bangladesh. Despite a water sharing agreement in 1977 and subsequent treaties, 
unilateral withdrawals by India persisted, leading to major impact to the downstream 
riparian as well as river health. With the historical discharge data of the Hardinge 
Bridge point the IHA software was used to assess the hydrologic alteration for the 
Ganges River in Bangladesh. Results show that some improvement has been achieved 
in post treaty period regarding river hydrology. The Hydrologic Alteration (HA) in 
pre-treaty period was 59 whereas in post-treaty period the HA is 55. However, Envi-
ronmental flow parameters are suffering significantly in the post Farakka period.
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The findings contribute valuable insights for policymakers seeking to balance water 
sharing, economic needs, and ecological sustainability in the Ganges basin. 

Keywords Ganges river · Farakka barrage · Hydrologic alteration · Ganges water 
sharing treaty · Environmental flow 

1.1 Introduction 

The Ganges basin is located in between 70° E to 88° 30' E and 21° N to 31° N 
[13] and shared among four countries, with India having the highest percentage at 
79%, followed by Nepal at 14%, Bangladesh at 4%, and China at 3% [12]. Both the 
monsoon-driven precipitation during July–October and snow melting in Himalayas 
during the dry season (April–June) contribute to the Ganges flow [16]. Flowing down 
from Nepal, the Ganges is feed from four major tributaries namely, the Mahakali, the 
Gandak, the Kosi and the Karnali. According to Islam [10], these tributaries account 
for approximately 41% of the Ganges annual flow and about 71% of its dry season 
flow. Rising on the southern slopes of the Himalayas at Gangotri, the river flows 
east through the Indian states of Uttar Pradesh, Bihar and West Bengal to the border 
of Bangladesh. Approximately 407 million people from China, India, Nepal, and 
Bangladesh rely on the Ganges for their livelihoods and daily needs [5]. 

The basin share of Bangladesh is very small compared to India and Nepal; 
however, both for socio-economically and environmentally the country critically 
depends on the river. The unceasing supply of water from the upstream transboundary 
rivers (54 entering from India and 3 from Myanmar) is critically important for agri-
cultural, industrial and domestic purposes; for maintaining river morphology, main-
taining forestry and fisheries; and for conserving balance of sea water intrusion from 
the Bay of Bengal [12]. Dry season flow is more critical for these issues. The Ganges 
River contributed significantly to the formation of Bangladesh by depositing silt 
(coarse sediment approximately 190 million tons/year) and formed the values and 
culture of its people for ages [18]. The river also supports the endangered species 
such as Ganges River dolphin (Platanista gangetica) along with other important flora 
and fauna [5]. The Ganges River and its flow is essential for maintaining the environ-
ment and ecology in the southwest area of Bangladesh, supporting the livelihoods 
of approximately 30 million people in that region [18]. Particularly in dry season, 
the Ganges depended area of Bangladesh namely the districts of Kushtia, Pabna, 
Jessore, Khulna and Faridpur depend on Ganges flow for irrigation water [14]. Of 
the total annual flow of Ganges, 80% occurs during the monsoon period and thus 
huge groundwater subtraction is observed during the dry period [17]. The Ganges 
flow is also important to retard salinity in the southwest region of the country along 
with and the Sundarbans region [2]. 

Until 1975 meaning that the period before the commissioning of the Farakka 
Barrage, the Ganges flow can be considered was natural and during dry season it was 
sufficient. In order to sustain adequate navigability at the Kolkata port, the Farakka
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Barrage was commissioned on April 21, 1975, located in Murshidabad, West Bengal, 
India. The Farakka point is 17 km upstream from the India-Bangladesh border [10]. 
During the dry season, the dam diverts 1133 cumec of water from the Ganges to the 
Hooghly River, providing salinity-free water supply for Kolkata city and ensuring 
proper navigation at Kolkata port. However, the hydrology of the Ganges became 
changed abruptly after commissioning the barrage. At the Hardinge Bridge point in 
Bangladesh, discharge data from 1934–1995 was analysed, revealing that average 
dry season (January–May) flow was 2340 cumec for the pre-barrage period whereas 
it is approximately 1236 cumec for the post barrage time [13]. Ganges water diverted 
unilaterally by India during the dry season, the government of Bangladesh sought 
a negotiation. After extensive discussions, the first water-sharing agreement was 
signed on November 5, 1977, lasting only five years. This agreement allotted 60% 
of the Ganges flow at Farakka to Bangladesh and included a guarantee clause. After 
its expiration in 1982, two Memorandum of Understandings (MOUs) were adapted 
which did not include any guarantee clause and finally lasted in 1988. India continued 
its hegemony over Ganges water sharing and the lowest diurnal flow from 1989 to 
1995 at Hardinge Bridge was noted to be 267 cumec on April 6, 1993 during no-treaty 
period [18]. 

The significant reduction in flow in the Ganges and its tributaries led to noteworthy 
economic and environmental impacts to the southwestern region of Bangladesh. 
The situation prompted the government to reengage in discussions regarding water 
sharing with India. Ultimately, on December 6, 1996, a 30-year treaty was signed with 
India concerning the sharing of the Ganges water during the dry season. According 
to the treaty, India and Bangladesh each are guaranteed 991 cumec (35,000 cusec) 
of water in alternating three 10-day periods from March 11 to May 10 (Article II), 
as detailed in annexure I [8]. 

The treaty does not contain any dispute settlement mechanism and also there is no 
stating of guarantee clause like 1977 agreement [13]. The treaty, valid for thirty years, 
may be a pioneering step toward resolving the long-term dispute over the Ganges 
flow in the dry season. Analysis shows that while India generally abides by the treaty, 
it unilaterally withdraws water during critical dry periods, affecting regional liveli-
hoods [20]. In the Post-Farakka (1976–2015) time period the maximum, average, 
and minimum flow have decreased by about 22%, 48%, and 72%, respectively 
particularly in the dry season months of January–May and after the Ganges Water 
Treaty (1997–2015), these reductions are around 23, 43, and 65% [14]. This indi-
cates minimal improvement in Ganges flow conditions in Bangladesh in post-treaty 
period. 

Hydrologic alteration is characterized as any adjustment in the timing or quan-
tity of natural river flow and stream flow patterns, often driven by human activi-
ties and climate change [5]. The construction of barrages and dams represents a 
primary source of such anthropogenic hydrologic changes. According to Ghanbar-
pour et al. [6], the scale of dam construction and associated water diversion activ-
ities is substantial, resulting in numerous environmental impacts at both regional 
and local levels, as exemplified by the Farakka Barrage effects on the southwestern 
region of Bangladesh. Ganges river basin flow has been observed as manipulated
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both in upstream and downstream region due to several human induced diversions 
and activities. To understand these alterations there are many available literatures 
which are basically qualitative approaches and give an overall idea on the existing 
situation of the flow regime. In this context, we attempt to evaluate this manipula-
tion in quantitative terms so that this numerical approach of Indicators of Hydro-
logic Alteration (IHA) would assist the policymakers to take decisions regarding the 
allowable extent of hydrologic alteration. In fact, this study is the first to adopt this 
simple and systematic method of IHA for Ganges River flow alteration. This paper 
adds to the current literature on the Ganges basin by evaluating the hydrological 
implication as well as environmental repercussion in Bangladesh caused by India’s 
unilateral water withdrawal at the Farakka barrage. Discharge data (1960–2019) from 
the Hardinge Bridge station in Bangladesh were analysed using the IHA method-
ology. The IHA approach, widely used to assess eco-hydrological impacts from flow 
regime changes due to river management and climate change, employs 33 indica-
tors over five categories: magnitude, duration, timing, frequency, and rate of change. 
This research evaluates Ganges environmental flow management by assessing five 
essential flow components critical to river ecosystem health: extreme low flows, low 
flows, high-flow pulses, low floods, and large floods. 

Based on the available historic data of Ganges flow, this research contains two 
specific objectives; firstly, to assess the hydrologic alteration of post-Farakka (1976– 
2019) period compared to the pre-Farakka period (1960–1975) on Ganges River 
hydrology by using the IHA (Indicator of Hydrologic Alteration) tool. Secondly, to 
identify the rationality of Ganges water sharing treaty by comparing discharges of 
post-GWT with pre-Farakka and post-Farakka but pre-GWT period. 

1.2 Methodology 

1.2.1 Study Area 

The Ganges is one of the main rivers of the Indian subcontinent originating at a height 
of about 10,300 feet in Gangotri glacier on the slope of the Himalayan mountains 
in the Uttar Pradesh, India [18] and flowing about 2510 km on the east direction 
through a vast terrain to the Bay of Bengal [5]. On its way towards the sea, many 
tributaries contribute to its flow from Nepal and India. 

After leaving Uttar Pradesh, the Ganges flows through Bihar, Rohtas and West 
Bengal province [13] (Fig. 1.1a). It starts to flow south after entering West Bengal 
and divides into two arms. The left channel flows eastward and enters Bangladesh as 
shown in Fig. 1.1b and the right channel flows south continuing as the Bhagirathi in 
West Bengal. On the bank of Hooghly (name of Bhagirathi flowing south of Kolkata) 
river the Kolkata port is located. Two tributaries join Ganges at the downstream of 
Farakka—Mahananda and Baral [18]. In Bangladesh, the Gorai, being the primary 
distributary, departs the Ganges around 65 km above the confluence of the Ganges
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Fig. 1.1 a The Ganges River Basin [3]. b The flow path of Ganges River in the downstream with 
the location of Farakka Barrage 

and Brahmaputra rivers [12]. The confluence of the Ganges and Brahmaputra rivers, 
collectively known as the Padma, occurs near Chandpur, where it joins the Meghna. 
The accumulated flow of the three big rivers continues with the name of the Meghna 
and finally empties into the Bay of Bengal. According to Chowdhury and Ward 
[4], the total catchment area of the Ganges Basin is 907,000 km2, with Bangladesh 
accounting for 45,548 km2 (4%) of the total area. Annual rainfall in Uttar Pradesh 
(upper Gangetic Plain) ranges from 760 to 1020 mm, while in Bihars (Middle Ganges 
Plain) it ranges from 1020 to 1520 mm, and in the delta region it ranges from 1520 
to 2540 mm [21]. The average annual precipitation of the basin varies from 800 to 
1200 mm [9] and the average annual discharge from (1949–73) is 12,105 cumec. 
The river is mainly monsoonal 80% of total annual flow occurs in monsoon [11] 
and supports the fishing industry which contributes to the economy of the basin 
area greatly. At Farakka the silt load of the Ganges is 1235 ton per square km per 
year [1] that makes the soil alluvial and fertile for producing various types of crops. 
Thus, a large number of people earn their livelihood depending on the river. It also 
supports important plant species which take an essential part in water conservation 
and soil erosion control [5]. The non-monsoonal water crisis increased largely after 
the commissioning of Farakka dam as evident from several studies. 

1.2.2 Data and Method 

Using April 1–March 31 as a water year, daily discharge data (1960–2019) data 
for the Ganges River as acquired from the Bangladesh Water Development Board 
(BWDB) for the point of Hardinge Bridge station was analysed. The quality of 
BWDB data is high since it is used for preparing various action plans such as Flood 
Action Plan (FAP), National Water Plan (1986) and many other reports. Owing to
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Fig. 1.2 IHA based methodological flow chart for the study 

liberation war in Bangladesh, discharge data from April, 1971 to March, 1972 is 
missing and discarded from the analysis. 

The Indicators of Hydrologic Alteration (IHA) software [19] has been employed 
in this study to assess the extent of hydrologic alteration in the Ganges basin. The 
software was employed in over 30 hydrological studies conducted in Australia, the 
United States of America, South Africa, and Canada. The evaluation of IHA can be 
conducted following the 4 steps as given in Fig. 1.2. 

Following these steps from Fig. 1.2, it is possible to quantitatively analyse the 
effect of hydrological alteration caused by the anthropogenic activities like the 
construction of a barrage or reservoir. In this research, the alteration in the stream 
flow pattern was statistically investigated using the IHA recommended by [15]. 

The flow parameters of IHA are characterized into five regime groups consisting 
the magnitude, timing, frequency, duration, and rate of change [19]. These charac-
teristics are further classified into 5 IHA statistical groups which are mentioned in 
Table 1.1.

When evaluating alterations between two-time frames, the IHA software facil-
itates the use of the Range of Variability Approach (RVA). This approach helps 
maintain the distribution of annual IHA attribute values as close to pre-development 
variations as possible [15]. During RVA analysis, pre-impact data are divided into 
three categories: the lowest category (values ≤ 33rd percentile), the middle category 
(values between the 34th and 67th percentiles), and the highest category (values > 
67th percentile) [19]. 

The IHA computes five different parameters of Environment Flow Components 
(EFCs): extreme low flows, low flows, high flow pulses, small floods, and large 
floods as given in Table 1.2. This parametric allocation of EFCs is based on the 
understanding by ecological research that indicates that river hydrographs can be 
distributed into a repeating set of hydrographic patterns relevant to ecological health 
and sustainability [19].
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Table 1.1 Summary of hydrologic parameters used in the IHA and their characteristics according 
to [19] 

IHA parameter Hydrologic parameter 

Group 1. Monthly water conditions by 
magnitude 

Mean flow for each calendar month 

Group 2. Annual extreme water conditions by 
magnitude and duration 

Annual minima, 1-day, 3-day, 7-day, 30-day 
and 90-day mean 
Annual maxima, 1-day, 3-day, 7-day, 30-day 
and 90-day mean 
Number of days observing zero-flow 
Base flow index: 7-day minimum flow/mean 
flow for a year 

Group 3. Annual extreme water conditions by 
timing 

Julian date of each annual 
1-day maximum and 1-day minimum 

Group 4. High and low pulses (frequency and 
duration) 

Number of high and low pulses within each 
water year 
Mean or median duration of high and low 
pulses (days) 

Group 5. Water condition changes (rate and 
frequency) 

Rise and Fall rates: Mean or median of all 
positive differences between consecutive daily 
values 
Number of hydrologic reversals

Table 1.2 Summary of environmental flow component (EFC) parameter 

EFC type Hydrologic parameters 

Group 1. Monthly low flows Mean or median values of low flows during each calendar month 

Group 2. Extreme low flows Frequency of extreme low flows during each water year or season 

Group 3. High flow pulses Frequency of high flow pulses during each water year or season 

Group 4. Small floods Frequency of small floods during each water year or season 

Group 5. Large floods Frequency of large floods during each water year or season 

The high flow threshold is 75th percentile of daily flows and all flows equal to or 
less than this threshold is categorized as low flows. All flows equal to or less than 
50th percentile of daily flows which is the low flow threshold are categorized as low 
flow events [7].
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1.3 Results 

1.3.1 The Ganges Flow Characteristics 

Figure 1.3 shows that the monthly median flows show a rising pattern from May to 
August and a declining pattern from September to April for the Ganges basin. The 
monthly median flows are lower during the post-dam period for all months except 
July, September and October. 

Based on this analysis (Table 1.3), the findings suggest that the High-Season flow 
months are July, August, September, and October. These months have the highest 
average flow, exceeding 10% of total flow. The intermediate-season flow months are 
June, November, and December, which have a moderate flow, ranging from 3 to 10% 
of total flow. The Low-Season flow months are January–May, which have the lowest 
average flow, falling below 3% of total flow. 

The bulk of the Ganges River’s flow occurs during the high Season flow months, 
which are followed by the intermediate and low Season flow months, respectively. 

Table 1.4 gives a summary of the changes in discharge at the Hardinge point of 
the Ganges over the study period.

Table 1.4 and Fig. 1.4 show the mean monthly flow of the Padma River in cubic 
meters per second (m3/s) for three periods:

Fig. 1.3 Pre- and post-barrage monthly median flow at Hardinge station point 

Table 1.3 Percentage of flow based on season 

Flow category Months Total flow (%) 

High season flow July–October 80 

Intermediate season flow June, November, December 11 

Low season flow January–May 9 
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Fig. 1.4 Monthly mean flow analysis 

Low Flow Months (Jan–May) 

• Pre-Farakka versus Post-Farakka: There was a significant decrease in discharge 
across all months, with reductions ranging from 39% (May) to 57% (March) in 
Table 1.4. This reduction confirms the substantial impact of the Farakka Barrage 
on low-flow months (dry season). 

• Pre-Farakka versus Post-Treaty: Similar to the pre-Farakka versus post-Farakka 
comparison, all months show a decrease in discharge, with percentages ranging 
from 7% (January) to 23% (March) mentioned in Table 1.4. This reduction 
highlights the continued challenges of dry-season water availability. 

Intermediate Flow Months (Jun, Nov, and Dec) 

• Pre-Farakka versus Post-Farakka: Discharge reductions are minor than low-flow 
months, ranging from a slight decrease of 19% in June to 34% in December, as 
specified in Table 1.4. 

• Pre-Farakka versus Post-Treaty: Not similar to the post-Farakka comparison, 
changes are more pronounced, with increases in June (almost 1%), December 
(5%), and November (7%) described in Table 1.4. 

High Flow Months (July–Oct) 

• Pre-Farakka versus Post-Farakka: Discharge increases are observed in all 
months without October (decrease by 13%), ranging from 6% (August) to 10% 
(September). 

• Pre-Farakka versus Post-Treaty: all months show reductions without July 
(increased by 22%), reductions ranging from 3% in August to 7% in September. 
though this reduction is less significant. Almost similar flow as pre-Farakka period.
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Fig. 1.5 Monthly maximum flow analysis 

Overall, the Ganges Treaty has not fully addressed the issue of reduced Padma 
River flow, particularly during the dry season. While it has shown some positive 
signs in intermediate and high flow months, significant concerns remain regarding 
dry season water security and the livelihoods of millions of Bangladeshis. 

Pre-Farakka to Post-Farakka: Following the constructing of the Farakka Barrage, 
the flow of the Padma River has dramatically dropped in all months except the high 
flow season Fig. 1.5. February has the biggest decline (51%) mentioned in Table 1.4. 

Pre-Farakka to Post-Treaty: In comparison to the pre-Farakka era Fig. 1.5, the  
Padma River’s flow has typically risen as a result of the Ganges Treaty during 
both low and intermediate flow months (January–May, June, November, December). 
December had the biggest rise, which is recorded at 145%. And flow has been 
decreased in high flow months without July. 

Bangladesh has had positive effects from the Ganges Treaty. Because, it has improved 
the Padma River’s flow in the dry (low flow) and intermediate flow months, which 
is advantageous for water supply, agriculture, and navigation. Yet, it has decreased 
(not significant) flow during the months of high flow, which may cause issues with 
sedimentation and erosion. 

The Padma River minimum flow values for the months of January through 
December are displayed in Fig. 1.6 and Table 1.4 for three different time periods: 
pre-Farakka (1960–1975), post-Farakka (1976–1987), and post-GWT (1997–2019).
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Fig. 1.6 Monthly minimum flow analysis 

January, February, March, April, and May Are Low-Flow months 

Analysis of pre and post the Farakka: All months had a considerable fall in minimum 
flows and the months of February (75%) and March (80%) had the biggest declines 
described in Table 1.4. 

Pre treaty versus Post treaty: In general, minimum flows increased after the treaty, 
except for January (11% decreases) and percentage falls were 47%, 43%, 42%, and 
32% in February, March, April, and May respectively (Table 1.4). This reduction is 
less in amount than post treaty period. 

June, November, and December Are the months with Intermediate Flows 

Pre-Farakka versus Post-Farakka: For the post-Farakka and post-Treaty eras, 
minimum flows fell in June and December but grew in November specified in Fig. 1.6. 
However, there is less flow in the post-treaty zone. 

July, August, September, and October Are High-Flow months 

Except for October, minimum flows fell in every month mentioned in Fig. 1.6 and 
Table 1.4 prior to and following the Farakka. But the flow always decreases in the 
post-treaty phase compared to post Farakka and after the treaty described in Fig. 1.6. 
By analyse Fig. 1.6, The construction of the Farakka Barrage significantly reduced 
minimum flows in the dry season (February–July and November) and increased them 
in the wet season (August–October). 

However, the treaty has not fully restored flows to pre-Farakka levels, and some 
months, particularly in the dry season, still show significant reductions. The reduced 
dry season flows can have a number of negative impacts on Bangladesh, including: 
reduced agricultural productivity due to water scarcity, loss of biodiversity in riverine
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ecosystems, reduced hydropower generation, increased wet season flows may also 
have some negative impacts, such as increased flooding. 

1.3.2 Degree of Hydrologic Alteration Analyses 

The term “hydraulic alteration” describes how human actions, such as building 
dams, channelizing waterways, and diverting water, may modify the way water flows 
through rivers, streams, and other bodies of water. 

From the IHA Non-Parametric RVA Scorecard analysis, we obtained the expected 
and observed values based on 5 parameter groups. We then used simple spreadsheet 
calculations to determine the degree of hydraulic alteration. 

1.4 Discussion 

Decreased dry season flow and increased wet season flow result into high flow pulses 
and floods. The flow over the period ranges from 500 to 40,000 cumec annually. Based 
on RVA approach (Fig. 1.3) eight months (Jan-June, Nov, Dec) are considered as low 
flow season where the flow falls under 13,167 m3/s, which is 33% of highest flow. 
Only two months are treated as intermediate flow season- July & Oct when the mean 
flow is within 34–67% and the remaining two months August and September is in 
high flow season when the flow is more than 67%. It indicates that Ganges flow is 
not uniformly distributed and prone to monsoonal precipitation. 

From the mean flow analysis Table 1.4, Discharge increased in the post-treaty 
period compared to the post-Farakka period in January (42%), February (40%), 
March (45%), April (47%), and May (35%) in low flow months and discharge 
increased in the months of November showing an increase of 26%, followed by June 
(19%) and December (37%). The hydrologic alteration is 59% for pre- and post-
Farakka, and 55% for pre- and post-treaty times (Table 1.5). Hydrologic alteration is 
also reduced in the post-treaty period. This suggests an improved scenario compared 
to the immediate post-Farakka period. Though, in high flow months a mixed impact 
of the treaty was observed where flow has been increased in July (13%) and October 
(10%) but decreased in August (9%) and September (18%) from Table 1.4.

The study primarily focuses on analysing discharge data from the Hardinge 
Bridge station to assess the impacts of the Farakka Barrage on the Ganges River’s 
hydrology, which may limit the general findings to other regions or rivers. The 
research predominantly examines the hydrological changes of the Ganges River in 
Bangladesh, potentially overlooking the broader transboundary implications of the 
Farakka Barrage on neighbouring countries sharing the Ganges basin. The paper may 
lack a detailed discussion on the socio-economic impacts of the Farakka Barrage and 
water diversion on local communities, fisheries, agriculture, and overall livelihoods 
in the region. However, these are the crucial aspects to consider in comprehensive
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Table 1.5 Degree of hydrologic alteration (HA) analyses 

Comparing post Farakka period 
pre-treaty (1976–1996) with pre 
Farakka period (1960–1975) flow 

Comparing post Farakka period 
post-treaty (1997–2019) with pre 
Farakka period (1960–1975) flow 

Expected Observed Degree of HA 
in % 

Expected Observed Degree of HA 
in % 

Parameter Group #1 

January 7.875 1 87 9.471 0 100 

February 9.188 0 100 10.82 1 91 

March 7.875 0 100 9.471 1 89 

April 7.875 0 100 9.471 0 100 

May 7.875 1 87 9.471 1 89 

June 7.875 1 87 9.471 5 47 

July 7.875 7 11 9.471 3 68 

August 7.875 7 11 9.471 5 47 

September 7.875 9 14 9.471 5 47 

October 7.875 9 14 9.471 8 16 

November 7.875 2 75 9.471 10 6 

December 7.875 1 87 9.471 4 58 

Parameter Group #2 

1-day minimum 7.875 0 100 9.471 1 89 

3-day minimum 7.875 0 100 9.471 1 89 

7-day minimum 7.875 0 100 9.471 1 89 

30-day 
minimum 

7.875 0 100 9.471 0 100 

90-day 
minimum 

7.875 0 100 9.471 0 100 

1-day 
maximum 

7.875 3 62 9.471 5 47 

3-day 
maximum 

7.875 4 49 9.471 6 37 

7-day 
maximum 

7.875 6 24 9.471 8 16 

30-day 
maximum 

7.875 8 2 9.471 9 5 

90-day 
maximum 

7.875 10 27 9.471 9 5 

Number of zero 
days 

21 21 0 23 23 0 

Base flow index 7.875 1 87 9.471 1 89 

Parameter Group #3

(continued)
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Table 1.5 (continued)

Comparing post Farakka period
pre-treaty (1976–1996) with pre
Farakka period (1960–1975) flow

Comparing post Farakka period
post-treaty (1997–2019) with pre
Farakka period (1960–1975) flow

Expected Observed Degree of HA
in %

Expected Observed Degree of HA
in %

Date of 
minimum 

7.875 2 75 9.471 5 47 

Date of 
maximum 

7.875 3 62 9.471 3 68 

Parameter Group #4 

Low pulse 
count 

17.06 17 0 18.94 13 31 

Low pulse 
duration 

7.875 3 62 8.118 5 38 

High pulse 
count 

14.44 14 3 14.88 18 21 

High pulse 
duration 

6.563 9 37 8.118 6 26 

Parameter Group #5 

Rise rate 9.188 1 89 10.82 4 63 

Fall rate 9.188 9 2 16.24 14 14 

Number of 
reversals 

7.875 0 100 9.471 1 89 

Average alteration 59 55 

Note D(Degree of hydrologic alteration) = observed count−expected count 
expected count

water resource management studies. The analysis relies on historical data and may 
not fully capture the current or future impacts of climate change, land-use changes, or 
other evolving factors that could further influence the hydrology and environmental 
flow components of the river. 

1.5 Conclusion 

The study highlights significant changes in hydrology and its components after 
the construction of the Farakka Barrage, underscoring its profound impact on the 
river’s hydrology and ecology. The Farakka Barrage has disrupted the natural flow 
regime, affecting downstream regions like Bangladesh and illustrating the environ-
mental consequences of such infrastructure projects. The Ganges Water Sharing 
Treaty (GWST) was established to address water-sharing disputes between India 
and Bangladesh, especially during the dry season. Analysis of discharge data from
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the Hardinge Bridge station showed a reduction in maximum, average, and minimum 
discharges during the post-GWST period compared to the pre-Farakka period. This 
suggests that there has been limited improvement in the flow conditions of the Ganges 
in Bangladesh following the treaty. 

The results as obtained from the study highlight the positive impacts from the 
treaty on the hydrology of the Ganges River particularly in the Bangladesh part 
benefiting regional water management, agriculture, and socio-economic stability. 
The tenure of the treaty is for 30 years and that will be over in 2026. Such hydrological 
analysis of discharge of the Ganges River within Bangladesh shows the current river 
health as well as improvement of the river health due to treaty. Such analysis will 
be more informative while discussing the extension of the treaty in coming days. 
Additionally, we suggest future research areas such as continuous monitoring of the 
Ganges River flow, assessing ecological effects due to hydrological changes, and 
analysing socio-economic advantages of enhanced water management strategies. 

As the Ganges Water Sharing Treaty approaches its conclusion in 2026, there is a 
pressing need for its renewal with updated and well-defined regulations. Renewing 
the treaty with clear guidelines can ensure that Bangladesh receives equitable benefits 
from the shared water resources. It is essential for both India and Bangladesh to 
negotiate and implement a renewed treaty that addresses the evolving needs and 
challenges of the region while fostering cooperation and sustainable management of 
the Ganges River system. 
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Chapter 2 
Isotopic and Hydrogeochemical 
Evaluation of Ganges and Jamuna 
Floodplain Aquifers in Bangladesh: 
Integrated Water Quality Index 
and Health Risk Appraisal 

Md. Moniruzzaman, Hafiz Al-Asad, Hazzaz Bin Hasan, 
Ratan Kumar Majumder, Shamim Ahmed, Md. Abdul Quaiyum Bhuiyan, 
and Md. Ariful Ahsan 

Abstract Developing countries and the global population face a significant chal-
lenge in ensuring an adequate supply of fresh groundwater. Human activities have 
had a detrimental impact on groundwater, which is a crucial source of fresh water. 
Currently, there is growing apprehension regarding the presence of nitrates (NO3

−) 
and trace metals (As, Cr, Ni, Pb, and Fe) in groundwater due to the extensive use 
of fertilizers and other human-made sources like sewage or industrial wastewater 
discharge. Thus, this study assesses hydrochemical characteristics that influence 
groundwater quality, assessing contamination levels, recharge mechanisms, and 
potential health risks of the Ganges Floodplain (GF) and Jamuna Floodplain (JF) 
in Bangladesh. A total of 105 water samples were gathered and analyzed, encom-
passing chemical parameters, trace metals, and isotopic composition to calculate 
groundwater quality. The findings indicated that the standard allowable limits WHO 
are exceeded by the concentrations of NO3, As, Cr, Ni, Pb, Fe, and Mn in the shallow 
and intermediate aquifer, while it is lower at the deep Holocene aquifer of GF and JF.
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Water types prevalent in the GF and JF are primarily Ca–HCO3 to Na–HCO3 types. 
The results of δ18O and δ2H showed how precipitation has recently recharged the 
Floodplain regions. The PCA was employed to discern pollution sources and control-
ling factors, revealing that groundwater quality is primarily influenced by geological 
factors and various anthropogenic activities. The IWQI indicates that groundwater 
from shallow aquifers is deemed unsuitable for drinking purposes in both the GF and 
JF. In contrast, deep Holocene aquifers are found to be suitable for drinking. Addi-
tionally, the majority of shallow groundwater samples highlight remarkable levels 
of pollution in JF and GF according to the HPI, HEI, and CD values. It is possible to 
conclude that the results of a comprehensive investigation will alert decision-makers 
and the local populace, empowering them to implement efficient management strate-
gies to protect groundwater resources in Bangladesh and mitigate potential health 
risks for the residents. 

Keywords Groundwater contamination · Stable isotope composition · IWQI ·
Water pollution indices · Health risk assessment 

2.1 Introduction 

Groundwater stands as a crucial resource, significantly influencing various aspects 
of life, including residential water supply, agriculture, mining, industry, and urban 
development, contributing to the economic development of countries similar to 
Bangladesh [75]. Around the world, groundwater continues to be an essential source 
of drinking water, meeting approximately 33% of the world’s freshwater require-
ments [96]. Approximately 70% of those living in cities and 95% living in rural 
areas rely on groundwater for residential and drinking needs in Bangladesh [87]. 
With the escalating demand for water, more groundwater is being abstracted daily 
[56]. 

The quality and quantity of groundwater are generally contingent upon the pres-
ence of chemical components, hydrogeological conditions, aquifer properties as well 
as seasonal variations that play vital roles [91]. However, the issue of groundwater 
contamination has gained widespread attention globally. In recent years, groundwater 
contamination has become a serious concern impacting human health and liveli-
hoods in various countries, including Bangladesh. The Ganges, Brahmaputra, and 
Meghna rivers created enormous floodplains on the surface of the Bengal basin, but 
these floodplains are complex in terms of geomorphology and structural design. The 
Jamuna is the Brahmaputra’s downstream path after the disastrous flood and earth-
quake of the 1780s. Large amounts of water are released by the Jamuna at the same 
time that massive amounts of sediment are brought in annually. The Brahmaputra-
Jamuna River moves laterally at a rate of at least tens of metres annually. The most 
recent Pleistocene border has been buried and the Brahmaputra-Jamuna valley has 
been filled with Holocene sediments. The hydrogeology and groundwater chemistry 
near the Jamuna flood plain have been significantly impacted by the sedimentation,
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stratigraphy, and geomorphology caused by the Jamuna River. This challenge has 
been exacerbated by rapid population growth, agricultural intensification, industrial 
activities, and urbanization [26, 41, 43]. Groundwater quality is greatly impacted 
and usually degrades as a result of point and non-point sources of pollutants, such 
as anthropogenic activities like agriculture, mining, landfilling, domestic sewage, 
municipal waste, waste dumping, fast urbanization, and industrialization [3]. Further-
more, geological processes such as rock weathering, dissolution, interaction of rock 
with water, and soil leaching and environmental changes have a major impact on 
groundwater quality by adding several harmful trace elements [93]. 

Several researchers have previously conducted studies on the possible risks 
to humans health resulting from groundwater contamination in various nations, 
including Bangladesh [2, 3, 6, 24], India [1, 88], Pakistan [49, 74], China [25, 26], 
Iran [67], and Ghana [17]. 

Groundwater quality is critical to human health since it is the most important 
source of water for human consumption. Groundwater quality and level has been 
depleted due to excess uptake for human consumption, irrigation, and industrial 
uses. Most of the people in Bangladesh are associated with agricultural and livestock 
farming activities. A significant no. of industries like textile, leather tanning, steel, 
food manufacturing, and battery has been developed in recent time. These releases 
heavy metal containing effluent to the environment. The fertilizer used in agriculture, 
manure in farmland activities, and heavy metal from industries can infiltrate into the 
aquifer during the recharge of the shallow and intermediate floodplain aquifer and 
can contaminate the groundwater [6]. These undesirable elements play a crucial 
role in degrading groundwater quality, contributing not only to water scarcity but 
also posing significant threats to human health due to their toxicity, duration, and 
carcinogenic properties [39, 51, 94]. For instance, there is a positive correlation 
between the Mg2+ and Ca2+ content in drinking water and the incidence of kidney 
stones [52]. The nitrate content in drinking water is closely associated with infant’s 
blue baby syndrome and various health issues, including vomiting, stomach cancer 
[70], methemoglobinemia, gastric cancer, congenital disabilities, and gastrointestinal 
diseases [88, 97]. Furthermore, arsenic contamination in drinking water, especially in 
the Ganges Plain has led to severe skin diseases [18, 35], significantly compromising 
the safety of drinking water and hindering social and economic development [42]. 

Furthermore, prolonged exposure to excess levels of trace elements in drinking 
water through various pathways, including dermal contact and oral ingestion, may 
lead to a range of adverse health effects. These effects encompass neurological, 
cardiovascular, hematological, skin-related issues, kidney problems, bladder cancer, 
hyperkeratosis, diabetes mellitus, Parkinson’s disease, mental and neurological disor-
ders, weight loss, and joint pain [16, 46]. As a result, groundwater quality assess-
ments have drawn a lot of attention from throughout the globe. Various traditional 
methods, including fuzzy logic, multivariate techniques, hierarchical analyses, and 
water quality indexes [49, 74], have been employed over the past few decades. Never-
theless, these methods may have certain limitations. The use of the Entropy weight 
method addresses these limitations by eliminating the influence of subjective factors 
on water quality parameters and providing rational weights to the parameters. When
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combined with Water Quality Index (WQI), Entropy weight proves to be an effective 
tool for quantifying groundwater quality [72, 76, 91]. Numerous indices are used 
to evaluate pollution, including the Degree of Contamination (Cd), Heavy Metal 
Pollution Index (HPI), and Heavy Metal Evaluation Index (HEI). Moreover, multi-
variate statistical techniques like principal component analysis (PCA) and cluster 
analysis (CA) can be used to quickly address pollution problems in many parts of the 
world, including Bangladesh. These approaches not only aid in understanding the 
factors influencing groundwater systems but also serve as effective tools for water 
quality management. They provide rapid solutions to pollution issues, as exemplified 
in many regions worldwide, including Bangladesh [15]. The health risk assessment 
(HRA) model was developed by the US Environmental Protection Agency (USEPA) 
and is widely used to assess the degree of groundwater contamination and the risk 
of carcinogenic and non-carcinogenic human health outcomes, respectively [20]. 
Additionally, the source of recharge and regional flow of groundwater are identified 
through the measurement of the stable isotopic composition of groundwater [40]. 

As the most significant source of water for human use, groundwater quality is 
indispensable to maintaining human health [6]. Some research has been conducted 
in Bangladesh to determine the quality of water or the health risk. Our study examined 
the chemistry of groundwater, its source, its quality using an innovative approach 
called the Integrated Water Quality Index (IWQI), the degree of pollution brought 
on by human and agricultural activity, and the health risks associated with drinking 
groundwater simultaneously. Numerous studies have been individually carried out on 
groundwater quality in the Ganges Floodplain and the Jamuna Floodplain. However, 
there is a notable absence of comparative analyses between these two regions. Recog-
nizing the critical need for comprehensive water resources management and public 
health considerations, this study seeks to fill this gap by conducting a comparative 
evaluation of hydrogeochemical characteristics, groundwater source, recharge mech-
anism and quality. Identifying contamination sources, mapping contamination distri-
bution, and understanding recharge mechanisms for effective future management and 
mitigation of health hazards. 

2.2 Materials and Methods 

2.2.1 Study Area 

The study region is divided into two separate areas: the Ganges Floodplain of Chapai 
Nawabganj and the Jamuna Floodplain of Tangail. Situated in the center region 
of Bangladesh, close to Dhaka, is the Tangail district, which includes the Jamuna 
Floodplain (JF). The JF is located between latitudes 24° 01' and 24° 30' N and 
longitudes 89° 44' and 90° 18' E (Fig. 2.1). Tangail is located to the west of the 
Jamuna River. The Lohajang, Elengjani, Bairan, Atai, Kiru, and Jhinai rivers are 
among the other significant ones. Of the 3.6 million people living in the district,
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Fig. 2.1 Study area map with sampling location and geology of the study area 

49.53% work in agriculture. The district experiences mild, dry winters and hot, 
humid tropical wet seasons due to its tropical monsoon climate. 1800 mm of rain 
falls annually, with the monsoon season accounting for about 70% of it. 27.5 °C is 
the average temperature. The research area’s average topographic height is 15 m, 
with a little slope from north to south, based on data from the USGS Digital height 
Map (DEM). 

Geologically speaking, the research region is made up of the Pleistocene 
Madhupur tract highland in the east and the low-lying Jamuna floodplain (Holocene) 
area in the west. Conversely, the Ganges Floodplain (GF) is situated in the northwest 
of Bangladesh, namely in the Chapai Nawabganj area. The GF is located between 
latitudes 24 °15' and 25° 10' N and longitudes 89° 01' and 88° 45' E. The two 
principal rivers in this region are the Mahananda and the Ganges (Padma). Huge 
sediments from the upper stream are carried by these rivers. The process of sedimen-
tation is ongoing in this portion of the research area. As a result, during recharging, 
anthropogenic pollutants can readily combine with the water. 

2.2.2 Sampling and Analytical Procedure/sample Collection, 
Processing, and Analysis 

A total of 105 samples were systematically collected from the Jamuna Floodplain 
(n = 76) and Ganges Floodplain (n = 29), representing various aquifer stages, 
including river water, shallow, intermediate, and deep layers, at diverse locations 
as illustrated in Fig. 2.1. The specific sampling points were meticulously recorded
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using a handheld GPS device. The wells owner provided information about the bore-
hole’s depths. Before sampling, the wells underwent a brief pumping process to 
eliminate any stagnant water. Each collected sample was carefully distributed into 
three distinct HDPE bottles: 500 ml for anion analysis, another 500 ml for cation 
analysis, and a smaller 50 ml portion dedicated to isotopic analysis. All samples, 
excluding the isotopic ones, underwent filtration using a 0.45 µm membrane filter. 
Cation samples underwent acidification with concentrated HNO3 for further anal-
ysis. The field measurements encompassed essential physicochemical parameters, 
including pH, EC (Electrical Conductivity), Eh (Redox Potential), temperature, and 
TDS (Total Dissolved Solids). Subsequent laboratory analyses employed advanced 
techniques: concentrations of Ca2+, Mg2+, and heavy metals (As, Cr, Ni, Pb) were 
meticulously determined using Atomic Absorption Spectroscopy (Model: Analytic 
Jena, Zeenit 700). Simultaneously, the concentrations of Na+ and K+ were quantified 
via a flame photometer, while anions like Cl−, SO4 

2−, and NO3
− underwent measure-

ment through ion chromatography (Model: Ion Chromatograph, Dionex DX-3000, 
USA). The determination of HCO3

− concentrations employed the titrimetric method. 
The isotopic composition was precisely evaluated utilizing the Liquid Water Isotope 
Analyzer (LWIA-24-EP). The American Public Health Association’s (APHA-2012) 
methods were followed for all studies carried out at the Institute of Nuclear Science 
and Technology (INST), Atomic Energy Research Establishment (AERE), Savar, 
Dhaka, Bangladesh. 

2.2.3 Water Quality and Pollution Assessment Indices 

2.2.3.1 Integrated Water Quality Index (IWQI) 

Compared to the current techniques, the EWQI is thought to be a more practical 
way to evaluate the quality of the water [6, 7, 66]. The four stages of the EWQI 
computation technique are as follows: 

X = 

⎡ 

⎢⎢⎢⎣ 

x11 x12 . . .  x1n 
x21 x22 . . .  x2n 
... 

... 
... 

xm1 xm2 . . .  xmn 

⎤ 

⎥⎥⎥⎦ (2.1) 

Using Eq. (2.2) and (2.3), get the standard matrix Y. There are significant dimen-
sional differences in evaluating hydrochemical indices. The data must be standardized 
before the EWQI can be calculated. is the maximum value and is the minimum value. 

Yij =
xij −

(
xij

)
min(

xij
)
max −

(
xij

)
min 

(2.2)
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Y = 

⎡ 

⎢⎢⎢⎣ 

y11 y12 . . .  y1n 
y21 y22 . . .  y2n 
... 

... 
... 

ym1 ym2 . . .  ymn 

⎤ 

⎥⎥⎥⎦ (2.3) 

Using Eq. (2.2) and (2.3), get the standard matrix Y. There are significant dimen-
sional differences in evaluating hydrochemical indices. The data must be standardized 
before the IWQI can be calculated. is the maximum value and is the minimum value. 

pij =
(
1 + yij

)
∑m 

j=1

(
1 + yij

) (2.4) 

ej = −  
1 

ln(m) 

m∑
i=1 

pij ln
(
pij

)
(2.5) 

wij =
(
1 − ej

)
∑m 

i=1

(
1 − ej

) (2.6) 

Using Eqs. (2.4)–(2.6), the information entropy (ej) and entropy weight (wj) have  
been determined. Sample I’s index j value is displayed as Pij. 

qj = 
Cj 

Sj 
× 100 (2.7) 

IWQI = 
n∑

j=1 

wj × qj (2.8) 

The following Eq. (2.7) and (2.8) are used to calculate the IWQI value. “qj” 
is the quantitative grading scale for hydrochemical indices, determined by using 
hydrochemical concentrations (Cj) and the World Health Organization’s drinking 
standards (Sj). Subsequently, the EWQI value is calculated using the entropy weight 
“wj” and the quantitative grading scale “qj”. 

2.2.3.2 Heavy Metal Pollution Index 

The HPI serves as a robust methodology for evaluating the comprehensive impact 
of individual heavy metal concentrations in water, as highlighted by Moldovan et al. 
[45]. The unit weightage (Wi) and the standard specified limit (Si) of each specific 
heavy metal are the two main pillars upon which this technique is primarily built 
[71]. The calculation of HPI for groundwater, based on the concentrations of Fe, Mn, 
As, Ni, Cr, and Pb, was executed using the following equation, as outlined by Mohan 
et al. [44]:
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HPI =
∑n 

i=1 QiWi∑n 
i=1 Wi 

(2.9) 

In this equation, the sub-index and unit weight of the ith parameter are denoted by 
Qi, and Wi while n signifies the number of investigated parameters. The determination 
of Qi was accomplished through the following equation: 

Qi = 
n∑

i=1 

|Mi(−)Ii| 
Si − Ii 

× 100 (2.10) 

In this case, Mi, Ii, and Si stand for the heavy metal’s studied value, its highest 
standard concentration, and its desired value, respectively. 

2.2.3.3 Heavy Metal Evaluation Index 

The HEI methodology provides a complete understanding of water quality 
concerning heavy metal content. It was computed using the equation as follows 
[45, 60, 61]: 

HEI = 
n∑

i=1 

Mi 

Si 
(2.11) 

Here, Mi is the monitored value and Si is the maximum acceptable concentration 
(MAC) of the ith parameter. 

2.2.3.4 Degree of Contamination 

The collective effects of multiple parameters of water quality deemed detrimental to 
household water use are assessed through the Contamination Degree (CD) [4, 8]. It 
is calculated using the following equation: 

CD = 
n∑

i=1 

CFi (2.12) 

HEI = 
n∑

i=1 

CAi 

CNi 
− 1 (2.13) 

where CFi, CAi, and CNi represent the factor of contamination, observed data, and 
the higher allowable concentration of the ith component, respectively. N denotes the 
normative value, and CN i is treated the Maximum Allowable Concentration (MAC) 
adopted from WHO suggested values.
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2.2.4 Human Health Risk Evaluation 

Assessing health risks is essential to supporting assessments and management of 
water quality. According to Bortey-Sam et al. [17], the risk assessment for human 
health is the process of assessing the likelihood of any given degree of unfavor-
able health impacts occurring within a specified period. Typically, this evaluation is 
focused on determining the risk level and is expressed in terms of health risks that are 
carcinogenic and non-carcinogenic [82]. The assessment takes into account both the 
oral and dermal ways, and the following models were used to compute the elements’ 
chronic daily intake (CDI): [37, 78, 92]. 

CDIoral = 
(CW × IR × EF × ED) 

(BW × AT ) 
(2.14) 

CDIdermal =
(
CW × SA × ED × EF × ET × CF × Kp × 10−3

)

(BW × AT ) 
(2.15) 

In the equations above, CDIOral and CDIDermal represent the exposure dose in 
mg/kg/day unit through oral ingestion and dermal pathways in mg/kg/day unit, 
respectively, and are calculated using the parameter values from Table 2.1. 

Table 2.1 Description and value of calculated parameters for non-carcinogenic risk by oral 
exposure 

Input parameters Values Unit References 

CDI-chronic daily intake – Μg kg−1 day−1 

CW-concentration in water – 

IR-ingestion rate M-2.2 L/day Karim [37], Rahman et al. [55], 
and Wu et al. [92]F-1.6 

C-1 Karim [37], Rahman et al. [55], 
and Wu et al. [92] 

EF-exposure frequency 365 Days/year Karim [37] and Rahman et al. 
[55], USEPA [81],  and Wu et al.  
[92] 

ED-exposure duration M-70 
F-67 
C-10 

Year Karim [37], USEPA [81], and Wu 
et al. [92] 

ET-exposure time Min/day 

BW-body weight M-70 
F- 57.3 
C-25 

kg Karim [37] and  USEPA [81] 

AT-average time M-25550 
F-24455 
C-3650 

Days Karim [37], USEPA [81], and Wu 
et al. [92]
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To calculate the non-carcinogenic health risk associated with exposure to contam-
inants, Hazard Quotients (HQ) were also computed for both oral and dermal path-
ways, following the methodology outlined by USEPA [78]. According to USEPA 
[80], if the value of HQ is less than 1, there is an unacceptable risk of negative non-
carcinogenic impacts on health. If the value of HQ exceeds 1, however, there is an 
acceptable level of risk. 

HQ = 
CDI 

RfD 
(2.16) 

where RfD represents the reference oral and dermal absorption doses of a specific 
contaminant (μg/kg/day), obtained from the risk-based concentration table [79]. 

To evaluate the overall potential for non-carcinogenic effects posed by multiple 
chemicals, the Hazard Quotients (HQs) calculated for each chemical are summed to 
create a Hazard Index (HI) [78], as expressed by the formula: 

HI = HQ1 + HQ2 +  · · ·  +  HQn (2.17) 

No chronic risks were considered to exist at the site if HI does not exceed unity (HI 
< 1), and conversely, if HI > 1, it implies an increased likelihood of non-carcinogenic 
health risks [78, 95]. 

Carcinogenic Risk 

The carcinogenic risk (CR) represents the added likelihood of developing a specific 
cancer throughout one’s life due to exposure to a carcinogenic substance, and it 
is a dimensionless measure [62]. The calculation of the carcinogenic risk for each 
component is determined by Eq. (2.18). 

CR = ADD × CSF (2.18) 

In this equation, CSF represents the oral cancer slope factor (mg/kg/day)−1. 
According to USEPA [83], a CR in the range of 1 × 10–6 to 1 × 10–4 is gener-
ally regarded as acceptable, however, a CR value larger than 10–4 indicates a higher 
possibility of cancer risk [23, 31]. 

2.2.5 Statistical Analyses 

The collected data underwent statistical analysis using SPSS software (Version-
25). For assessing the degree of contamination, identifying potential sources, and 
exploring correlated relationships among the studied components, multivariate statis-
tical techniques such as principal component analysis and Pearson’s correlation 
matrix were employed [30].
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2.3 Results and Discussion 

2.3.1 General Chemistry of Groundwater 

Tables 2.2 and 2.3 compares groundwater hydrochemical data to World Health Orga-
nization (WHO) and Bangladesh standards, with minimum (Min), maximum (Max), 
and mean values with standard deviation for river water, shallow, intermediate, and 
deep wells samples.

In JF, the pH levels across river water, shallow, intermediate, and deep wells vary 
between 6.8–7.4, 6.1–7.1, 6.2–7.5, and 6.1–7.1, respectively, with mean values of 
7.0, 6.6, 6.7, and 6.7. Notably, the samples range from slightly acidic (88.16%) to 
alkaline. Conversely, the pH values of the river water, shallow and deep wells in GF 
range from 6.9–7.4, 6.8–7.2, and 6.8–7.2 with their average values of 7.3, 7.1, and 7.0 
indicating that all the samples in these categories lean towards being mildly acidic 
to alkaline (62.07%). In JF, the electrical conductivity (EC) values for river water, 
shallow, intermediate, and deep wells span from 237–509 µS/cm, 243–1301 µS/ 
cm, 238–547 µS/cm, and 258–680 µS/cm, respectively. The mean values for these 
categories are 369 ± 135.64 µS/cm, 483.89 ± 215.30 µS/cm, 385.92 ± 100.07 
µS/cm, and 404.13 ± 105.88 µS/cm. Contrastingly, in GF, the EC values for river 
water, shallow, and deep wells range from 149–235 µS/cm, 505–1850 µS/cm, and 
663–1911 µS/cm, with mean values of 178.4 ± 49.04 µS/cm, 1053.24 ± 425.16 
µS/cm, and 1190.80 ± 453.66 µS/cm, respectively. Notably, the EC of groundwater 
exhibits a decreasing trend with depth in JF while the reverse condition is found in 
the GF. Similar EC values are observed in different regions of Bangladesh [2, 3, 6, 
65]. In JF, the Total Dissolved Solids (TDS) concentration in river water, shallow, 
intermediate, and deep wells ranges from 113.4–246 mg/L, 116.7–643 mg/L, 114– 
265 mg/L, to 124–331 mg/L, respectively having mean values 177.93 ± 66.37 mg/L, 
234.83 ± 106.53 mg/L, 186.25 ± 49.04 mg/L, and 195.16 ± 51.88 mg/L. In contrast, 
the TDS content in GF varies from 74.3–117.5 mg/L, 252.5–925 mg/L, and 331.5– 
955.5 mg/L. The mean values for river water, shallow well, and deep well samples 
are, respectively, 89.2 ± 24.52 mg/L, 526.62 ± 212.58 mg/L, and 595.4 ± 226.83 
mg/L. Based on Freeze and Cherry’s classification [21], all the analyzed waters fall 
into the freshwater category, as their TDS levels are below the threshold of 1000 mg/ 
L. The findings indicate that in both JF and GF, Ca2+ and Na+ are the predominant 
cations, while HCO3

− and Cl− are the leading anions. The order of prevalence is 
Ca2+ > Na+ > Mg2+ > K+ for cations and HCO3

− > Cl− > SO4 
2− > NO3

− for anions. 
This outcome aligns with the conclusions drawn in the studies conducted by Bodrud-
Doza et al. [15] and Al-Asad et al. [6]. The average Ca2+ concentrations in JF were 
determined to be 46.23 ± 2.55 mg/L, 52.50 ± 15.35 mg/L, 50.86 ± 12.63 mg/L, 
and 21.36 ± 12.72 mg/L for river water, shallow, intermediate, and deep samples, 
respectively. Concurrently, the mean concentrations of Na+ were recorded as 18.96 
± 11.91 mg/L, 17.05 ± 8.58 mg/L, 14.48 ± 5.83 mg/L, and 61.71 ± 25.69 mg/L for 
the corresponding samples. In contrast, the mean Ca2+ concentration in GF for river 
water, shallow, and deep samples was found to be 4.70 ± 0.75 mg/L, 108.71 ± 35.05
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mg/L, and 75.96 ± 56.24 mg/L, respectively. Similarly, the mean Na+ concentrations 
were determined as 13.73 ± 1.98 mg/L, 35.12 ± 10.91 mg/L, and 34.55 ± 6.47 mg/ 
L for the respective samples. Because of the ion exchange process, it was discovered 
that the intermediate aquifer had a greater calcium concentration, nevertheless, the 
deep aquifer has a larger sodium value because of the reverse cation exchange process 
silicate weathering in the study area [85]. In the JF area, the concentration of Mg2+ 

ranged from 2.89 to 27.70 mg/L, 1.84 to 22.70 mg/L, 1.91 to 12.70 mg/L, and 1.18 
to 21.91 mg/L for river water, shallow, intermediate, and deep samples, respectively. 
The mean concentrations of this component were determined as 11.76 ± 10.07 mg/L, 
10.21 ± 5.59 mg/L, 6.89 ± 3.74 mg/L, and 7.37 ± 5.67 mg/L for the corresponding 
samples. Moreover, in the GF area, the mean concentrations of Mg2+ were found to 
be 3.00 ± 2.01 mg/L, 35.73 ± 8.43 mg/L, and 35.44 ± 10.60 mg/L for river water, 
shallow, and deep wells. It’s noteworthy that Mg2+ values in all samples fall within 
the WHO-2011 prescribed limits. Further, the K+ values for river water, shallow, 
intermediate, and deep well samples in GF areas are found to be 5.00 ± 0.34 mg/L, 
7.98 ± 7.381 mg/L, and 3.99 ± 2.64 mg/L, respectively, while the average values 
for JF are 18.55 ± 5.77 mg/L, 9.29 ± 7.99 mg/L, 5.34 ± 2.85 mg/L, and 9.65 ± 6.52 
mg/L in respective areas. 11.84% and 6.90% samples exceed the WHO [86] standard 
limit in JF and GF areas respectively. This finding indicates that the excessive use of 
fertilizer during irrigation has led to greater concentrations of potassium in surface 
and shallow groundwater in both JF and GF areas 6 (Figs. 2.2 and 2.3).

The bicarbonate anion concentration ranged from 189.32–242.21 mg/L, 95.23– 
301.56 mg/L, 135.45–304.32 mg/L, and 159.03–302.79 mg/L while the average 
values for river water, shallow, intermediate, and deep well samples in the JF areas 
are 211.22 ± 27.59 mg/L, 187.04 ± 47.75 mg/L, 193.86 ± 50.27 mg/L, and 234.79 
± 46.34 mg/L. In addition, it is found that the concentrations of HCO3

− in GF ranged 
from 20.80–166.40 mg/L for river water, 141.44–312.00 mg/L for shallow wells, and 
178.88–393.12 mg/L for deep wells with the determined mean concentration to be 
74.88 ± 79.69 mg/L, 203.35 ± 48.89 mg/L, and 259.58 ± 100.05 mg/L respectively. 
The second most prevalent anion Cl− is in the JF area, with an average concentration 
of 11.69 ± 11.00 mg/L, 28.53 ± 28.63 mg/L, 13.11 ± 10.32 mg/L, and 11.47 ± 
12.78 mg/L for river water, shallow, intermediate and deep well samples. However, 
in GF areas, the mean concentrations of chloride are found as 7.63 ± 2.00 mg/L, 
32.96 ± 31.49 mg/L, and 17.79 ± 5.67 mg/L for river water, shallow and deep 
wells sequentially. All the samples are within the WHO-recommended limits. The 
concentrations of NO3

− range between 0.47–11.46 mg/L, 1.02–57.72 mg/L, 1.57– 
13.29 mg/L, 0.07–17.23 mg/L, with mean values of 4.64 ± 5.96 mg/L, 17.00 ± 
14.36 mg/L, 6.70 ± 4.34 mg/L, and 2.55 ± 4.57 mg/L for shallow, intermediate, 
and deep well samples, respectively. Additionally, for river water, shallow wells, and 
deep wells, the ranges are from 1.54–2.19, 1.24–75.23, and 5.82–14.28, with mean 
concentrations of NO3

− in GF determined to be 1.90 ± 0.33 mg/L, 14.57 ± 19.80 
mg/L, and 9.65 ± 3.28 mg/L surface water, shallow well and deep well respectively. 
43.42% samples of the JF and 34.48% of the GF exceeds the standard permissible for 
drinking. The nitrate concentrations are found higher in the surface and shallow wells 
cause due to anthropogenic activities such as nitrogen-based fertilizers application,



2 Isotopic and Hydrogeochemical Evaluation of Ganges and Jamuna … 33

Fig. 2.2 Spatial distribution of Fe, Mn, and As in JF and GF areas

livestock farming, inadequate sanitation practices, and sewage leakage. This decline 
in nitrate levels can be linked to the processes of denitrification and adsorption as 
water percolates through the clay layer above the deep aquifer [6, 47]. For river 
water, shallow, middle, and deep well samples in the JF region, the mean SO4 

2− 

concentrations are 18.22 ± 6.95 mg/L, 16.85 ± 14.33 mg/L, 9.71 ± 8.345 mg/L, 
and 8.98 ± 9.61 mg/L, respectively. It is found that the average SO4 

2− concentrations 
in the GF are 6.41 ± 5.36 mg/L, 19.88 ± 20.26 mg/L, and 19.72 ± 19.56 mg/L in 
respective areas. The average iron (Fe) and manganese (Mn) values in JF are 0.06 ± 
0.06 mg/L, 2.08±0.73 mg/L, 0.72± 0.64 mg/L, and 0.08±0.07 mg/L as well as 0.02 
± 0.03 mg/L, 0.05 ± 0.06 mg/L, 0.10 ± 0.08 mg/L, and 0.01 ± 0.01 mg/L for river 
water, shallow, intermediate, and deep well samples respectively. Correspondingly, 
mean values of these ions in GF areas are found 0.15 ± 0.08 mg/L, 1.11 ± 1.47 mg/ 
L, and 0.72 ± 0.88 mg/L as well as 1.53 ± 0.23 mg/L, 0.51 ± 0.34 mg/L, and 0.26 
± 0.05 mg/L for river water, shallow and deep wells chronologically (Fig. 2.4a, b). 
In JF, samples containing 68.42% Fe and 17.11% Mn exceeded the WHO-mandated 
limit, whereas in GF, samples containing 44.83% Fe and 93.10% Mn did the same.
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Fig. 2.3 Spatial distribution of Cr, and Pb in JF and GF areas

The elevated levels of Fe and Mn in groundwater can be attributed by the dissolution 
of iron and manganese-containing minerals in geological formations, such as iron 
oxides and manganese-bearing rocks as well as agricultural activities, including 
the use of fertilizers and pesticides, urban wastewater, etc. The redox conditions 
prevailing in certain aquifer zones can also influence the mobilization and release of 
iron and manganese into the groundwater [63]. In JF regions, the values of As, Cr, Ni, 
and Pd range from 0.08 to 0.15 mg/L, 0.025 to 0.095 mg/L, 0.018 to 0.175 mg/L, and 
0.07 to 0.024 mg/L with the mean values of 0.113 ± 0.019 mg/L, 0.055 ± 0.018 mg/ 
L, 0.093 ± 0.039 mg/L, and 0.013 ± 0.003 mg/L for shallow wells. For intermediate 
wells, the values ranged from 0.019 to 0.114 mg/L, 0.027 to 0.057 mg/L, 0.017 to
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Fig. 2.4 Vertical distribution of Fe, Mn, As, and Pb in JF and GF areas 

0.101 mg/L, and 0.007 to 0.018 mg/L, with corresponding mean values of 0.074 ± 
0.031 mg/L, 0.044 ± 0.010 mg/L, 0.052 ± 0.029 mg/L, and 0.012 ± 0.003 mg/L. 
In contrast, the average concentration of As in the GF area is 0.002 ± 0.001 mg/L, 
0.067 ± 0.027 mg/L, and 0.020 ± 0.012 mg/L, Cr is 0.005 ± 0.0002 mg/L, 0.004 
± 0.0003 mg/L, and 0.002 ± 0.003 mg/L, and Pb is 0.052 ± 0.004 mg/L, 0.077 ± 
0.041 mg/L, and 0.035 ± 0.024 mg/L in the surface water, shallow and deep aquifers 
respectively. The acceptable limit is exceeded by 71.05% As, 39.47% Cr, and 55.26% 
Ni in JF samples and by 586.2% As and 65.52% Pb in GF samples. These results 
show that a comparatively lower concentration of these elements is found in the GF 
than in the JF (Figs. 2.2a–f, 2.3a–d). It is caused by the industrial activities raised 
in the JF 6. The concentration of trace metals, including Fe, Mn, As, Cr, Ni, and 
Pb, in the Holocene deep aquifer and surface water samples is reported to be below 
the detection limit. Interestingly, these trace metals exhibit a discernible declining 
trend with depth (Fig. 2.4a–d). This phenomenon can be attributed to the presence 
of a clay layer that acts as a barrier, separating the upper shallow and intermediate 
aquifers from the deep aquifer [2, 3]. 

2.3.2 Hydrochemical Facies 

The hydrochemistry of water is regulated by major ions. Water types are determined 
using the Piper diagram [53]. As illustrated in Fig. 2.5, all the shallow and interme-
diate samples in the JF area exhibit Ca–HCO3

− types, while most of the deep aquifers 
(Holocene) display a transition from Ca–HCO3

− to Na–HCO3
− types. Conversely,



36 Md. Moniruzzaman et al.

Fig. 2.5 Piper trilinear diagram for groundwater 

deep well samples are mostly of the Ca–HCO3
− type, whereas the majority of shallow 

well samples in the GF area are of the Ca–HCO3
− to Ca–Cl− type. 

2.3.3 Isotopic Analysis 

The isotopic approach plays a crucial role in pinpointing groundwater sources, as well 
as ascertaining their age, rate of flow into aquifers, and residence duration. Addition-
ally, it facilitates the exploration of connections between different aquifers and the 
interconnections between surface water and groundwater. Figure 2.6a displays the 
isotopic composition (δ2H and δ18O) plots of groundwater. The δ2H values exhibit 
a range from –58.0 ‰ to − 15.6‰, − 43.5‰ to − 9.6‰, − 38.6‰ to − 17.9‰ 
and − 42.9‰ to − 14.7‰ for river water, shallow, intermediate, and deep samples 
of the Holocene aquifer, respectively, with mean values of − 32.2‰, − 25.8‰, − 
24.6‰ and − 25.6‰ in JF regions. Furthermore, the values of δ18O range from 
− 9.71‰ to − 3.59‰, − 6.6‰ to − 2.1‰, − 5.9‰ to − 2.7‰ and − 6.8‰ to
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− 2.8‰. The corresponding mean values are − 5.7‰, − 4.3‰, − 4.1‰ and − 
4.4‰ for same locations. The δ2H for river water, shallow, and deep samples of the 
Holocene aquifer in GF regions ranged from − 6.1‰ to − 5.6‰, − 46.4‰ to − 
26.6‰, and − 37.5‰ to − 25.7‰, with mean values of − 5.9‰, − 36.5‰, and − 
32.7‰, respectively. Furthermore, the corresponding δ18O values in the same areas 
range from − 1.8‰ to − 1.5‰, − 7.8‰ to − 3.6‰, and − 5.7‰ to − 3.3‰, with 
mean values of − 1.7‰, − 5.4‰, and − 4.9‰ for the samples of river water, shallow, 
and deep aquifer, respectively. Figure 2.6a illustrates the small difference in isotopic 
composition between the GF and JF regions. The majority of samples from these 
areas closely align with the Global Meteoric Water Line (GMWL) and Local Mete-
oric Water Line (LMWL), with only a few exceptions noted in deep well samples 
of GF. Notably, surface water, shallow, middle, and deep from the Holocene region 
have very high variance in isotopic composition, very close to GMWL and LMWL. 
These aquifers’ water comes from recent rainfall-induced recharge. Due to potential 
evaporation, some shallow and intermediate water is below the GMWL and LMWL, 
indicating that these two aquifers are semi-confined to unconfined. However, this 
information enhances our understanding of the recharge mechanisms inferred from 
the isotopic composition. The d excess line supports this recharge mechanism both 
in the JF and GF areas (Fig. 2.6b).

2.3.4 Geostatistical Analyses 

Multivariate statistical techniques, including correlation analysis, hierarchical cluster 
analysis (HCA), and principal components analysis (PCA), serve as valuable tools 
to detect and classify the possible pollutant sources in various sample locations [69]. 
In this study, Principal Component Analysis (PCA) was conducted on groundwater 
quality data, employing Varimax rotation with Kaiser Normalization. PCA enables 
the assessment of relationships between component levels and important variables 
that have an impact on the hydrogeochemical processes of the aquifer and ground-
water quality by defining a new set of variables [34]. Varimax rotation, utilized in this 
analysis, maximizes the sum of the variance of the factor coefficients, providing a 
clearer understanding of potential sources influencing water systems [13, 22, 29, 55]. 

2.3.4.1 Correlation Analysis 

The results of the correlation analysis (Tables 2.4 and 2.5) of the data from ground-
water samples show strong correlations, which provide insight into possible influ-
encing factors in the hydrochemical composition that contribute to the understanding 
of groundwater quality and its underlying sources.

In both JF and GF areas, compelling strong positive correlations are observed 
among key parameters such as EC, TDS, HCO3 

–, Cl–, SO4 
2–, NO3 

–, Ca2+,Mg2+,Na+, 
and K+. This interconnectedness implies that the concentrations of these ions play a
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Fig. 2.6 Isotopic analysis of groundwater

pivotal role in influencing groundwater chemistry. The origin of these associations 
could stem from various factors, including anthropogenic activities like domestic 
wastewater infiltration, pesticide usage, as well as natural geological processes like 
ion exchange, rock-water interaction, and the weathering of rocks, calcite, and 
dolomite. This interdependence is denoted as the pollution factor, highlighting the 
intricate relationship between these parameters and the impact of human activities 
on groundwater quality [27, 59]. Moreover, a robust positive correlation is identified 
among trace elements (Fe, As, Cr, Ni, and Pb) in both areas, suggesting a commonality 
in their sources, potentially linked to anthropogenic activities or mineral dissolution.
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Table 2.4 Pearson correlation of Jamuna floodplain (JF) 

– 

– 

– – 

– – 

– – 

– – 

– – 

– – – 

– – – – – – – 

– – – 

– – – – – – – – – 

– – – – 

– – – – 

– – – – 

– – – – 

Table 2.5 Pearson correlation of Ganges floodplain (GF) 

– – 

– – – 

– 

– – 

– 

– – – – – – – – – – – – 

– – 

– – – – 

– – – –
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This correlation aligns with previous studies emphasizing the influence of human-
related factors on trace metal concentrations in groundwater [10, 28, 73, 90]. Inter-
estingly, a negative correlation is observed between depth and trace elements in both 
JF and GF areas, indicating a decrease in the rate of contamination with increasing 
depth. This depth-related trend underscores the importance of considering vertical 
variations when assessing groundwater quality and contamination risks. 

2.3.4.2 Principal Component Analysis (PAC) 

The results of the principal component analysis, including factor loadings, eigen-
values, percentages of variation, total cumulative variance, and community values 
are shown in Table 2.6. From the dataset, the principal component analysis iden-
tified four distinct factors in the JF (Fig. 2.7a, c), while in the Ganges Floodplain 
(GF), five factors were identified based on the groundwater quality dataset, each 
having eigenvalues (Fig. 2.7b,d) greater than 1. To further understand the under-
lying parameter structure, a scree plot of the retained PCA number has been created 
(Table 2.6). Four factors were retrieved from the principal components analysis in JF, 
accounting for 68.83% of the total variance, while five factors were extracted from 
GF, accounting for 83.86% of the total variance. PC1, which represented 37.10% of 
the variance in the overall physicochemical characteristics of groundwater in JF, was 
influenced by significant positive loadings of Ca, Fe, As, Cr, Pb, and Ni concentra-
tions while being negatively loaded by Na. This suggests that the presence of heavy 
metals in groundwater is primarily attributed to the untreated effluent discharge from 
industries, vehicular emissions along highways, and corrosion of brakes, tires, and 
engine parts [6, 36, 54, 68]. Furthermore, the significant loading of arsenic, iron, and 
manganese concentrations is thought to be caused by the redox state of the ground-
water, chemical weathering, and microbial decomposition of As, Mn, and Fe-bearing 
rocks in the aquifer [12, 32, 33]. The second extracted factor in PCA2 revealed high 
positive factor loadings for EC, TDS, Cl, and Ca, contributing to approximately 
15.95% of the total variance. This implies that these parameters are influenced by 
factors such as increased evaporation due to extreme aridity, rock-water interaction 
with ion exchange, and the presence of irrigation return flow [15, 19]. With the 
positive load of HCO3 and Mg concentrations, PC3 explained 9.15% of the overall 
variance, indicating that silicate mineral weathering is thought to be the main source 
of HCO3 in groundwater. HCO3, however, can also be produced by bacteria breaking 
down organic pollutants in aquifers [9, 77]. PC4, accounting for 6.63% of the total 
variance, was loaded positively by NO3 concentration and negatively by pH and Mn. 
This implies that NO3 may originate from domestic and agricultural wastes in the 
surrounding areas [11, 16, 19, 46].

However, in the GF areas, PC1 accounted for 37.77% of the variance in the 
groundwater’s physicochemical characteristics overall. This variance was driven by 
the high quantities of EC, TDS, HCO3, Ca, Mg, and Na, which positively loaded 
the groundwater, and the pH, which negatively loaded the groundwater. The elevated 
concentrations of dissolved ions in groundwater, contributing to the EC loadings,
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Fig. 2.7 Principal component analysis (scree plot and component plot in rotated space) in the 
Jamuna floodplain a, c and Ganges floodplain b, d

were attributed to rock-water interaction with ion exchange and agricultural effluent 
[15, 19]. The PC2 represented 17.72% of the total accounted variance, with positive 
loadings for Cl, NO3, SO4, and K concentrations. This suggests the influence of 
domestic wastes, septic tank leakage, and agricultural applications of fertilizers and 
agrochemicals as potential sources [14, 15, 19, 47]. The concentrations of As, Cr, 
and Pb positively loaded PC3, which explained 13.98% of the variance overall. The 
enrichment of arsenic in the groundwater may be attributed to natural processes [12, 
57]. The NO3 concentrations loaded PC4, which accounted for 7.33% of the overall 
variation, with a negative load of Mn. Higher NO3 concentrations are likely the result 
of agricultural activities, urban outflow discharge, and agricultural effluent [19, 38, 
47]. PC5 accounted for 7.06% of the total variance, loaded by Fe concentration. The 
presence of iron, a metal abundant in the Earth’s crust, suggests that this factor may 
be associated with the weathering of iron-bearing rock [2, 3, 33]. 

2.3.5 Integrated Water Quality Index (IWQI) of Groundwater 
of the Study Area 

According to the WHO-2011 drinking water quality standard, the IWQI values for 
the samples are displayed in Table 2.7. The IWQI values are ranked into five distinct 
classes according to the water quality: Excellent (< 50), Good (50–100), Medium 
(100–150), Poor (150–200), and Extremely Poor (> 200) [1]. In the JF area, IWQI 
values range from 131.38 to 230.30, 71.22 to 111.23, and 33.18 to 62.55, respectively



2 Isotopic and Hydrogeochemical Evaluation of Ganges and Jamuna … 43

in the shallow, intermediate, and deep samples. The corresponding mean concentra-
tions are 169.92 ± 24.86, 92.37 ± 12.28, and 46.64 ± 7.66. Additionally, IWQI 
values range from 36.86 to 166.01, and 40.33 to 77.37 in the GF area for shallow 
wells, and deep wells, with mean concentrations of 105.07 ± 34.86, and 54.08 ± 
14.99, respectively. The findings of the study indicate that seven shallow samples in 
JF fall into the extremely poor category, while the remaining samples range from 
medium to poor. Intermediate samples are classified as good to medium, and deep 
Holocene groundwater samples are rated as excellent to good, making them suitable 
for drinking. All of the deep wells’ water is excellent to good for drinking quality, 
while the GF’s shallow well samples are found to be of good to medium quality 
(Fig. 2.8c). The spatial distribution of IWQI highlights that water quality is rela-
tively fresher in deep aquifers compared to shallow aquifers. The consumption of 
contaminated water from shallow aquifers the residents may be in danger of health 
problems (Fig. 2.8a, b).

2.3.6 Groundwater Pollution Index Assessment 

To comprehensively assess the collective impact of determined heavy metals on 
groundwater quality and distinguish the pollution levels in the studied area, distinct 
pollution indices, including the Heavy Metal Pollution Index (HPI), Heavy Metal 
Evaluation Index (HEI), and Degree of Contamination (Cd), are constructed for each 
sample (Table 2.7). 

In line with the classification proposed by Vetrimurugan et al. [84], HPI is cate-
gorized into five ranks: excellent (0–25), good (26–50), poor (51–75), very poor 
(76–100), and unsuitable (>100). The HPI values for the shallow, intermediate, and 
deep samples in the JF area are 397.78 to 691.46, 143.82 to 527.12, and 0.27 to 
2.10, respectively. The respective average concentrations are 1.00 ± 0.58, 365.48 ± 
117.58, and 536.98 ± 81.41. For shallow and deep wells in GF zones, the HPI values 
ranged from 60.35–256.13 and 31.6–98.52, respectively, with mean concentrations 
of 161.94 ± 50.21 and 64.62 ± 31.31. These classifications mean that deep well 
water is safe to drink, but all of the samples from shallow and intermediate wells in 
JF and the majority of the shallow water samples in GF are unsuitable for drinking 
(Fig. 2.9a). The shallow, intermediate, and deep samples in the JF area have HEI 
values ranging from 17.53 to 30.02, 10.38 to 16.67, and 0.03 to 0.94, respectively. 
The respective average concentrations are 0.36 ± 0.26, 13.57 ± 2.45, and 22.48 ± 
3.18, respectively. Nonetheless, the groundwater sample HEI values in the designated 
GF regions range from 2.48 to 12.74 and 4.56 to 23.83, with corresponding mean 
concentrations of 12.77 ± 5.91 and 6.02 ± 4.11, respectively. In both JF and GF 
locations, shallow groundwater samples had the highest HEI value, which progres-
sively decreased with depth (Fig. 2.9b). Furthermore, the Degree of Contamination 
(CD) was utilized to support the determination of heavy metal pollution levels [5]. 
The CD values for the shallow, intermediate, and deep samples in the JF area are, 
respectively, 11.53 to 24.02, 4.38 to 10.67, and − 5.97 to − 5.06. The respective
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Fig. 2.8 Integrated weighted water quality index a and b spatial distribution of IWQI and c Depth 
versus IWQI

mean values are 16.48 ± 3.18, 7.57 ± 2.45, and − 5.64 ± 0.26. The average concen-
trations of 7.77 ± 5.91 and 1.02 ± 4.11 were found in the groundwater samples of 
shallow and deep wells, with CD values ranging from − 0.44 to 18.83 and − 2.52 to 
7.74 in GF, respectively. These findings also reveal that the highest and lowest CD 
values of groundwater samples are found in JF and GF in shallow and deep wells, 
respectively (Fig. 2.9c).
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Fig. 2.9 Pollution index assessment a HPI, b HEI, and c degree of contamination (Cd) 

2.3.7 Evaluation of Human Health Risk 

Long-term ingestion of contaminated groundwater may have negative health effects. 
The health risk assessment is considered the most trustworthy technique for eval-
uating both non-carcinogenic and carcinogenic health risks [96]. This applies to 
both adults and children. The statistics of cancer risk and non-carcinogenic health 
concerns for adults and children through oral and dermal consumption are displayed 
in Table 2.7. 

2.3.7.1 Non-carcinogenic Health Risk (NCR) 

The non-carcinogenic risk (NCR) values for the JF area in shallow, intermediate, and 
deep samples range from 10.29–18.32, 3.10–13.13, and 0.01–0.35, with mean values 
for adults of 13.52 ± 2.08, 8.97 ± 3.21, and 0.09 ± 0.10; for children, the range is 
13.09–23.31, 3.94–16.71, and 0.01–0.45, with mean values of 17.21 ± 2.64, 11.42 
± 4.08, and 0.11 ± 0.12 respectively. Additionally, for groundwater from shallow 
wells and deep wells in the GF area, the NCR values ranged from 2.25 to 13.79 and 
1.25 to 4.56, with mean concentrations of 8.46 ± 2.84 and 2.49 ± 1.35 for adults. 
For children, the NCR values in shallow wells and deep wells ranged from 2.87 to 
17.56 and 1.59 to 5.81, with mean concentrations of 10.77 ± 3.62 and 3.17 ± 1.71, 
respectively (Fig. 2.10a–d).
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Fig. 2.10 The non-carcinogenic and the total carcinogenic health risk assessment of adults, and 
children 

2.3.7.2 Carcinogenic Health Risk 

The carcinogenic risk (CR) ranges for shallow, intermediate, and deep groundwater in 
the JF area were found to be 0.006–0.017, 0.004–0.010, and 2.7E−06–2.7E−06 for 
adults, with mean values of 0.011 ± 0.002, 0.007 ± 0.006, and 2.7E−06 ± 8.7E−22, 
respectively. The corresponding CR ranges for children in the JF area were 0.008– 
0.022, 0.005–0.012, and 3.4E−06–3.4E−06, with mean values of 0.014 ± 0.003, 
0.009 ± 0.002, and 3.4E−06 ± 8.7E−22, respectively. On the other hand, the CR 
ranges for shallow and deep groundwater in the GF area for adults were 6.7E−04– 
6.0E−03 and 4.7E−04–1.9E−03, with mean values of 3.2E−03 ± 1.3E−03 and 
9.3E−04 ± 5.8E−04, respectively. The corresponding CR ranges for children in 
the GF area were 8.5E−04–7.6E−03 and 6.0E−04–2.4E−03, with mean values of 
4.0E−03 ± 1.6E−03 and 1.2E−03 ± 7.4E−04, respectively. The outcomes indicate 
that the concentrations of Fe, Mn, Cr, Pb, As, and Ni in both shallow and intermediate 
samples surpass the acceptable range of 1 × 10–6 to 1 × 10–4 for cancer risk, as 
recommended by USEPA [81]. These results underscore the potential adverse health 
effects on the local population through the consumption of contaminated drinking 
water. Notably, the JF areas exhibit higher cancer risk values compared to the GF area, 
attributed to increased irrigation and industrial activities in the former. The elevated 
accumulation of these contaminants in the study area poses significant cancer risks 
for the local residents. Spatial distribution analysis depicted in Fig. 2.10e–h reveals
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lower risks in the GF compared to the JF area, with risks being higher for children than 
adults. However, it’s essential to acknowledge uncertainties in the risk assessment due 
to the utilization of parameters from USEPA [81], which may not be entirely suitable 
for the demographics of Bangladesh. Future studies should refine these assessments 
for more accurate evaluations, considering population-specific factors and exposure 
variations. 

2.4 Conclusion 

The groundwater plays a crucial role as the primary water source, supporting various 
industries, agriculture, and the daily lives of residents in the study area. The study 
conducted a comprehensive understanding of the groundwater quality, its suitability 
for drinking, groundwater sources, and the potential health risks of the Ganges and 
Jamuna floodplain aquifers. In this study, 105 samples were collected in the floodplain 
areas of Ganges floodplain and Jamuna floodplain in Bangladesh. These samples 
were analyzed to assess the chemistry, recharge mechanism, quality, pollution index, 
and potential health risks using hydrochemical methods, environmental isotope tech-
niques, and multivariate statistical analysis. The Ca–HCO3

− and Na–HCO3
− are the 

predominant varieties of water in these aquifers. Shallow and intermediate wells 
in the Ganges and Jamuna floodplain aquifers have greater levels of K+, NO3

−, 
Fe, Mn, As, Cr, Ni, and Pb enrichment. The isotopic compositions indicate recent 
recharge from precipitation, with re-evaporation and mixing processes. IWQI reveals 
that groundwater from the Ganges and Jamuna floodplain (shallow and intermediate 
wells) aquifers is unsafe for human consumption. The Heavy Metal Evaluation Index 
(HEI), Heavy Metal Pollution Index (HPI), and Degree of Contamination (Cd) are 
higher for shallow and intermediate aquifers. Moreover, the HEI, and HPI both are 
higher at the Jamuna floodplain than the Ganges floodplain. The non-carcinogenic 
risk evaluation suggested that the mean hazard index (HI) of most groundwater 
samples from shallow and intermediate aquifers exceed the permissible limit and 
the carcinogenic risk ranges for children via oral consumption and adults and chil-
dren via dermal exposure. The release of untreated heavy metal-containing effluents 
agricultural and industrial pollutants is dominant in the Jamuna floodplain aquifer 
whereas agricultural and livestock farming activities are dominant in the Ganges 
floodplain aquifer. The release of these contaminants to the environment should be 
reduced and properly managed. The study implies that proper water management 
will ensure safe drinking water in the Ganges and Jamuna floodplain aquifers for 
future generations.
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Chapter 3 
Assessment of Pollution and Water 
Quality of Coastal Seawater of Saint 
Martin’s Island 

Imtiaz Ahmed Sakib, Ferdousi Begum, Adiba Mosharraf, Farhana Akter, 
Md. Arman Hossain, S. K. Rahat Rezwon, and Md. Abu Bin Hasan Susan 

Abstract Saint Martin’s island, located at the southernmost tip of Bangladesh, has 
significant ecological value for being most favourite tourist spot and acting as a 
nesting site for many internationally vulnerable marine species. This island’s marine 
biodiversity is exceptionally wealthy due to its favorable environment, but its marine 
environment is facing threats day by day due to natural calamities, various types 
of pollution, and other anthropogenic activities. This study was conducted on Saint 
Martin’s Island, through assessing the quality of seawater collected from 9 stations, 
determined using the Global Positioning System. Various physicochemical proper-
ties: pH, conductivity, total dissolved solids, turbidity, salinity, density, viscosity, 
refractive index and dissolved oxygen with concentration of phosphate and nitrate 
were measured. Concentration of arsenic, lead, mercury, zinc, sodium and magne-
sium were also investigated by Atomic Absorption Spectrophotometer and the trend 
of average concentration of mineral and heavy metals was Na > Mg and Zn > Pb > 
Hg > As, respectively. Furthermore, several water quality indices were calculated for 
physicochemical parameters and concentration of heavy metals where category of 
seawater quality was found “Good” according to Canadian Council of Ministers of 
Environment (CCME) Water Quality Index (WQI) and Weighted Arithmetic (WA) 
Water Quality Index (WQI) revealed “poor” quality. Thus, seawater quality parame-
ters have been critically analysed, correlated and essential findings were noted and. 
Obtained results highlight variation in most of the seawater quality parameters of 
Saint Martin and have a good correlation with each other.
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3.1 Introduction 

Physicochemical properties of coastal seawater are crucial to a healthy marine 
ecology and sustainable fisheries. Variability of productivity in coastal seawater is 
a result of fluxes of nutrients that may occur from both anthropogenic and natural 
sources, as well as changes in the physicochemical characteristics of the water, which 
can ultimately affect seawater quality (Idrus et al. 2017). Temperature, rainfall, pH, 
salinity, and dissolved oxygen (DO) are significant physical and chemical factors 
affecting the aquatic environment. Others include total alkalinity and acidity, total 
suspended and dissolved particles, and heavy metal pollutants. The survival of aquatic 
species is constrained by these conditions (flora and fauna) [19]. 

Saint Martin’s island in Bangladesh (Scheme 3.1) is a distinctive coral-bearing 
island with significant ecological significance and an increasingly popular tourist 
destination in Bangladesh because of its geographical location and ideal environ-
mental conditions [23]. This island’s extensive area of mangrove formations and 
dunes provide some of the handful of surviving habitats for a number of marine 
species that are vulnerable or globally very rare. Due to its abundance of marine 
biotic resources, this island serves as a flyway and wintering place for migrating 
birds from East and Australasia [5]. Any work particular to physicochemical param-
eters of coastal seawater surrounding Saint Martin’s island is not yet to be done. To 
sustain the seawater quality and its standard, the marine aquatic ecosystem needs to 
be carefully protected.

Although many attempts have already been made to conserve the numerous 
endangered species of turtles and corals, etc., the number of tourists has recently 
increased rapidly, causing the island’s natural ecosystem to deteriorate [6]. Many 
works have been done on physicochemical properties of the ocean all over the world. 
An attempt has been made to establish a baseline scenario based on the studies of 
six physicochemical parameters: temperature, conductivity, salinity, total dissolved 
solids (TDS), pH, and dissolved oxygen (DO) on Saint Martin’s island [13]. Envi-
ronmental impact was also monitored to make a current status of Saint Martin’s 
island coral resources and environmental assessment using pH, salinity, turbidity, 
and temperature (Ahammed et al. 2016). 

Saint Martin’s Island was designated as an ecologically critical area under the 
Bangladesh Environment Conservation Act, according to the proposal of the National 
Conservation Society (Ahammed et al. 2016). There have been several initiatives to 
safeguard the island’s biodiversity and ecosystem, but the lack of environmental law, 
long-term sustainable policy implementation, and monitoring make it unlikely that 
an effective protected area will be established [5]. Despite several studies, a detailed 
physicochemical profiling along with heavy metal and nutrient analysis is required 
to establish a strong ground for further research for the well-being of the aquatic
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Scheme 3.1 Map of Saint Martin’s island in Bangladesh [33]

environment of the island. Water Quality Index (WQI), Heavy Metal Pollution Load 
Index (HPI), Contamination Factor (CF), Correlation Coefficient (CC), and other 
indexes through the studies of physicochemical properties with determination of 
concentration of heavy metals or minerals will provide an idea about the current 
status of aquatic environment so that required initiatives can be taken. In this study, 
an extensive work has been detailed to establish a basic scenario of pollution status 
of Saint Martin’s island. WQI was calculated using the measured physicochemical 
properties for coastal seawater of Saint Martin’s island. While doing so, this index 
needed expert judgment and assumptions along with recognized standards, which 
can vary from person to person and also an absence of established standards can 
slightly alter the outcome. In this case, previous research works were considered. 
Additionally, results obtained from the studies of physicochemical properties have 
been correlated with each other through statistical analysis. This study primarily 
focuses on the physicochemical parameters along with the concentration of nutrients 
and heavy metals and minerals. The ultimate goal has been to give information 
about the pollution condition of Saint Martin’s island’s sorrounding coastal seawater 
through calculation of WQI, HPI, and CF as well as a correlation based on statistical
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Table 3.1 Geographical 
co-ordinates of the sample 
sites 

Sample No. Longitude Latitude 

1 20° 36' 56'' 92° 19' 53''

2 20° 35' 58'' 92° 20' 1''

3 20° 35' 19'' 92° 20' 19''

4 20° 37' 90'' 92° 19' 58''

5 20° 34' 20'' 92° 20' 26''

6 20° 38' 5'' 92° 19' 11''

7 20° 37' 57'' 92° 18' 56''

8 20° 37' 32'' 92° 18' 60''

9 20° 37' 13'' 92° 19' 24''

analysis on water quality parameters that will bring the research up-to-date with 
the most recent investigation of Saint Martin’s island. Obtained results will work 
as a baseline information about the island and help to indicate the scope for further 
research work. Finally, taking in mind the shortage of time and scope the sampling 
has been done once only in a specific season, thus the results may vary depending 
on the season. 

3.2 Methodology 

3.2.1 Study Areas 

Saint Martin’s island was selected as the area for this study and it is located at the 
north-eastern side of the BoB, about 9 km south to Teknaf peninsula. As it is a small 
island, the study will cover 9 stations around the island, having latitudinal range from 
20° 34' 20'' N to 20° 38' 5'' N latitude and longitudinal range from 92° 18' 56'' E to  
92° 20' 19'' E longitude at the Bangladeshi territory of Bay of Bengal. The geographic 
coordinates for each sampling station on Saint Martin’s island from which coastal 
saltwater was collected can be seen in Table 3.1 and Scheme 3.2.

3.2.2 Justification of the Sampling Site 

As the main objective of this research was to get information about the current 
scenario of pollution of Saint Martin’s Island’s surrounding seawater, the sampling 
stations were chosen as possible to give priority to the main target (Scheme 3.2; 
Table 3.1). Coastal seawater were collected surrounding the island so that a full 
picture of the quality parameters of adjacent water of the island could be observed.
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Scheme 3.2 Geographical co-ordinates of all sampling stations of Saint Martin’s island (satellite 
view of Bangladesh and Saint Martin’s island with its adjacent neighbors (left) and sampling stations 
around Saint Martin’s island (right)

Station no.1, 2, 3, 4, and 5 cover the island’s eastern side from the central point to the 
tip of Cheradwip. Station no. 6, 7, 8, and 9 cover the north-west side of the island. 

3.2.3 Sample Collections and Preservation 

Coastal seawater were collected into properly cleaned bottles with no air bubbles 
from the surrounding of Saint Martin’s island in March 2022. Then sample bottles 
were labeled with station no., sealed in air tight condition, preserved in an adiabatic 
ice box at 4 °C temperature and fixed with nitric acid for further study. Co-ordinates 
of the sample locations were measured correctly and precisely through handheld 
Global Positioning System (GPS).
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3.2.4 Materials 

Seawater acquired off the coast of Saint Martin’s island in March of 2022 were used 
for analysis to carry out this research work. Silver nitrate, AgNO3, (Honeywell, Fluka, 
Germany), potassium chromate, K2CrO4 (Sigma Aldrich, USA), manganese sulfate, 
MnSO4, (Honeywell, Fluka, Germany), potassium iodide, KI, (Sigma Aldrich, 
Chile), sodium thiosulfate, Na2S2O3.5H2O (Sigma Aldrich, Germany), potassium 
dichromate, K2Cr2O7 (Sigma Aldrich, Netherlands), starch (Sigma Aldrich, India), 
sodium hydroxide, NaOH (Sigma Aldrich, Sweden), nitrification inhibitor (N-
allythiourea, C4H8N2S), WTW Wissenschaftlich, and silver sulfate, Ag2SO4, (Sigma 
Aldrich, USA) were used as received. Ultra-pure water with resistivity 18.2 MΩ cm 
at 25 °C, total organic carbon level to < 10 ppb and flow rate (max.) are 1.50 L/min 
were used for different experiments. 

3.2.5 Parameter Analysis, Equipment and Methods 

Physicochemical properties were analyzed through various methods using different 
equipment. Analyzed physicochemical properties were temperature, turbidity, total 
dissolved solids (TDS), pH, salinity, electrical conductivity (EC), density, viscosity, 
refractive index (RI), and dissolved oxygen (DO). Temperature and pH were observed 
with Handheld Thermometer and WTW Lab-pH Meter inoLab® pH 7110, respec-
tively. Salinity, EC and TDS were measured by WTW inoLab Multiparameter 9310 
IDS (P) using electrometric method. DO was measured with Portable DO meter: 
EcoSence DO® 200A, Xylem by polarographic electrode with convenient screw-
on cap membrane. Density, viscosity, turbidity, and refractive index were measured 
using AntanPaar vibrating tube density meter DMA 4500 ME following oscillating 
U-tube method, AntonPaar-Lovis 2000 M/ME microviscometer with rolling ball 
method, Nepthelometric method by EPA Compliant Benchtop Turbidity Meter— 
HI88703, HANNA and Abbemat 300 refractometer including high-resolution optical 
sensor with a resolution and limit error ± 10–5, Range nD: 1.26 to 1.72, respectively. 
Concentration of nutrients was measured by Single beam UV-spectrophotometer 
(DR 3900) using HACH Powder Pillows 8048 and 8039. Concentration of different 
heavy metals/minerals: As, Hg, Zn, Pb, Na and Mg were measured by Atomic 
Absorption Spectrophotometer (AAS) using different methods: electric hydride for 
As (hollow cathode lamp of wavelength 193.7 nm), cold vapor for Hg (in the light 
path of wavelength of 253.7 nm) and direct flame absorption for Zn, Pb, Na and Mg 
at 213.9, 217.0, 589.0 and 589.0 nm, respectively. Furthermore, different reagent 
solutions were prepared with ultrapure water using Ultrapure Water Purification 
System, aquaMAXTM—Ultra 370. These reagents were weighed and mixed using 
ATY224 Analytical Balance, Shimadzu, and Biobase Hotplate Magnetic Stirrer, BS-
2H, respectively during removal of halides from these seawater for the determination 
of concentration of heavy metals/minerals.
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3.2.6 Sample Preparation for AAS: Elimination of Halides 
from Seawater Samples 

Halides were removed using the following method to correctly determine concentra-
tion of minerals and heavy metals in seawater samples by Atomic AbsorptionSpec-
trophotometer (AAS) [1]. 50.0 mL of seawater sample was poured into a 100 mL 
Erlenmeyer flask and then 5.0 g of AgSO4 was added. A small magnetic rod was 
placed inside the flask before it was placed on the magnetic stirrer plate. Different 
samples from different stations were mixed for a period of time ranging from 60 to 
90 min at room temperature, and the precipitation that was white at first changed to 
a faded lilac-colored mixture. At this point, mixing was stopped and the flask was 
taken from the magnetic stirrer and placed in a 40° inclined position on a suitable 
inclined supporting frame for a rest period of 5–10 min. Sedimentation of colored 
precipitate was very quick and after filtration ca. 45.0 mL of the clear seawater was 
collected in 60 mL sample bottles. 

3.2.7 Tools/Methods for Data Analysis 

Spatial distribution of different seawater quality parameters was observed by Inverse 
Distance Weighted (IDW) interpolation method [2]. Several software packages were 
used to obtain, manage, process, analyze, visualize and interpret data. ArcGIS 10.8 
was used for mapping of study area and Microsoft Excel 2013 was used for data 
profiling, linear correlation plots [17, 23] and Pearson Correlation [32]. In this study, 
Canadian Council of Ministers of the Environment (CCME) Water Quality Index 
(CCME WQI) [4] and Weighted Arithmetic Water Quality Index (WA-WQI) [10] 
methods were used to calculate WQI. 

3.3 Results and Discussion 

3.3.1 Assessment of Seawater Quality Parameters and Their 
Spatial Distribution Using GIS Based Inverse Distance 
Weighted Interpolation 

3.3.1.1 Temperature 

Figure 3.1 shows temperature and spatial distribution temperature of seawater 
acquired off the coast of Saint Martin’s island. Temperature varied between 26.09 
and 30.01 °C with average temperature of 27.45 °C. Highest and lowest temperatures 
were recorded at station no. 9 and 2, respectively.
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Fig. 3.1 Temperature (left) and spatial distribution of temperature (right) in coastal seawater around 
Saint Martin’s island [31] 

Interpolated distribution (Fig. 3.1, right) examined that lower range (26.0–27.3 °C) 
in the central to southern side and northern side of the island had highest range 
(28.7–31.0 °C) of temperature, where most of tourism activities takes place (Mian 
2005). With the exception of one site, all temperatures were within the normal range; 
nonetheless, the difference was too little to be significant. Variation in temperature 
was observed as the seawater was collected in day time in dry season, the adjacent 
air temperature was high. Furthermore, Ocean currents and wind patterns also affect 
the temperature of seawater.
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3.3.1.2 pH 

Figure 3.2 shows pH and spatial distribution of pH in seawater acquired off the coast 
of Saint Martin’s island. Seawater was slightly alkaline at all the stations (Fig. 3.2) 
and pH of various stations ranged between 8.21 and 8.31 where highest and lowest 
pH were found at station no. 8 and 1, 7, respectively with average pH of 8.26. The 
analysis of the pH interpolation (Fig. 3.2, right) revealed that the pH of the seawater 
at almost every station followed a similar pattern, with very little variation. Maybe 
because it was winter, the pH that was obtained was within the standard range for 
seawater. The pH levels at every site were within the acceptable range, indicating 
that the island’s coastline saltwater is not yet being impacted by ocean acidification 
[24]. 

Fig. 3.2 PH (left) and spatial distribution of pH (right) in coastal seawater around Saint Martin’s 
island [31]
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3.3.1.3 Turbidity 

Figure 3.3 gives turbidity and spatial distribution of turbidity in coastal seawater 
around Saint Martin’s Island. Observed turbidity of all seawater was quite low (range 
from 0.2 to 1.67 NTU) which is desired for a sustainable coral reef environment 
(Fig. 3.3). Highest and lowest turbidity were found at stations 5 and 3, respectively 
with average turbidity of 0.65 NTU. Interpolation of the turbidity (Fig. 3.3, right) 
showed that The northern portion of the island, where there is a lot of tourist, has 
slightly higher turbidity (1.17–1.67 NTU) might be due to the massive amount of 
silt that has been deposited there from the deltaic system [15]. A healthy, sustainable 
coral reef habitat during the dry season depends on turbidity levels between 0.15 and 
0.70 NTU, which have been observed throughout the island, with the exception of 
the northern half [29].

3.3.1.4 Total Dissolved Solids (TDS) 

Figure 3.4 represents TDS and spatial distribution of TDS in coastal seawater around 
Saint Martin’s Island. Range of TDS in seawater was quite lower (24.95–25.63 g/L) 
than average TDS (35 g/L) of seawater reflects good quality of seawater. This could 
be because there is a decrease in water mixing and the sea is calmer in the winter. 
Lowest and highest TDS were found at station no. 7 and 8, respectively with average 
TDS of 25.25 g/L. Distribution of TDS (Fig. 3.4, right) clearly showed that TDS of 
coastal seawater on the north western side was higher (25.41–25.62 g/L) as well as 
gradually became lower on the central side and lowest value (24.95–25.17 g/L) was 
found on the southern side of the island.

3.3.1.5 Density 

Figure 3.5 shows density and spatial distribution of density in coastal seawater around 
Saint Martin’s Island. Density ranged from 1.02334 to 1.02396 g/cm3 with average 
density of 1.02369 g/cm3. Lowest and highest density were found at station no. 6 
and 9, respectively. Spatial distribution of density (Fig. 3.5, right) showed that the 
island’s central part had the highest density, while its southern and northern regions 
had the lowest. Surface fluxes, wind-driven upwelling, advection, temperature, TDS, 
salinity, and other variables all interact to affect surface density [27].

3.3.1.6 Viscosity 

Figure 3.6 gives viscosity and spatial distribution of viscosity in seawater acquired 
off the coast of Saint Martin’s island. Viscosity was ranged from 0.942 to 0.949 mPa’s 
with average viscosity of 0.944 mPa’s. Lowest and highest viscosity were found at 
station no. 1 and 8, respectively andit is apparent from interpolation plot (Fig. 3.6,
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Fig. 3.3 Turbidity (left) and spatial distribution of turbidity (right) in coastal seawater around Saint 
Martin’s island [31]

right) that viscosity was lower (0.942–0.944 mPa’s) on the southern side and compar-
atively higher (0.947–0.948 mPa’s) in the island’s north western part. In general, 
viscosity rises as temperature decreases and the ease with which molecules can 
move with one another is related to a liquid’s viscosity [28].

3.3.1.7 Refractive Index (RI) 

RI and spatial distribution of RI in coastal seawater around Saint Martin’s island 
are shown in Fig. 3.7. RI ranged from 1.34998 to 1.35074 nD with average RI 
of 1.351 nD and Lowest and highest RI were monitored at station no. 1 and 8, 
respectively. Distribution of RI (Fig. 3.7, right) clearly showed that range of RI
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Fig. 3.4 TDS (left) and spatial distribution of TDS (right) in coastal seawater around Saint Martin’s 
island [31]

was low (1.3499–1.3500 nD) starting from the center to the southern part, mid-range 
(1.3502–1.3505 nD) on north eastern and western part and high (1.305–1.307 nD) on 
the island’s north eastern tip. RI increases as salinity, TDS, and temperature decrease 
[16]. Therefore, variations in salinity, TDS, and temperature may be the cause of the 
RI changes observed around the island.

3.3.1.8 Salinity 

Salinity and spatial distribution of salinity in coastal seawater around Saint Martin’s 
island are given in Fig. 3.8. Salinity ranged from 33.58 to 35.54 ppt where highest 
and lowest salinity were observed at station no. 8 and 5.7 respectively, with average
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Fig. 3.5 Density (left) and spatial distribution of density (right) in coastal seawater around Saint 
Martin’s island [31]

salinity of 33.04 ppt. From spatial distribution (Fig. 3.8, right), it was observed that 
salinity was in lower (32.54–32.88 ppt) on the southern side, mid-range (32.23– 
33.89 ppt) on island’s north east and central part and highest (33.24–33.58 ppt) 
island’s north western part. It is commonly known that temperature, evaporation, 
and precipitation all affect salinity [7]. Salinity may therefore fluctuate throughout 
the island as a result of temperature variations and seasonal changes brought on by 
precipitation, evaporation, freshwater discharge, and other factors.
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Fig. 3.6 Viscosity (left) and spatial distribution of viscosity (right) in coastal seawater around Saint 
Martin’s island [31]

3.3.1.9 Electrical Conductivity (EC) 

EC and spatial distribution of EC in coastal seawater around Saint Martin’s island 
are shown in Fig. 3.9. EC was ranged between 49.91 to 51.22 mS/cm and lowest as 
well as highest EC were found at station no. 7 and 8, respectively with average EC 
of 50.54 mS/cm.

From spatial distribution of EC (Fig. 3.9, right), it was noticed that EC was lowest 
on the island’s south-eastern side and highest on the north-eastern side. EC is corre-
lated with Salinity [35] and increases as salinity increases and salinity might have 
affected the EC observed of seawater around the island.
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Fig. 3.7 RI (left) and spatial distribution of RI (right) in coastal seawater around Saint Martin’s 
island [31]

3.3.1.10 Dissolved Oxygen (DO) 

DO of seawater acquired off the coast of Saint Martin’s island was shown in Fig. 3.10. 
DO ranged between 6.19 and 8.08 mg/L where lowest and highest DO were found 
at station no. 6 and 4, respectively with average DO of 6.97 mg/L over the island.
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Fig. 3.8 Salinity (left) and spatial distribution of salinity (right) in coastal seawater around Saint 
Martin’s island [31]

3.3.1.11 Concentration of Nutrients 

Phosphate 

Concentration of phosphate, [PO4 
3−] and spatial distribution of [PO4 

3−] in coastal 
seawater around Saint Martin’s island are shown in Fig. 3.11. [PO4 

3−] ranged from 
0.04 to 0.53 mg/L with average of 0.1711 mg/L. It was observed from spatial distribu-
tion (Fig. 3.11, right) that [PO4 

3−] was comparatively lower in the southern side and 
in the northwestern side, [PO4 

3−] was maximum (Fig. 3.11), since the tourism activi-
ties affect this part most frequently. Inappropriate practices in agriculture, runoff from 
landscapes and cities, septic system leaks, sewage treatment, and plant emissions all 
contribute to the high [PO4 

3−] levels that are seen [18].
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Fig. 3.9 EC (left) and spatial distribution of EC (right) in coastal seawater around Saint Martin’s 
island [31]

Nitrate 

Figure 3.12 shows concentration of nitrate, [NO3
−] ranged from 1.2 to 2.5 mg/L 

with average of 1.6556 mg/L. On the contrary to [PO4 
3−], [NO3

−] was highest in the 
islands central area and a slightly less in the island’s southern part (Fig. 3.12, right). 
Most of [NO3

−] in the surface seawater is formed by river runoff, which includes all 
of the river activities: agricultural, farming, industrial, and waste [30].
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Fig. 3.10 DO in coastal seawater around Saint Martin’s island

3.3.2 Determination of Concentration of Heavy Metals 
and Minerals 

3.3.2.1 Removal of Halides for Determination of Concentration 
of Heavy Metals 

Salinity of seawater were lower than their initial values after using the procedure 
outlined in Sect. 2.6, displayed in Fig. 3.13 [1]. Concentrations of various heavy 
metals/minerals were determined after removal of halides from coastal seawater 
using AAS.
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Fig. 3.11 Concentration of phosphate, [PO4 
3−] (left) and spatial distribution of [PO4 

3−] (right) in 
coastal seawater around Saint Martin’s island [31]

3.3.2.2 Concentration of Heavy Metals 

Arsenic (As) 

Concentration of arsenic, [As] in coastal seawater of Saint Martin’s island is shown 
in Fig. 3.14. [As] was found in a measurable range for only 3 stations out of 7 
preselected stations in which highest and lowest [As] was 0.09 and 0.03 μg/L for 
station no. 2, 7 and 3, respectively. [As] was ˂ 0.5 μg/L which is lower than the 
standard permissible limit of [As] in seawater, 50 μg/L [34].
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Fig. 3.12 Concentration of nitrate, [NO3
−] (left) and spatial distribution of [NO3

−] (right) in  
coastal seawater around Saint Martin’s island [31]

Fig. 3.13 Initial and final salinity of coastal seawater after removal of halides collected from Saint 
Martin’s island
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Fig. 3.14 Concentration of As, [As] in coastal seawater around Saint Martin’s island 

Fig. 3.15 Concentration of 
Hg, [Hg] in coastal seawater 
around Saint Martin’s island 

Mercury (Hg) 

Concentrations of mercury, [Hg] of some preselected seawater were determined by 
AAS with cold vapor method [25], is shown in Fig. 3.15. Among 7 stations, only 
3 stations had [Hg] in a measurable range in which highest and lowest [Hg] were 
measured in station no. 1 (0.01 μg/L) and 5 (0.002 μg/L) indicating [Hg] is within 
the standard permissible limit of [Hg] in seawater, 1 μg/L [34].
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Fig. 3.16 Concentration of 
zinc, [Zn] in coastal seawater 
around Saint Martin’s island 

Zinc (Zn) 

Concentration of zinc, [Zn] (Fig. 3.16) in 7 preselected stations around Saint Martin’s 
island ranged from 1.23 to 7.72 mg/L. Highest and lowest [Zn] were found at station 
no. 3 (7.72 mg/L) and 5 (1.23 mg/L). Average [Zn] was 3.787 mg/L which was high 
as a large portion of total Zn in seawater is absorbed by particles or complexes with 
dissolved organic matter through aerial deposition and average residence time of 
Zn is 1400 years [8]. But the observed Zinc Concentration was within the standard 
permissible limit 5000 μg/L of [Zn] in Seawater [34]. 

Lead (Pb) 

Figure 3.17 represents concentration of lead, [Pb] in coastal around Saint Martin’s 
island and measured [Pb] ranged from 0.05 to 0.09 mg/L in which highest and lowest 
[Pb] were found at station no. 4 and 9, respectively with average [Pb] of 0.06 mg/ 
L in the coastal seawater in Saint Martin’s island which is lower than the ideal limit 
(50 μg/L) of lead in seawater [26].

3.3.2.3 Concentration of Minerals 

Sodium (Na) 

Figure 3.18 represents concentration of sodium, [Na] in coastal seawater around 
Saint Martin’s island and [Na] ranged from 11,334 to 12,948 mg/L where lowest 
and highest [Na] were found at station no. 1 and 9, respectively with average [Na] of 
11,933 mg/L in coastal seawater in Saint Martin’s island. As the salinity of seawater 
was higher, [Na] were also high.
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Fig. 3.17 Concentration of 
lead, [Pb] in coastal seawater 
around Saint Martin’s island

Fig. 3.18 Concentration of 
sodium, [Na] in coastal 
seawater around Saint 
Martin’s island 

Magnesium (Mg) 

Figure 3.18 represents concentration of magnesium, [Mg] of preselected seawater in 
Saint Martin’s island and [Mg] ranged from 784 to 1268 mg/L. Highest and lowest 
[Mg] were found at stations no. 6 and 4, respectively, with average [Mg] of 1099 mg/ 
L due to sediment discharge occurring near the shore and terrestrial sediments are 
main source of Mg in seawater [12].

3.3.3 Correlation Between Physicochemical Properties 

3.3.3.1 Pearson Correlation 

Relationship of two variables was measured by Pearson’s correlation coefficient (r) 
and the correlation coefficient ranges in value from − 1 to  + 1. Positive correlation
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Fig. 3.19 Concentration of 
magnesium, [Mg] in coastal 
seawater around Saint 
Martin’s island

Fig. 3.20 Pearson correlation coefficient between physicochemical properties in coastal seawater 
around Saint Martin’s island 

coefficient values show a tendency for one variable’s increase to be correlated with the 
other variable’s drop, and vice versa. Correlation coefficient values near zero show 
little association between variables, whereas those near − 1 or  + 1 show a significant 
linear relationship between two variables [14]. Figure 3.20 shows Pearson correlation 
coefficient between all the observed physicochemical properties used in this study. 
All physicochemical properties have good correlation between them, a few have 
negative correlation between them and others have a somewhat neutral relation. 

3.3.4 Pollution Status of Saint Martin’s Island Surrounding 
Seawater 

3.3.4.1 Canadian Council of Ministers of Environment (CCME) WQI 
of Physicochemical Parameters 

CCME WQI [20] was evaluated for physicochemical parameters and Table 3.2 shows 
the result obtained from during the calculation WQI.
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Table 3.3 Calculated WA-WQI of seawater acquired off the coast of Saint Martin’s island 

Parameters Standards Stations (WiQi) Quality 

pH 7.42–8.65 Station 1 = 79.0434 
Station 2 = 57.0271 
Station 3 = 63.1874 
Station 4 = 58.2731 
Station 5 = 63.6936 
Station 6 = 71.1729 
Station 7 = 71.5721 
Station 8 = 88.7831 
Station 9 = 81.71732 

Very Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Very Poor 
Very Poor 

DO (mg/L) 5.24–7.92 

EC (mS/cm) > 15  

TDS (g/L) 0.5–30 

Salinity (ppt) 15–36 

Temperature (°C) 25–30 

Phosphate 0.005–2 

Nitrate (mg/L) 0.3–3.0 

Silicate (mg/L) < 16  

Nitrite (mg/L) 3 

Turbidity (NTU) 30 

According to CCME WQI, it was observed that physicochemical properties of 
seawater acquired off the coast of Saint Martin’s island yields a result of 85.5 which 
fell under the category “Good” means water quality has minor degree of threat or 
impairment; conditions rarely depart from natural or desirable levels. Occasional 
departure from ideal parameters might take a short time due to natural and anthro-
pogenic activities. Continuous monitoring and source analysis of these deviations 
might be required to save the island from further contamination. 

3.3.4.2 Weighted Arithmetic Water Quality Index (WA-WQI) 

Weighted Arithmetic Water Quality Index (WA-WQI) [10] was also evaluated for 
physicochemical parameters and Table 3.3 shows the result obtained from during the 
calculation WA-WQI for each stations. 

WA-WQI shows the water quality of coaster seawater to be “poor” in average, 
where 6 out of the 9 stations were marked “poor” which means that seawater of these 
stations can only be used for irrigation and industrial usage. And other three stations 
were marked “very poor” which means that water of these stations can be used for 
irrigation only. Further detailed investigation will provide a clear and concise picture. 

3.3.4.3 Heavy Metal Pollution Index (HPI) 

Table 3.4 represents calculated HPI values of measured heavy metals and HPI score 
of heavy metals is 208.8945 in coastal seawater of Saint Martin’s island.

From the calculation of HPI, it was observed that the coastal seawater around Saint 
Martin’s island has a HPI score of 208.8945 and any score above 100 is indicative 
of ‘good’ water quality and that of less exposure to heavy metal and pollution [21].
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Table 3.4 HPI values in coastal seawater of Saint Martin’s island 

Metal Average 
value in 
water 
sample (M) 
ppb 

Standard 
permissible limit 
in water sample 
(S) ppb [34] 

Ideal 
limit 
(I) ppb 
[26] 

Unit 
weight 
(W) 

Sub-index 
Q 

W * Q HPI 

Zn 3787.14 5000 3000 0.0002 39.357145 0.007871 208.8945 

Pb 60 50 10 0.02 125 2.5 

As 0.03 50 10 0.02 24.925 0.4985 

Hg 2.1428 1 1 0 214.2857 

Total 1.0402 Total 217.2921

Table 3.5 CF for heavy metals in seawater of Saint Martin’s island 

Metal St. 1 St. 2 St. 3 St. 4 St. 5 St. 7 St. 9 Avg CF 

Zn (mg/L) − 0.76 − 0.91 − 0.48 − 0.77 − 0.91 − 0.59 − 0.77 − 0.74 
Pb (mg/L) − 1 0 0.4 0.8 0.6 0.6 0 0.2 

As (μg/L) − 1 − 0.99 − 0.99 − 1 − 1 − 0.99 − 1 − 0.99 
Hg (μg/L) 9 − 1 − 1 2 1 − 1 − 1 1.14 

CD 1.55 − 0.72 − 0.52 0.25 − 0.08 − 0.49 − 0.69 − 0.10 

Thus, score of 208.8945 indicates that coastal seawater of Saint Martin’s island is 
not yet polluted by heavy metals and was in “Good” quality during March 2022. 

3.3.4.4 Contamination Factor (CF) 

Table 3.5 and Fig. 3.21 represent CF, degree of contamination (CD) and category of 
water quality depending on CF for heavy metals and CD has been found as − 0.10. 
Figure 3.21 (right) shows that average contamination factor for seawater acquired 
off the coast of Saint Martin’s island was − 0.10, which is less than 1 and described 
as low contamination factor, which is an indication of little or no contamination.

3.4 Conclusions 

A detailed analysis was conducted on the physicochemical properties and concen-
tration of minerals and heavy metals found in coastal seawater from Saint Martin’s 
Island. The sea surface temperature was affected by the low air temperature of winter 
season. All station had a slightly alkaline pH while no significant variations in pH 
were observed. Due to decreased evaporation during the winter season, salinity 
and electrical conductivity were high. Low levels of turbidity and total dissolved
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Contamination 
Factor 

Category 

CF < 1 Low 
1 < CF <3 Moderate 
3 < CF <6 Considerable 

6 < CF Very High 

Fig. 3.21 CD at each sampling station around Saint Martin’s island (left) and contamination factor 
category (right) [9]

solids (TDS) were observed which is beneficial for the coral reefs of Saint Martin’s 
Island. DO were more than 6 mg/L, which is necessary for fish populations, phyto-
plankton growth, primary production, and sustainable marine life. Density, viscosity, 
and refractive index (RI) were higher due to the high salt content of seawater. 
The amounts of arsenic, mercury, lead, and zinc among the heavy metals exam-
ined differed. Mercury and Lead levels in some stations were over the permissible 
limit. However, the concentrations of magnesium, zinc, sodium, and arsenic were 
within the permitted limits at all station. Phosphate and nitrate concentrations were 
well within the accepted range, suggesting nutrient-enriched seawater. Overall, the 
collected seawater’s physicochemical characteristics were satisfactory, and showed 
a strong correlation between the parameters. The island’s water quality was rated 
as “Good” by CCME WQI, used in this study which indicates that more research 
and monitoring are needed to ensure the island’s sustainability. However, the water 
quality was rated as “Poor” by the WA-WQI, suggesting that it should only be used 
for industrial and irrigation purposes. According to the Heavy Metal Pollution Index, 
heavy metal pollution has not yet had a major effect on the island. Different result on 
two indexes expresses the need for more detailed study. The impact of heavy metals 
on specific sample stations was brought into focus by the Contamination Factor. 
The analysis’s findings will provide valuable insights for future management and 
provide the groundwork for future physicochemical study. This study recommends 
future studies to be conducted with seasonal varieties and added properties for a 
more enhanced and wider study. The island which is already declared a ecologically 
critical area needs strong legislation and monitoring by the authority to prevent any 
further degradation.
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Chapter 4 
Assessment of Potential to Improve 
Water Quality in Natural Wetlands: 
A Case Study in Kotagala Natural 
Wetland, Nuwara Eliya, Sri Lanka 

J. M. A. U. Jayasekara, N. D. K. Dayawansa, and M. I. M. Mowjood 

Abstract Wetlands are essential for purifying water, but human activity poses 
serious risks to many of them. This study investigates the removal efficiency dynamics 
of the Kotagala natural wetland in Nuwara-Eliya, Sri Lanka, which is increasingly 
endangered by encroachment and untreated effluent discharges. There is a need 
to better understand the factors influencing the efficacy of wetlands in contami-
nant removal under varying environmental conditions. To address this, we utilized 
a general removal efficiency equation to calculate removal efficiency values. Then 
descriptive statistics and P values were used to analysis the data statistically. Temporal 
analysis of removal efficiencies shows significant deviations from the general trend, 
particularly in the removal of phosphate and nitrate. Analysing the impact of monthly 
precipitation on removal efficiencies reveals a positive relationship between wet 
months on EC, TSS, Nitrate and Phosphate. On the other hand, salinity and TDS 
exhibit negative correlations with precipitation. All the p values associated with the 
different parameters shows the less values than significant level which is 0.05. It 
concludes, there is a significant relationship in between the removal efficiencies and 
the rainfall fluctuations. Regardless challenges, the Kotagala wetland exhibits poten-
tial for improving water quality, highlighting its importance as a natural remedy 
further study reveals that rainfall is not only factor influence on the nutrient removal 
efficiencies. 

Keywords Removal efficiency · Wetland · Water quality · Rainfall
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4.1 Introduction 

One of the most beneficial and biologically diverse ecosystems on Earth is the 
wetlands [22]. Widely called “the kidneys of Earth,” wetlands act as natural filters 
for water, removing pollutants through a complex interplay of chemical, biological, 
and physical processes. Wetlands stand out as essential nature-based solutions for 
the purification of water [11, 20]. As water passes through the complex root systems 
of wetland plants, it naturally filters out sediments and other pollutants [14]. 

As described by the Ramsar Convention in [16], a wetland is either permanently 
or temporarily saturated with static or flowing fresh, salty, or salt water, often found 
in marshes, fens, and peatlands. Wetlands are mainly classified into natural and artifi-
cial categories. Both types perform essential functions involving physical, chemical, 
and biological processes for natural water purification by filtering and absorbing 
a variety of pollutants from surface water [9], through phytoremediation [13] and 
bioremediation [9]. Additionally, wetlands provide habitats for flora and fauna [15], 
grazing areas for animals, and tourism opportunities [10]. They also play roles in 
flood control [18] and carbon sequestration [6]. 

However, over nutrient and other contaminant inputs could overwhelm wetlands, 
causing the ecosystem to change from being a sink to a source of pollutants. This 
could lead to a change in diversity and a loss of ecological quality. The effectiveness 
of removing nutrients and pollutants from wetlands is influenced by several factors, 
including the watershed characteristics, precipitation, the state of the wetland, and 
other internal mechanisms operating within the system [3]. 

Furthermore, by decomposing organic matter and converting pollutants into 
innocuous substances, the diverse microbial communities found in wetlands play 
a critical role in the purification of water. Plants and microbes have a symbiotic 
relationship that serves as a strong defence against a variety of water pollution 
sources, including industrial discharges and agricultural runoff [7]. Not only do these 
ecosystems maintain water quality within wetland boundaries but also contribute to 
downstream water bodies, demonstrating the interplay of their impact [25]. 

In addition to that, wetlands provide main ecosystem services, including climate 
regulation [19], supporting healthy ecosystems and maintaining biodiversity [2], and 
water purification and waste treatment. Considering the human benefits, wetlands 
cater ecosystem services such as providing food [8], medical resources [23], 
recreational opportunities and economic benefits [1]. 

Due to the growing worldwide problems of water scarcity and declining water 
quality, it is essential to understand the various roles of wetlands in water purification. 
The Secretariat of the Ramsar Convention [16] states that in order to ensure a sustain-
able future for these essential ecosystems, conservation efforts must acknowledge 
and tackle the complex relationships that exist between wetlands, water purification, 
and human well-being. 

The Kotagala wetland is located in Nuwara-Eliya, Central province of Sri Lanka. 
It is crucial for maintaining the ecosystem’s hydrology and serving the community in 
the vicinity and downstream. Areas of the marsh that belongs to the wetland are being
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encroached by the adjacent agricultural land. The wetland is threatened by untreated 
domestic and small-scale industrial effluents discharges through the inflowing water-
ways; however, its water quality is affected by these causes. To implement effective 
conservation and management strategies and protect the integrity of the ecosystem 
as well as the welfare of communities dependent on its services, it is essential to eval-
uate the potential of Kotagala natural wetlands to improve water quality. Therefore, 
the objective of this study is to assess the potential of Kotagala natural wetlands to 
improve the water quality. 

4.2 Methodology 

4.2.1 Study Area 

The study was conducted in Sri Lanka’s central hill country, in the Kotagala natural 
wetland (53° 30' N, 80° 34' E, and 57° N, 80° 38' E). In the Hatton Valley, it 
is one of the largest and infrequently accessible wetlands. Locally referred to as 
“Kotagala Oya,” the stream originates from the Kotagala wetlands and supplies water 
for the glorious waterfalls located downstream. Over the wetland’s catchment area, 
the average yearly rainfall is 2929 mm. The region has recorded mean maximum and 
lowest temperatures of 270° C and 90° C, respectively. The wetland has a catchment 
area of 13 km2 and is located at 1724 m above sea level. As shown in Fig. 4.1, tea  
plantations comprise the majority of the land use types in the catchment region.

4.2.2 Data Collection and Sample Measurements 

In case of water sample collection, monthly basis water samples were taken from 
one (S1) outlet and six (S2–S7) inlets (Fig. 4.2) between November 2021 and August 
2022. The analysis of six distinct physicochemical characteristics was conducted to 
examine the variations in water quality in specific 7 sampling points. The samples 
were subjected for the measurements of nitrate, phosphate, total suspended solid 
(TSS), total dissolved solid (TDS), electrical conductivity (EC), and salinity. Param-
eters: nitrate (Spectrophotometric method), phosphate (Spectrophotometric method), 
TSS (conventional gravimetric laboratory procedure), TDS (Multi-parameter), EC 
(Multi-parameter), and salinity (Multi-parameter) were determined after bringing the 
water samples into Joint Research and Development Centre (JRDC) and Department 
of Agricultural Engineering laboratories at the University of Peradeniya, Sri Lanka.
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Fig. 4.1 Catchment area of the wetland

S1 

S2 
S3 

S4 

S5 
S6 

S7 

Fig. 4.2 Sampling points distribution within the wetland
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4.2.3 Data Analysis 

Data was analysed initially by descriptive statistics by calculating mean, maximum, 
minimum and standard deviation. After that, removal efficiencies of EC, TDS, TSS, 
salinity, nitrate and phosphate were calculated using the following removal efficiency 
Eq. (4.1). 

(Ci − Ce)/Ci = E (4.1) 

where Ci = influent concentration of a pollutant Ce = effluent concentration of a 
pollutant, and E = wetland’s removal efficiency (%). For the statistical analysis Excel 
2013 statistical package was used. 

4.3 Results 

4.3.1 Descriptive Variation of Water Quality Parameters 

The overall water quality status of Kotagala Wetland throughout the study period 
is summarized in Table 4.1. EC ranged from 75.90 to 138.56 µS/cm with a stan-
dard deviation of 19.45. Salinity, measured in Practical Salinity Units (PSU), varied 
from 0.09 to 0.13, averaging 0.11. TDS concentration fluctuated between 40.41 
and 75.28 mg/l, with a mean of 53.34 mg/l. TSS ranged narrowly from 773.60 to 
844.12 mg/l, with a mean of 810.9 mg/l. Phosphate concentrations averaged 0.37 mg/ 
l, ranging from 0.07 to 0.9 mg/l, while nitrate values ranged from 0.79 to 2.94 mg/ 
l, averaging 1.44 mg/l. These findings underscore the dynamic nature of Kotagala 
Wetland’s water quality, providing crucial insights for environmental management 
and conservation efforts. 

Table 4.1 Descriptive statics of the water quality parameters 

Parameter Mean Max Min SD 

EC (µS/cm) 102.12 138.56 75.90 19.45 

Salinity (PSU) 0.11 0.13 0.09 0.01 

TDS (mg/l) 53.34 75.28 40.41 11.62 

TSS (mg/l) 810.9 844.12 773.60 18.44 

Nitrate (mg/l) 1.44 2.94 0.79 0.68 

Phosphate (mg/l) 0.37 0.9 0.07 0.26
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Fig. 4.3 Temporal variation of removal efficiencies 

4.3.2 Temporal Variation in Removal Efficiency 

The removal efficiency percentages for various water quality parameters from 
November 2021 to August 2022 are showed in Fig. 4.3, illustrating the system’s 
capacity to mitigate environmental stressors over time. While most parameters 
demonstrated consistent removal trends, notable fluctuations were observed in EC, 
salinity, TDS, and TSS removal efficiencies. EC removal ranged from 45.01 to 
67.82%, with peak removal in August. Salinity removal varied from 18.43 to 40.00%, 
with the lowest in December. TDS removal fluctuated between 30.64 and 67.95%. 
TSS removal exhibited a range of reactions, from − 1.71 to 1.88%, including negative 
efficiencies. Nitrate removal ranged widely from − 21.67 to 89.27%, and phosphate 
removal showed substantial variation from − 288.09 to 100.00%. 

4.3.3 Effect of Rainfall to Variation of Removal Efficiencies 
in Water Quality Parameters 

Monthly rainfalls from November 2021 to August 2022 are shown in Fig. 4.4. Highest 
rainfall was found in June and August. This shift in rainfall patterns over time could 
have influence the water quality ensuing differences in removal efficiency.

Table 4.2 presents the distinct patterns of each parameter’s removal effectiveness 
in relation to varying rainfall amounts throughout the November 2021–August 2022 
study period.

Figure 4.5 shows an increasing trend in EC with rising rainfall, suggesting that the 
wetter months may have higher removal efficiency. The effectiveness of EC removal 
peaked in August 2022 at 67.82%, which was correlated with 408.5 mm of monthly 
rainfall. A substantial correlation between rainfall and EC clearance effectiveness is 
demonstrated by a p-value of 0.004 (p < 0.05).
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Fig. 4.4 Monthly rainfall for study duration

Table 4.2 Removal efficiencies of parameters with the rainfall 

Year Month Monthly 
RF (mm) 

Removal efficiency (%) 

EC Salinity TDS TSS Nitrate Phosphate 

2021 November 253.1 45.01 27.55 30.64 − 0.71 9.88 27.47 

December 156.9 62.02 18.43 61.60 − 1.71 79.09 16.22 

2022 January 56.6 64.85 34.16 64.52 0.84 71.96 − 288.09 
February 47.8 60.01 30.64 59.65 0.43 − 21.67 − 3.21 
March 105.4 66.20 40.00 67.95 0.83 89.27 − 15.75 
April 209.4 65.38 38.66 64.26 0.56 72.83 91.50 

May 330.8 64.21 29.59 62.36 1.09 42.71 − 59.48 
June 446.2 65.07 29.07 64.57 1.65 62.58 76.60 

July 324.0 53.44 26.65 57.57 − 0.49 56.88 − 269.86 
August 408.5 67.82 29.41 67.28 1.88 35.63 100.00

y = 0.0001x + 61.368 
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Fig. 4.5 Relationship between removal efficiency of EC with rainfall 

The effectiveness of removing salinity exhibited a more variable response, peaking 
at 40.00% in March 2022. Overall, removal efficiency of salinity shows the negative 
trend with the rainfall as shown in the Fig. 4.6. P value was calculated as 0.004 for 
the relationship between removal efficiency of salinity and rainfall which value has 
fallen under the significant level (p = 0.05).

Rainfall and TDS removal efficiency also showed a negative association, with 
rainfall amount as shown in Fig. 4.7. This pattern implies that precipitation could
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Fig. 4.7 Relationship between removal efficiency of TDS with rainfall 

help with reduce TDS removal. However, calculated p value (p = 0.004) is less than 
the significant level (p = 0.05). 

According to Fig. 4.8 the removal efficiency of TSS showed a positive pattern in 
response to variations in rainfall, showing both rises and declines. 

A significant peak of 79.09% efficiency was recorded in December 2021 with 
a rainfall of 156.9 mm, as shown in Fig. 4.9, which shows a relationship between 
monthly rainfall and nitrate removal efficiency. This suggests that there is a positive 
correlation between increased rainfall and improved nitrate removal efficiency. The 
substantial p-value of 0.004 (p < 0.05) supports the idea that wetter months may help 
wetlands remove nitrate more successfully.

Phosphate removal efficiency fluctuated noticeably with changes in monthly rain-
fall, peaking at 100.00% in August 2022 alongside substantial rainfall (408.5 mm). 
Conversely, efficiency plummeted to − 288.09% in January 2022 during a period
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Fig. 4.8 Relationship between removal efficiency of TSS with rainfall 
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Fig. 4.10 Relationship between removal efficiency of phosphate with rainfall 

of minimal rainfall (56.6 mm), suggesting clearer phosphate removal during drier 
months. This trend underscores a positive correlation between rainfall and phos-
phate removal, validated by a significant p-value of 0.001 (p < 0.05), as depicted in 
Fig. 4.10. 

4.4 Discussion 

In the descriptive statics, the mean, maximum, minimum and standard deviation 
was calculated. A variety of studies have underscored the significance of taking 
temporal variations and descriptive statistics into account when evaluating the water 
quality of wetlands. The wetland’s capacity to gradually lessen environmental stres-
sors is demonstrated by the temporal dynamics of removal efficiencies. The salinity 
level variation shows the least standard deviation and narrow range, indicating some 
stability in the wetland. But EC and TSS shows the higher standard deviation and 
wider range when compare to the other water quality parameters, suggest possible 
environmental stressors and the requirement for focused management approaches. 

However, for the TSS mean value was less than the maximum permissible level 
as TSS 2100 mg/l. Phosphate concentrations have been measured, ranging from 0.09 
to 7 mg/l, with an average of 0.37 mg/l. It is crucial to understand that, according to 
the Central Environmental Authority (CEA) in 2019, this mean value is below the 
allowable threshold standards (0.13 mg/l) for inland waters. The aforementioned data 
highlights the necessity of additional focus and actions to lower phosphate levels to
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within allowable bounds in order to safeguard inland water resources. Phosphate and 
nitrate, on the other hand, displayed distinct patterns that deviated from the overall 
pattern observed in the other measurements. There was a regular and ordered pattern 
in the overall distribution of the parameters that were being observed. But there was 
a noticeable deviation in the phosphate and nitrate removal efficiency. This indicates 
that there are large differences in the system’s ability to reduce phosphate levels; 
negative values suggest that there may have been periods in which the system act as 
source. 

The collected data and accompanying analysis show complex correlations 
between monthly rainfall and the removal efficiencies of different water quality 
parameters. Figure 4.5 clearly illustrates the positive correlation between rainfall 
and the efficiency of EC removal. August 2022 in particular shows an upward trend 
in EC removal efficiency in tandem with higher monthly rainfall. A low p-value 
(0.004), indicating a strong correlation between increased precipitation and enhanced 
EC removal, supports the statistical significance. This is consistent with the hypoth-
esis that the presence of higher inflows during the wetter months leads to improved 
removal efficiency because of increased dilution. Wetter months may result in lower 
salinity removal efficiencies, as indicated by the negative trend for salinity removal 
efficiency in Fig. 4.6 in response to rainfall. Figure 4.6’s depiction of the negative 
relationship between rainfall and TDS removal efficiency suggests that more precipi-
tation may help with TDS removal. The correlation is strengthened by the statistically 
significant p-value (0.004), indicating that the removal of dissolved solids from the 
water might be facilitated by wetter conditions. 

Significant positive correlation between rainfall and Total Suspended Solids (TSS) 
removal was observed, particularly evident in August 2022, which exhibited the 
highest value. This suggests that increased rainfall levels during specific months can 
influence variations in TSS removal efficiency. However, Birch et al. [4] reported 
contrasting results in their investigation of constructed wetland systems. They noted 
that during the most intense rainfall event, TSS removal efficiency was notably lower 
compared to other events. This discrepancy highlights the nuanced impact of rainfall 
characteristics, such as intensity, on TSS removal processes within wetland systems. 

Figure 4.9 and the peak in December 2021 confirm the positive correlation 
between increased rainfall and nitrate removal efficiency. This observation is consis-
tent with the exceptionally high nitrate removal efficiency in December 2021. The 
statistical significance of this relationship is highlighted by the low p-value of 0.004. 
The complex relationship between phosphate removal efficiency and monthly rainfall 
is demonstrated by the distinct fluctuations in the latter, as illustrated in Fig. 4.10. The  
greatest removal efficiency in August 2022, which also happened to coincide with an 
abundance of rain, confirms the positive correlation. On the other hand, the January 
2022 removal efficiency that was negative points to a possible negative impact during 
drier conditions. The statistical significance of this relationship is supported by the 
low p-value (0.001). 

It is reported by Yano et al. [24] and Gurung et al. [12] that increased rain-
fall intensity reduces the effectiveness of nutrient removal in wetlands. Our latest 
research, however, provides a more complex picture and suggests that this trend is
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not consistent across all parameters. Remarkably, the only materials in our study that 
followed the expected trend of decreasing removal efficiency with increasing rainfall 
were salinity and TDS. This disparity suggests that the effects of rainfall may differ 
based on the particular characteristics of the constituents involved and requires for a 
closer investigation of the complex dynamics governing nutrient removal processes 
in natural wetlands. The underlying mechanisms causing these variations should 
be further investigated in order to provide important information for better wetland 
management and conservation strategies, especially in areas vulnerable to heavy 
precipitation events. Certain points of individual removal efficiencies have negative 
values in the graphs, despite the fact that the overall patterns of the removal efficien-
cies exhibit rising and downward tendencies. The intricate biogeochemical dynamics 
of natural wetland systems are reflected in the study’s negative removal efficiencies 
for some parameters. These kinds of incidents happen when these compounds are 
produced or released by internal processes in the marsh, which raises the concen-
trations at the outlet relative to the intake. For example, sediment resuspension 
from wind-induced mixing, changing hydrodynamic conditions, or bioturbation by 
aquatic species can all be responsible for increases in TSS. Phosphate concentra-
tions can increase as a result of mineralization and desorption processes or the anaer-
obic release of phosphorus from sediments [17]. Similarly, nitrification in aerobic 
wetland microenvironments can lead to the generation of nitrate [5]. These results 
demonstrate the dual function of natural wetlands as suppliers and sinks of nutri-
ents and sediments, highlighting the necessity of taking these dynamics into account 
when assessing their potential to improve water quality and developing sustainable 
management strategies. 

4.5 Conclusion 

The water quality and purification potential of the Kotagala natural wetland in 
Nuwara-Eliya, Sri Lanka, was studied. Water quality parameters varied, with salinity 
exhibiting the least variation and TSS and EC suggesting potential environmental 
stressors. Even though phosphate mean values are below allowable limits, targeted 
management strategies are still required. The wetland’s dynamic reaction to external 
stressors was shown by the temporal variation in removal efficiencies. The overall 
pattern was altered by the phosphate and nitrate removal efficiencies, highlighting 
the need for further investigation into the wetland’s nutrient removal mechanisms. 

The effect of monthly rainfall on removal efficiencies was also investigated in this 
study. The idea that wetter months improve removal efficiency is supported by the 
positive correlation found between rainfall and EC removal efficiency. In contrast, the 
removal efficiencies of TDS and salinity demonstrated a negative correlation with 
rainfall, indicating that these parameters may be removed less effectively during 
wetter periods. Rainfall and TSS removal showed a positive correlation, suggesting 
possible gains during the rainy season. The results highlight the necessity for sophis-
ticated management approaches by adding to our understanding of the complex
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dynamics of wetland water purification processes. For effective wetland conserva-
tion, the study emphasizes the significance of considering particular water quality 
parameters, their variations, and the intricate interactions with environmental factors. 

The study emphasizes the critical role of wetlands as naturally occurring solutions 
for water purification in light of the increasing worldwide scarcity of water and the 
deteriorating quality of water. The Kotagala wetland has the potential to improve 
water quality, despite threats from encroachment and untreated effluent discharges. 
The insights gained from this research can inform conservation efforts and sustainable 
management practices to ensure the continued ecological and societal benefits of 
wetlands. 
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Chapter 5 
The Bangladesh Erosion Monitor: 
Automatic Detection of Riverbank 
Erosion and Its Potential Use for Project 
Planning 
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William Oliemans, and Zahirul Haque Khan 

Abstract The Bangladesh Erosion Monitor (BEM), developed through the Google 
Earth Engine platform using JavaScript, is a novel tool designed to assess erosion 
and accretion in Bangladesh’s major river systems. Utilizing the extensive historical 
records of the Joint Research Centre (JRC), this approach conducts a comprehensive 
planform change analysis. It intricately blends data covering administrative bound-
aries, essential infrastructures, the dynamics of water flow, and patterns of global 
land use. This integration offers a multi-faceted perspective on how river systems
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evolve and interact with both the natural environment and human-developed land-
scapes. This approach aids in understanding erosion impacts and supports informed 
decision-making. Including actionable information for policymakers, the tool identi-
fies vulnerable infrastructure like embankments and ferry terminals, estimates poten-
tial damages to agriculture and households from river erosion, and can perform a 
scenario analysis to calculate inundation depths in breached coastal polders. Its multi-
faceted data layers enable users to predict and strategize against the adverse effects 
of riverbank erosion and flooding. Validated against real-time riverbank survey data, 
this tool represents an advancement in the field of environmental risk management 
by effectively implementing geospatial technology in novel new ways. It provides 
valuable insights for policy development, especially in addressing river erosion and 
flood hazards in Bangladesh, thus contributing meaningfully to the field. 

Keywords Google Earth Engine · Remote sensing · Global Surface Water 
Dataset · Bankline erosion 

5.1 Introduction 

Located at the confluence of the Ganges, Brahmaputra, and Meghna rivers, the delta 
region in Bangladesh is a highly dynamic and morphologically active area, facing 
continuous changes in its landscape [6]. As a result, the susceptibility of these regions 
to riverbank and coastal erosion presents a formidable challenge with extensive 
impacts on communities, critical infrastructure, and diverse vulnerable ecosystems 
[2, 11, 15]. Riverbank and coastal erosion are dynamic phenomena influenced by 
various natural and anthropogenic factors, including hydrological patterns, land use 
change, and climatic variability [3, 5]. 

While these are, for the most part, natural processes with potential positive 
outcomes: e.g., accretion of new land [9], the most prevalent consequences are nega-
tive: e.g., erosion of agricultural land and embankments, and potentially consequent 
flooding of polders and communities [7]. To cope with these impacts, responsible 
authorities, such as the Bangladesh Water Development Board (BWDB), require 
innovative and efficient tools that can provide a rapid and accurate overview of 
riverbank and coastal erosion risks at a nation-wide scale for project planning and 
management. 

This study is embedded in the “Joint-Cooperation between the Netherlands and 
Bangladesh for integrating a Geospatial Analysis Platform for Erosion Monitoring 
in Bangladesh in Risk Management Policy Planning,” addressing the pressing need 
for sophisticated risk assessment mechanisms in the Ganges-Brahmaputra-Meghna 
delta. This collaboration, involving the Institute of Water Modelling (IWM) from 
Bangladesh and Deltares from the Netherlands, is directed towards enhancing the 
application of advanced geospatial analysis in risk management. It aims to equip the 
BWDB with a science-driven tool for comprehensive erosion assessment, blending 
technological innovation with localized expertise. This initiative, while focusing on
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creating the BEM, also emphasizes capacity building and fostering collaborative ties, 
marking a significant stride in addressing the multifaceted environmental challenges 
in the delta region. 

In addressing the challenges of erosion in the Ganges-Brahmaputra-Meghna delta, 
this study investigates the capabilities of Google Earth Engine (GEE) in developing 
a comprehensive tool for automatic detection of riverbank erosion and monitoring. 
GEE’s integration of satellite imagery, cloud computing, and analytical capabilities 
enables a deeper understanding of dynamic land use processes and their impacts [1]. 
By harnessing the vast array of remotely sensed data offered within GEE, the research 
focuses on developing an innovative and scalable approach for the automatic iden-
tification and monitoring of both coastal and riverbank erosion, effectively utilizing 
the extensive data capabilities of the platform. 

The methodology aims to reinforce science-based decision-making, particularly 
in the areas of project planning and implementation. Current morphological models, 
while detailed, often lack comprehensive coverage and can be time-intensive to 
employ [10, 13]. In a similar vein, existing studies relying solely on satellite data, 
although ongoing, tend to have a limited scope. This research introduces a novel 
approach that combines readily accessible earth observation data with specific local 
data to conduct real-time, comprehensive analysis of erosion patterns. This new 
method is anticipated to guide policy decisions by providing crucial information 
to the BWDB for the effective planning and implementation of erosion mitigation 
strategies. While it offers a nationwide overview, it is not meant to entirely replace 
more detailed modeling or survey studies. Rather, it serves as a valuable initial 
assessment tool to assist in the prioritization and selection of sites for further, more 
detailed investigation. 

5.2 Methodology 

5.2.1 Workflow 

The Landsat program, a joint venture between the National Aeronautics and Space 
Administration (NASA) and the United States Geological Survey (USGS), has been 
providing over 35 years of continuous satellite imagery. This extensive dataset makes 
it particularly suitable for long-term change analysis, a method previously employed 
in related research topics, as evidenced by Donchyts et al. [4]. For the preliminary 
dataset, the Landsat-derived Global Surface Water Dataset (GSWD) was utilized 
[12], which delineates water and land at a monthly time step from 1984 to 2021 at 
approximately 30 m spatial resolution. From this, a yearly classification was derived, 
which in turn is used to map erosion (land one year, water the next) and sedimentation 
(vice versa), providing a multi-decadal time series of these classes. In addition to this, 
an algorithm is under development that would enable the BEM tool to analyze Landsat 
images operationally and provide near-real-time surface water layer for subsequent
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analysis. In the next step, locally-derived information on the location of polders, 
embankments, and riverbank lines was used to assess the trend of erosion near them, 
yielding an estimate of near-future erosion probability for each 1 km stretch. The 
polders, embankments, and riverbank data used in the tool are a combination of 
field visit information and digitized data of those existing infrastructures and river 
bankline. Finally, for stretches with erosion potential, the adverse cascading conse-
quences were simulated using a GIS-based approach. This approach investigates the 
worst-case scenario by assuming a complete failure of these embankment stretches. 
IWM has a nationwide validated 1D model which can provide flow and water level 
information at important locations for different hydrological events. Using the 1– 
100-year flood water levels from these nation-wide model simulations, combined 
with the elevation values from the Bangladesh Coastal DEM as well as other global 
DEM datasets (NASA DEM [8], MERIT DEM [16]), an indicative flood extent 
and depth are provided in real-time. These extreme flood hazard maps are combined 
with landcover (ESA WorldCover) [17] and world population [14] datasets to provide 
rough estimates on the cascading vulnerability or risk. ESA World Cover provides 
a global land cover classification at 10m resolution and is available for 2020 and 
2021, while WorldPoP provides the spatial distribution of population for various 
years, both of which are vital for analysis of the impacts of erosion and flooding. The 
entire processing pipeline is configured in Google Earth Engine (GEE). A web-based 
application is created on top of this to enable viewing and user interaction, with the 
current prototype available at: https://arjenhaag.users.earthengine.app/view/bangla 
desh-erosion-monitor. The interface of the Bangladesh Erosion Monitor Tool has 
been shown in Fig. 5.1, while the processing pipeline of the tool is shown in Fig. 5.2. 

Figure 5.2 also includes intermediate steps and products. Datasets are shown 
generically, specific names of those used at the time of writing are listed in the text. 
Elements shown in grey are being researched for near real-time purposes.

Fig. 5.1 Bangladesh Erosion Monitor Tool interface

https://arjenhaag.users.earthengine.app/view/bangladesh-erosion-monitor
https://arjenhaag.users.earthengine.app/view/bangladesh-erosion-monitor
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Fig. 5.2 Processing pipeline of the Bangladesh Erosion Monitor, from input (left) to output (right)

5.2.2 Dataset 

The datasets which have been utilized in the BEM Tool is shown in Table 5.1. 

Table 5.1 Dataset of the Bangladesh Erosion Monitor tool 

Database Data source 

National boundary of Bangladesh IWM 

Administrative boundary 
(a) Division Boundary 
(b) District boundary 
(c) Upazilla boundary 
(d) Union boundary 

IWM 

Coastal embankment (polder) IWM and Deltares 

BIWTA Ghat/Ferry terminal IWM 

Land elevation 

NASA DEM Global 1 arc second (~ 30 m) elevations [8] 

MERIT DEM Global 3 arc second (~ 90 m) elevations [16] 

Coastal DEM IWM 

Global data 

Surface water Global Surface Water Dataset [12] 

Land cover ESA WorldCover [17] 

Population WorldPop [14] 

Mathematical model data 

Water level data IWM 

Flow velocity IWM
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Fig. 5.3 Historical erosion near Naria, Shariatpur, Bangladesh between 2015 and 2021. a The 
picture shows the eroded area in square kilometers and b the picture shows the spatial shifting 
of the bankline using the measurement tool of the Bangladesh Erosion Monitor Tool. All these 
measurements can be done by the user instantaneously for any specified period 

5.3 Results 

The BEM serves as an analytical tool for assessing historical riverbank erosion across 
the nation and also incorporates features designed to predict near-future erosion of 
embankments and the potential cascading effects of flooding. 

5.3.1 Historical Erosion 

Historical erosion monitoring is one of the main objectives for the development of 
the BEM Tool. Currently, the tool can analyze the available imagery from 1988 
to 2021 enabling users to access information on historical erosion or deposition 
trends. Users have the flexibility to select any start and end year between 1988 and 
2021 to generate custom historical erosion and deposition trend maps, which are 
calculated on-the-fly in GEE. The application features a measuring tool that allows 
the user to measure the spatial scales, both in length and area, of erosion deposition 
zones. Figure 5.3 showcases this part of the interface of the BEM, illustrating its 
functionality in tracking and analyzing historical erosion. 

5.3.2 Potential Economic Impact of Historical Erosion 

With the “Admin. Bounds” option, the BEM Tool provides the user with an interactive 
window for generating the potential economic impact of erosion based on a user 
selected administrative boundary. The user has the option to click any administrative 
boundary (e.g., Division/District/Upaziila/Union) on the tool’s interactive window 
and the tool will provide the potential economic impact of the historical erosion
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Fig. 5.4 The potential economic impact of historical erosion analyzed using the Bangladesh 
Erosion Monitor (BEM) tool for Bhuapur Upazila, Tangail, Bangladesh 

of the selected administrative boundary. In real-time, the tool generates five key 
data points for the selected administrative boundary: the total area of eroded land, 
the total urban area lost, the total agricultural land lost, as well as the probable 
values of the lost urban and agricultural lands in the selected administrative boundary 
between 1988 and 2021 due to erosion. ESA WorldCover data [17] is used in the  
background to make the calculations of the impact of historical erosion and the 
probable value is assumed to be 2,965,200 and 3,706,500 Bangladeshi Taka for 
agricultural and build-up land, respectively. Figure 5.4 shows the potential economic 
impact of historical erosion analyzed using the Bangladesh Erosion Monitor (BEM) 
tool for Bhuapur Upazila, Tangail, Bangladesh. The interactive window of the BEM 
gives the user the freedom to click on the map to select any Division/District/Upazilla/ 
Union (Admin Boundary) of Bangladesh and the statistics for the selected boundary 
will be generated spontaneously. 

5.3.3 Erosion Prediction Based on Historical Trends 

By employing historical bankline data from Bangladesh’s major river systems, the 
tool can predict erosion susceptibility for all available banklines in the near future, 
such as the upcoming monsoon season(s), by conducting a trend analysis of the yearly 
erosion rate near the banklines. In this analysis, erosion susceptibility is calculated for 
every 1 km stretch of the riverbank. The BEM examines the extent of erosion within
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Fig. 5.5 Riverbank erosion prediction of the Bangladesh Erosion Monitor tool 

a 200 m buffer region around each stretch and based on the rate of erosion within 
that region, assigns an erosion susceptibility rating to that stretch of the riverbank. 
The riverbank erosion prediction near the Bangabandhu Bridge from the Bangladesh 
Erosion Monitor tool has been shown in Fig. 5.5. 

5.3.4 Polder Erosion Susceptibility Based on Historical 
Trends 

Employing a similar methodology to that used for erosion prediction, the tool can 
predict the erosion susceptibility of different stretches of all the polders of the coastal 
regions of Bangladesh. Erosion susceptibility of the polders is calculated at every 
2001 km stretch of the polder outline, by looking at the yearly erosion/sedimentation 
rates within a 200 m outwards buffer around that stretch. Figure 5.6 shows the area 
classified as land, seasonal and permanent water (lines, left y-axis), as well as yearly 
erosion and sedimentation rates (columns, right y-axis) for the total original polder 
area (top) and for the area near the current (2021) embankments around that polder 
(59/2 PROJECT). The erosion rates near the embankments show a clear increase 
starting around 2013, which is reflected in high erosion susceptibilities for some of 
the embankment stretches shown in Fig. 5.7.
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Fig. 5.6 Area classified as land, seasonal and permanent water (lines, left y-axis), as well as yearly 
erosion and sedimentation rates (columns, right y-axis) for the total original polder area (top) and 
for the area near the current (2021) embankments around that polder (59/2 PROJECT, same as in 
figure below) 

Fig. 5.7 Polder erosion susceptibility prediction by the Bangladesh Erosion Monitor tool based on 
data available up to 2021
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5.3.5 Flood Inundation Map and Flood Risk Assessment 
Based on Possible Embankment Breach Due to Erosion 

The tool can produce rough estimates of flood inundation assuming complete failure 
of a stretch of polder embankment. With the “Embankment” option activated, the user 
has the option to click on any stretch of the polder embankments. Once clicked, the 
tool will assume that the stretch of embankment has failed completely and generate 
a flood inundation map for a 1 in 100-year return water level from the model output 
point closest to that stretch of embankment. It is assumed that water can only flow to 
regions that are hydrodynamically connected (i.e. adjacent and with lower elevation 
than the water level) to the failed embankment stretch, but it should be noted that the 
DEMs often do not include infrastructure or other detailed features which might block 
the flow of water in reality. The tool will also generate graphs on the total number of 
people and cropland affected by the 1 in 100-year flooding due to the embankment 
failure. The interface of the polder flood inundation and flood risk assessment of the 
BEM tool is shown in Fig. 5.8. 

Fig. 5.8 Polder flood inundation map (left) and flood risk assessment statistics generated by the 
Bangladesh Erosion Monitor (BEM) tool (right)
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5.4 Discussion 

5.4.1 Validation of Water Surface Detection Algorithm 

The water surface detection algorithm has been checked against field surveyed 
bankline for multiple years for proper validation of the algorithm. An example of the 
validation process involves comparing the algorithm-generated water surface against 
the field surveyed bankline for the Noakhali region has been shown in Fig. 5.9. 

Figures 5.9 and 5.10 illustrate the specific locations where deviations occur 
between the surveyed bankline and the yearly averaged water surface data generated 
by the BEM. Figure 5.11 presents a graph depicting these deviations. In this graph, a 
negative value signifies erosion of the surveyed bankline in comparison to the BEM-
generated water surface data, while a positive value indicates deposition. Notably, 
as shown in Fig. 5.11, deviations of up to 200 m have been observed, highlighting 
the variances captured by this analysis. Relatively small deviations, especially those 
smaller than the resolution of the data (~ 30 m), could be caused by differences in 
resolution between the source data and surveyed data. Larger deviations should be 
less affected by this and might originate from the fact that the surveyed bankline is 
from a precise moment in time, within a specific month, while the yearly map of

Fig. 5.9 River bankline (August, 2021) is superimposed on the Year 2021 BEM generated water 
surface near Boyer Char 
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the BEM shows aggregated values and includes months before, as well as after the 
survey, so the situation might already have changed. 

Fig. 5.10 River bankline (August, 2021) is superimposed on the Year 2021 BEM generated water 
surface near Urir Char 

Fig. 5.11 Deviation of surveyed bankline from the reference bankline (August 2021) obtained 
from the BEM generated water surface slope
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Fig. 5.12 Validation of historical erosion of downstream of Sirajganj Hard Point (left) and Bhuapur 
(right) for 2010–2011 

5.4.2 Validation of Historical Erosion Events 

In addition to validating the water surface algorithm, checks were conducted on 
the erosion detection algorithms to ascertain the BEM’s effectiveness in tracking 
historical erosion events within Bangladesh. Archives of historical erosion events 
from various locations across Bangladesh, sourced from the IWM database, were 
utilized to construct a custom dataset. This dataset was then compared with the 
BEM’s erosion dataset for the corresponding period and location, to validate the 
BEM’s ability to accurately detect historical erosion. A sample historical erosion 
validation plot has been shown in Fig. 5.12, where the historical erosion information 
collected from the field in 2011, downstream of Sirajganj Hard Point and Bhuapur 
has been validated against BEM erosion detection. The red points indicate GPS 
locations recorded in Post Monsoon 2011, and the BEM’s erosion-sedimentation 
analysis covers the 2010–2011 period. This comparison demonstrates the BEM’s 
proficiency in accurately identifying historical erosion events, as corroborated by 
the field-surveyed erosion data. 

5.4.3 Erosion Prediction Validation 

The bank erosion prediction module of the BEM tool considers the historical river 
bankline shifting up to 2021 and provides susceptibility to erosion for the near future 
(e.g. 2022). The erosion prediction scheme has been validated against observed 
riverbank erosion that occurred in 2022 in multiple reaches of Jamuna River as well
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Fig. 5.13 Bangladesh Erosion Monitor predicted riverbank erosion of the Jamuna River for 2022 
(left) and validation of the predicted erosion against the latest satellite image downstream of 
Bangabandhu Bridge (right). Source of background image Google Maps (within GEE)

as at multiple polders of Southern Bangladesh. The erosion predicted by BEM for 
2022 has been shown in Fig. 5.13 (left). Figure 5.13 (right) shows the validation of 
the predicted erosion, just downstream of existing Bangabangdhu Bridge, against 
the latest available high-resolution satellite image. The image shows that the stretch 
of the Jamuna River has indeed eroded away as predicted by the BEM. Similar 
validation has also been carried out for Boyer Char polder in the Lower Meghna 
River, which has been shown in Fig. 5.14. Similar to Fig. 5.13, Fig.  5.14 also shows 
that the erosion predicted for the reach based on earth observation trend analysis has 
indeed occurred. 

5.4.4 Limitations and Future Improvements 

The current version of the tool uses a global dataset for images analysis up to 2021. 
However, work is ongoing to improve the algorithm based on recent Landsat images 
and provide a near-real-time surface water layer for subsequent analysis. Once fully
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Fig. 5.14 Bangladesh Erosion Monitor predicted polder erosion near Boyer Char for 2022 (left) 
and validation of the predicted erosion against the latest satellite image near Chairman Ghat, Boyer 
Char (right). Source of background image Google Maps (within GEE)

developed, the algorithm will also be able to provide near-real-time prediction capa-
bility on a nation-wide scale. The 30 m resolution of the Landsat images cannot 
identify the water surface extent of the smaller rivers of Bangladesh. Hence although 
the BEM tool performs very well for the major rivers of Bangladesh, it has significant 
limitation in monitoring and predicting erosion for the smaller rivers, as well as small-
scale erosion that might occur along the larger rivers and coastal region. To improve 
this, the inclusion of Copernicus Sentinel-1 and -2 is also being considered, which 
would improve spatial resolution up to 10 m. However, since these satellites do not 
have the long-term continuous archive Landsat has, it might introduce a shift in the 
yearly trend that is used for the erosion susceptibility analysis. The erosion prediction 
module in the current version is purely based on the earth observation trend analysis of 
the river bankline movement and does not consider the overall morphological process 
of riverbank erosion, including soil composition, flow rates and sediment loads. The 
bank erosion prediction module is still being developed, and in this module, more 
factors (such as discharge, near bank velocity, soil properties, etc.) are being consid-
ered which will improve the prediction module further. However, current results and 
their validation indicate that this relatively simple method can already provide an 
estimate of erosion susceptibility that is in line with actual erosion occurrences. 

The generated flood inundation maps of the BEM are a simplified version of 
probable inundation as a result of complete failure of an embankment stretch and a 
1-in-100-year flood event. The hydrodynamics within the region are not considered, 
and the land elevation of polders is not adjusted for the presence of infrastructures 
or other features that might block the flow of water in reality. As a result, the flood 
map only provides a rough estimate to enable quick insights that could drive a more 
detailed study. Moreover, the duration of the inundation depths associated with a 1-
in-100-year flood is not currently indicated but is being considered for an upcoming 
update. The latter is also the case for flood events with different return periods, 
especially those that could occur more often, to provide information on possible
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impacts that might take place often and/or soon after erosion of an embankment 
(instead of with a major 1-in-100-year event). 

5.4.5 Field Validation and Assessing Riverbank Erosion 

The initial stage of our field validation research included visits to two distinct river 
sites in Bangladesh—the Jamuna River and the Arial Khan River—to gauge the extent 
of on-site erosion. The Jamuna River site, located near the Bangabandhu Bridge 
(refer to Fig. 5.15) in north-west Bangladesh, and the Arial Khan River site, near 
the Padma Bridge in south-west Bangladesh, were chosen due to their contrasting 
characteristics: the Jamuna is a vast river, averaging 12–16 km in width, while the 
Arial Khan is comparatively narrower, with a width of 300–500 m.

The field visits to the Jamuna and Arial Khan Rivers had multiple objectives: 
(i) assessing riverbank erosion in two distinct rivers; (ii) refining ground truthing 
methodology for the erosion monitor; (iii) testing the social survey questionnaire, 
a precursor to broader social surveys; (iv) exploring the social impacts of erosion. 
These visits were important for collecting validation data and setting the stage for 
comprehensive social surveys. Such surveys are imperative for achieving a holistic 
perspective on the broader implications of riverbank erosion, refining the BEM tool’s 
application, and generating actionable information for policymakers. 

5.5 Conclusion 

This research, set against the backdrop of the Ganges-Brahmaputra-Meghna delta’s 
complex and dynamic environment, represents a step forward in the ability to monitor 
erosion. Utilizing the innovative capabilities of GEE, the BEM has been developed 
to enable large scale (in both space and time) erosion monitoring. The tool not 
only traces the historical patterns of erosion but also forecasts potential future risks 
associated with it by providing a near-future erosion susceptibility estimate and by 
considering impacts that might follow from erosion. It embodies a synergy of exten-
sive satellite data analysis, advanced algorithmic modeling, and an implementation 
of a deep understanding of the local geographical and hydrological nuances. 

This amalgamation of data allows for a multi-decadal analysis of erosion and 
sedimentation, delivering insights with resolution and accuracy. This ability to predict 
impending erosion and its subsequent effects, such as potential flood risks, makes 
the information actionable for decision makers. 

Aside from the previously mentioned technical developments (e.g. inclusion of 
near real-time data), the next phase of this project will encompass a crucial element 
of socio-economic ground truthing. This phase is designed to align our technical 
findings with the tangible socio-economic impacts observed on the ground, thereby 
offering a more comprehensive perspective of the erosion phenomenon. The insights
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Bangabandhu Bridge 

Fig. 5.15 Location visited during field trip to Jamuna River

gleaned from this phase are anticipated to augment its practical utility for local 
communities and policymakers. 

This work could have significant implications for decision and policymakers. It has 
the potential to inform a broad spectrum of decisions, ranging from infrastructure 
planning to formulating emergency response strategies. By providing a near-real-
time assessment of erosion risks, the tool can rapidly equip policymakers with the 
knowledge to make informed, proactive decisions, potentially reducing the adverse 
effects of erosion on vulnerable communities, infrastructure and ecosystems. 

In essence, this research demonstrates the efficacy of integrating advanced satel-
lite imagery analysis with the bankline survey data at the Padma River and Lower 
Meghna River, measured by IWM. It highlights the potential of such integrative 
approaches in tackling complex environmental challenges. As the project progresses, 
its findings are expected to make contributions to the fields of environmental science,
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risk management, and policy formulation, ultimately aiding in the development of 
resilient and adaptive strategies in response to evolving landscapes. 
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Chapter 6 
Prediction of Stream Bank Failure 
at Paturia Ferry Ghat of Padma River 
of Bangladesh in Terms of Bank 
Materials 

Uma Saha, Fatima Rukshana, Nayan Chandra Ghosh, Md. Moniruzzaman, 
Sumiya Ferdhous, Bikash Roy, and Kazi Rezaul Karim 

Abstract This study has been undertaken to predict the bank failure mechanism of 
Padma River at Paturia ferry ghat of Bangladesh regarding bank materials. In this 
context, laboratory test results of soils and water levels were analyzed. From the 
analysis, it has been observed that the low flood level at Paturia ferry ghat varies 
from 1.8 to 2.0 mPWD at which the bank materials are non-cohesive. However, the 
high flood level varies from 7 to 9 mPWD which exceeds the bank elevation of bank 
line 6.667 to 6.935 mPWD, where the materials from the bank line to the ground 
surface are cohesive layers containing 30% clay. The presence of such clay particles 
creates a higher level of bonding among the other particles which are more resistant to 
surface erosion because of their lower permeability. These soils are more susceptible 
to bank failure during the rapid drawdown of water levels due to the increases in 
pore pressures which lead to tension cracks. The study results will inform the design
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engineer about the bank failure mechanism; however, a comprehensive geotechnical 
investigation will be needed prior to the design for the protection of the Paturia ferry 
ghat. 

Keywords Bank materials · Failure mechanism · Paturia ferry ghat · Padma 
River · Bank failure 

6.1 Introduction 

6.1.1 Soil Formation in Bangladesh 

A major part of Bangladesh is situated on the Bengal delta formed by three major 
rivers Ganges, Brahmaputra, and Meghna [1]. The sediments carried by the huge 
discharges of these rivers have built a broad delta, forming most of the area of 
Bangladesh and the submerged delta plain in the Bay of Bengal. These huge sedi-
ments are the major sources of formation of 80% soils of the country. The remaining 
20% of soils have been formed in Tertiary and Quaternary sediments of hills (12%) 
and uplifted Pleistocene terraces (8%) [4]. 

In many areas, the soil surveys recognized active, young, and old floodplain land-
scapes. Active floodplains occupy land within and adjacent to the main river systems 
where shifting channels deposit and erode new sediments during the annual floods. 
Newly deposited alluvium within this floodplain is stratified into different layers. 
Usually, silty and clay deposits are finely stratified, whereas sandy deposits, as well 
as mixed sandy and silty deposits, are coarsely stratified. 

The young and old floodplains are virtually stable land where the main river 
channel has moved away, but they are crossed by tributaries or distributaries. On 
these floodplains, the process of soil formation is dominated by sediment deposition, 
as evidenced by soil characteristics [6]. 

Different texture of the soil is found in different parts of Bangladesh due to the 
varying types of sediments deposited at the floodplains when they over-flooded the 
land. Sandy material is deposited near the riverbanks and silty material is further 
away from the banks whereas clay is the furthest away from the river. When rivers 
change their course, the pattern of sandy and silty materials is seen on the slightly 
higher ridges of the rivers, and clay materials are seen left behind in the adjoining 
basins [3]. 

6.1.2 Causes of Failure of Riverbank 

Sediment gets into the river not only from the catchment but also from the contri-
bution from the erosion of its banks. The cause of the riverbank failure includes the
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underwater erosion along the toe of the bank during the falling stage of the river; 
direct erosion of the riverbank; sloughing of the saturated bank caused by rapid 
drawdown; liquefaction of saturated silty and sandy bank material; erosion due to 
seepage from banks at low river discharge; and scour along waterline due to wind 
or wave wash of passing vessels. Bank failures depend more on the properties of the 
bank material than the direct erosive action of stream flow. Eventually, the probable 
causes of erosion are river instability, soil erosion, sediment transport, and deposi-
tion. Large quantities of sediment on the slopes of the Himalayan Mountains are shed 
due to intense monsoon rainfall, high tectonic activities, soil conditions, and human 
intervention [10]. 

The riverbank can collapse depending on several factors predominating the 
geotechnical characteristics. When the gravitational forces act on a bank and exceed 
the forces that hold the sediment together, depending on sediment type, layering, and 
moisture content, the banks can collapse [7]. 

A stream bank failure is closely related to the composition of the stream bank 
material. Geotechnical failures are usually the result of moisture conditions in the 
stream bank which create forces that exceed bank resistance. Human actions are often 
responsible, for example, any unnatural destruction of bank vegetation promotes 
erosion by hydraulic forces [9]. 

The guidelines regarding the failure of riverbanks suggest that when banks are 
destabilized by the piping of cohesion-less soil from lenses then capillary action 
temporarily decreases the angle of repose of the bank material to less than the existing 
bank slope. Liquefaction of fine-grained material causes fluid-like failures of the 
bank from pore pressure increase during rapid drawdown. Shrinking and swelling 
of clay soils during the wetting and drying cycle causes tension cracks, freezing and 
thawing of soil weakens the shear strength, subsurface moisture changes weaken 
the internal shear strength of the soil mass at the interface of different soil types 
and wave action is the impact of waves hitting directly on exposed soil causes bank 
failure. Waves vary with wind speeds and duration, water depth, and the continuous 
length of water over which winds blow in one direction [12]. Flow properties, bank 
material composition, bank geometry, bank moisture conditions, channel geometry, 
vegetation, and man-induced factors influence riverbank failure [13]. 

Terzaghi and Peck [11] explained the signs of riverbank failure and named a slide 
as the failure of a mass of soil located beneath a slope. It involves a downward 
and outward movement of the entire mass of soil that participates in the failure. The 
failure of a slope in a cohesive material is preceded by the formation of tension cracks 
behind the upper edge of the slope. They expressed that slope failure occurs along 
a surface of sliding that intersects the slope at or above its toe. They also explained 
that base failure occurs if the soil beneath the level of the toe of the slope is unable 
to sustain the weight of the overlying material, the failure occurs along a surface that 
passes at some distance below the toe of the slope. 

The failure of riverbanks is a common problem in Bangladesh. Devastating 
floods and excessive rainfall are accelerating the failure process which results in 
immense damage to agriculture and infrastructures every year. In Bangladesh, river-
bank failure occurs enormously in monsoon and during draw-down situations. The
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Fig. 6.1 Riverbank scenario at Paturia ferry ghat 

people suffered unbearable miseries wherever the riverbank failure occurred. Paturia 
ferry ghat is such a bank failure-prone riverbank, which has been shown in Fig. 6.1. 

In this context, it is necessary to provide attention to how to control riverbank 
protection through proper planning and design. This bank failure phenomenon is 
indeed to discontinue through engineering practice. Under such circumstances, it is 
necessary to identify the mechanism of riverbank failure prior the riverbank protec-
tion. Although many factors influence the bank failure activities even it is necessary 
to prioritize the specified bank failure mechanism. In this regard, an attempt has been 
made to predict the bank failure mechanism of the Paturia ferry ghat of Padma River 
of Bangladesh through influential factors such as bank material composition, and 
bank moisture conditions with the help of a flow property such as water level. The 
main objective of this study is to predict the bank failure mechanism of the Paturia 
ferry ghat of the Padma River of Bangladesh with the help of geotechnical properties 
of the soil of the riverbank and the water level of the corresponding points. 

6.2 Methodology 

6.2.1 Sampling and In-Situ Testing Location 

The location of the Paturia Ferry ghat of the Padma River of Bangladesh has been 
considered a bank failure-prone area. Baruria was the location of the Paturia side 
that has been selected for this study as shown in Figs. 6.2, 6.3 and 6.4 respectively. 
The location and the coordinates are shown in Table 6.1.

The location of the study area is adjacent to one of the ferry ghats of the Padma 
River at the Paturia of the Manikganj district of Bangladesh. The boring is conducted 
up to 22 m by the wash boring method which is shown in Fig. 6.2. In this study, 
both the in-situ and laboratory testing data were used as the primary data. As the 
phenomenon of riverbank failure is exclusively associated with soil grain sizes and 
their properties as well as flow properties such as water level, velocity, discharge, and 
stress, etc. so, some of these data have been collected from geotechnical investigation
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Fig. 6.2 Riverbank scenario and boring point at Paturia ferry ghat

reports of River Research Institute of Paturia side of Padma River of Bangladesh and 
were used as the secondary data [8]. 

6.2.2 Laboratory Investigation 

Saturation, pore pressure, and shear strength are the most important parameters for 
evaluating the riverbank failure incident, although many other soil testing parameters 
are interrelated for riverbank failure. The grain size of soils is mostly related to all the 
important parameters such as permeability as well as saturation which give direction 
to the natural moisture content. In the laboratory, the selected soil parameters that 
govern the riverbank failure are tested. Natural moisture content, specific gravity, 
permeability, shear strength, and grain sizes are of utmost importance and tested 
directly. Saturation and pore pressure are determined from consolidation tests as 
well as specific gravity consideration and field depth of their respective pressure. 
Saturation has also been considered here 100% as the soils are submerged. Grain 
size has been analyzed according to ASTM-D421-58 and D422-63 (Bowles 1978) 
and the grain sizes have been accounted for from the graph followed in the Unified 
Soil Classification System. Water levels and soil testing parameters are considered 
to predict the failure mechanism. 

6.2.3 Definitions and Ranges of Different Parameters 

The grain size analysis is determined through three general procedures such as 
(i) sieve analysis, (ii) hydrometer analysis, (iii) combined analysis. Particle sizes 
are determined from the Grain size distribution curve which is shown in Fig. 6.5 
(Table 6.2)
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Fig. 6.3 General soil map of Bangladesh

Arora [2] stated that permeability is a very important engineering property of soils. 
Permeability is essential in many soil engineering problems, such as the settlement 
of buildings, yield of wells, and seepage through and below the earth structures. It 
controls the hydraulic stability of the soil masses. The permeability of soils is also 
required in the design of filters used to prevent piping in hydraulic structures.
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Fig. 6.4 Study area map of investigation sites 

Table 6.1 Coordinates of the 
boreholes Location Hole No. Coordinate 

Northing Easting 

Baruria 1 N-2633143 E-786834 

2 N-2633178 E-786856

The coefficient of permeability depends on the particle size and many other factors 
(Table 6.3).

Terzaghi and Peck [11] established a density index table regarding the number of 
blows SPT-N-values as shown in Table 6.4.

Arora [2] established a tabular form of typical names in terms of group symbols 
and their major division based on the Unified Soil Classification System (Table 6.5).
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Fig. 6.5 Grain size distribution curve 

Table 6.2 Sand, silt, and 
clay according to their range Name of the grain Range of values in mm 

Gravel < 76.2–4.76> 

Sand < 4.76–0.074> 

Silt < 0.074–0.002> 

Clay < 0.002 

Source Garg [5]

Table 6.3 Typical values of the coefficient of permeability 

Sl. No. Soil type Coefficient of permeability (mm/ 
s) 

Drainage properties 

1 Clean gravel 10+1 to 10+2 Very good 

2 Coarse and medium sands 10–2 to 10+1 Good 

3 Fine sand, loose silt 10–4 to 10–2 Fair 

4 Dense silt, clayey silts 10–5 to 10–4 Poor 

5 Silty clay, clay 10–8 to 10–5 Very poor 

According to USBR, the soils having a coefficient of permeability greater than 10–3 mm/s are 
classified as pervious and those with a value less than 10–5 mm/s as impervious. The soils with a 
coefficient of permeability between 10–5 and 10–3 mm/s are designated as semi-pervious (source 
[2]).
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Table 6.4 Density index (ID) 
of sand Number of blows (SPT-N values) Density index (ID) 

0–4 Very loose 

4–10 Loose 

10–30 Medium dense 

30–50 Dense 

Over 50 Very dense 

Source [11]

Table 6.5 Unified soil classification system 

Major division Group symbols Typical names 

Coarse-grained 
soils [more than 
50% retained on 
No. 200 sieve 
(0.075 mm)] 

Sand [more than 
50% of coarse 
fraction passing 
No. 4 sieve (4.75 
mm)] 

Clean sand SP Poorly graded 
sands 

SW Well graded sands 

Sands with fine SM Silty sands 

Fine-grained soils 
[50% or more 
passing No. 200 
sieve (0.075 
mm)] 

Silts and clays liquid limit 50% or 
less 

ML Inorganic silts of 
low plasticity 

Source [2] 

Terzaghi and Peck [11] provided a relation of consistency and compressive 
strength in the tabular form concerning the number of blows SPT-N-values as shown 
in Table 6.6. 

Table 6.6 Relation of consistency of clay, number of blows N on sampling spoon and unconfined 
compressive strength, qu in tons per sqft 

Consistency Very 
soft 

Soft Medium 
stiff 

Stiff Very stiff Hard 

Unconfined 
compressive 
strength, qu 
(TSF) 

0–0.25 0.25–0.50 0.50–1.00 1.00–2.00 2.00–4.00 > 4.00  

Compressive 
strength (kN/ 
m2) 

0–23.94 23.94–47.88 47.88–95.76 95.76–191.52 191.52–383.04 > 
383.04 

Standard 
penetration 
resistance-‘N’ 

0–2 2–4 4–8 8–16 16–32 > 32  

Source [11]
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6.3 Result and Discussion 

The surface water level and groundwater level of the Paturia ferry ghat have been 
plotted in Fig. 6.6. From the water level graph, it has been observed that the maximum 
water level was about 8 mPWD in September whereas the minimum water level 
was about 2.5 mPWD in March. In contrast, the maximum groundwater level was 
observed at one point above 8 mPWD and the other point was 7 mPWD in September 
whereas the minimum groundwater level was observed at 3 mPWD in March. 

The geotechnical parameters are specially considered as depth, SPT-N values, 
particle sizes, natural moisture content, permeability, and compressive strength in 
order of depth. The field investigation and laboratory test results are shown in tabular 
form in Table 6.7.

From Fig. 6.6 it is observed that very few layers contain clay particles wherever 
silt particles are dominant up to 7.5 m at H-1 and up to 9.0 m at H-2. However, 
after this depth, sand particles are dominant up to the depth of exploration. Here it 
is mentioned that clay particles at a 3 m depth layer contain about 30% at H-1 and 
a 1.5 m depth layer contains about 20% which is susceptible to resist bank erosion 
from seepage and leads to resistance over these layers accordingly (Fig. 6.7).

Figure 6.8a shows that the SPT values gradually increase with depth on average. 
However, SPT values suddenly decrease with the increase of depth several times. The 
increasing and decreasing trend of SPT values is dependent on some factors such 
as variation of particle sizes, density, natural moisture content capacity, saturation, 
pore pressure, and seepage as well as permeability.

Figure 6.8b shows that the natural moisture content decreases with the increases 
in depth. Considering particle sizes, it has been observed that the sand particles have 
increased gradually with the increases in depth as shown in Fig. 6.7. On the other 
hand, the clay particle is almost absent with the increases in depth. The sand-content 
soil has a low capacity to contain moisture in comparison to clay-content soil is 
recognized.

Fig. 6.6 Surface water level (SWL) of Baruria and groundwater level (GWL) of 2 stations of 
Shivalaya, Manikganj with time [8] 
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Table 6.7 The in-situ and laboratory investigation results with their corresponding depth of soil 
strata 

Name of parameters Range of values 

Cohesive soils Non-cohesive soils 

Sand (%) 4–26 22–91 

Silt (%) 64–84 9–77 

Clay (%) 3–30 0–2 

SPT-N values 3–14 4–55 

Natural moisture content in (%) 31–43 21–33 

Wet unit weight in kN/m3 15–20 

Dry unit weight in kN/m3 12–15 

Specific gravity, Gs 2.605–2.720 2.60–02.68 

Compression index, Cc 0.129–0.215 

Cohesion c in kN/m2 5–19 

The angle of internal friction ø in degree 18–20 

Saturation in (%) 93–100 

Pore pressure in kN/m2 0–170 

Shear  strength in kN/m2 BH#1-(110–170) BH#2-(0–21) 

Permeability in mm/s 10–4 10–3 to 10–2 

Color Light brown to grey

Fig. 6.7 Particle sizes versus depth graph of a Hole-1 (H-1) and b Hole-2 (H-2) of Baruria of 
Paturia side of Padma River

The effect of saturation on pore pressure and the effect of pore pressure on shear 
strength at Baruria of Paturia ferry ghat of Padma River have been shown in Figs. 6.9 
and 6.10 respectively. From Fig. 6.9 it is observed that pore pressure increases with 
the increase of saturation, and the shear strength is observed to decrease with the 
increases in pore pressure as shown in Fig. 6.10.

From the table and graph, it has generally been observed that the soil is very soft 
up to 3.5 m following SPT values, and the soil after this depth is medium stiff and
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Fig. 6.8 Variation of a standard penetration resistance for the test (SPT) values and b natural 
moisture content (N.M.C) with the depth

Fig. 6.9 Effect of saturation on pore pressure

medium dense up to 13.5 m, and the soil below, up to the depth of exploration (21 
m) is dense [11]. The particle size distribution of the soil contains 31.81% silt and 
68.19% sand at which there is no clay up to 1.5 m depth and the layer is non-cohesive. 
At 3.5 m of depth, the soil layer contains 30.55% clay, 64.82% silt, and 4.63% sand 
(USCS). Natural moisture content ranges are (39–43)% and the layers are very soft. 
The soils are soft and cohesive as the layers have 4 SPT values and contain above 
30% clay. So, the bonding capacity of these layers is high. On the other hand, the 
soils are medium stiff cohesive up to 7.5 m. After that the soils are non-cohesive 
medium dense layers. From 15 m depth, the soils are observed non-cohesive dense 
layer. The permeability of the non-cohesive layers is 1.08 × 10−2 mm/s and cohesive 
soil layers are (4.32–5.88) × 10−4 mm/s (Fig. 6.11).
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Fig. 6.10 Effect of pore pressure on shear strength

Fig. 6.11 Permeability phenomena below up to the depth of exploration at Baruria of Paturia side 
of Padma River 

The non-cohesive soils having a coefficient of permeability in the range of 10−2 

mm/s are pervious and the cohesive soils with a coefficient of permeability in the 
range of 10–4 mm/s are semi-pervious [2]. 

6.4 Conclusion 

The low flood level at the Paturia side generally varies from 1.8 to 2.0 mPWD and 
the high flood level varies from 7 to 9 mPWD. The elevation at the Paturia ferry 
ghat adjacent to the bank line is 6.667 to 6.935 mPWD. It becomes submerged at
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monsoon. From the low flood level, the bank height is 4.867 to 4.935 mPWD. In this 
bank line, the layering of the bank material is fine sand mixed with some silt and trace 
mica. On the other hand, the stratification of the materials from the bank line to the 
ground surface consists of a cohesive layer wherever the high flood level varies from 
7 to 9 mPWD. In this layer, about 30% of clay particles are presented over this layer 
which has been observed. The presence of such amounts of clay particles creates a 
higher level of bonding between the particles. The pore pressure has been developed 
due to increases in saturation. The increasing trend of pore pressure increases the 
soil mass which reduces the soil resistance as well as shear strength as soil-specific 
gravity is more than water-specific gravity. 

Consequently, these soils are more resistant to surface erosion because they are 
less permeable. This reduces the effects of seepage and piping. However, because of 
low permeability, these soils are more susceptible to failure during rapid drawdown 
of water levels due to the increase in soil pore water pressures. However, it is noticed 
that waves are created by ferries and launch traffic near the bank line on the Paturia 
ferry ghat. As wave action has an impact directly on exposed soil as well as trafficking 
ferry and launch, so, it expedites the bank failure action in addition to the remaining 
pore water pressures of cohesive soil at the Paturia ferry ghat. The bank failure of 
the Paturia ferry ghat occurs due to a tension crack. 

Recommendation 

The design engineers may get an idea about the soil condition and bank failure 
situation in terms of bank materials. The study results indicate that the soil strata and 
its parameters with adjacent water levels permit the occurrence of bank failure due 
to tension cracks. It is recommended here that a complete geotechnical investigation 
is needed to accomplish the design of the protection work. Although the idea has 
been developed regarding the bank failure mechanism in the study area, it will be 
necessary to conduct a comprehensive geotechnical investigation. 
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Chapter 7 
Estimation of Braided River Bathymetry 
by Data Fusion Method 
for Hydro-morphological Simulation: 
Applicability for the Riverbank Erosion 

Mohammad Muddassir Islam, Shampa, and Israt Jahan Nejhum 

Abstract Riverbank erosion by the Brahmaputra-Jamuna River has displaced thou-
sands of people from their homes and pushed them into abject poverty in Bangladesh. 
Consequently, a better system for predicting riverbank erosion might be one tactic 
to mitigate the consequences of such a disaster. Numerical simulation of riverbed 
evolution can be a solution of that which necessitate high-resolution bathymetry 
data. The river bathymetry measurements taken by the Bangladesh Water Develop-
ment Board (BWDB) at 4–6 km intervals are too coarse for numerical simulation. 
An appealing alternative to the costly and time-consuming classical bathymetric 
mapping of braided rivers is the data fusion of measured data with spectral reflectance 
obtained from satellite images. The data fusion method was used to construct 10 m 
resolution river bathymetry using sentinel 2 images and limited measured data. The 
estimated bathymetry has been evaluated for the adequacy of river erosion estima-
tion using a 2D hydro-morphological model for the years 2017–2019. On average, 
between 2017 and 2019, the estimated bathymetry showed a depth of 10, 9, or 10 m, 
with a maximum depth of 17.5, 16, or 19.5 m. The simulated model’s R2 value was 
close to 0.96 in relation to a discharge at Bahadurabad. The NSE, PBIAS, and RRMSE 
for the Mathura, Bahadurabad, Serajgani, and Chilmmari stations, respectively, show 
the level of satisfaction. Kappa statistics was used to measure the accuracy of erosion 
predictions, and the results for the three years 2017–2019 were around 67%, 78%, 
and 72%, respectively. 
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7.1 Introduction 

Typically, braided rivers have wide, unstable banks, a steep, shallow path, and several 
channel divides around braided islands. Changes in flow and sediment transport cause 
the channel to adjust and seek a stable equilibrium [1, 3, 13, 20, 34]. They change their 
geometry and planform so rapidly thereby tracking this modification and managing 
accordingly is one of the key management issues for such rivers [4, 33]. In the case 
of such river river-training works or environmental management, success depends on 
the proper management of bars and channels. For this purpose, river morphological 
data, i.e., river bathymetry with some resolutions, are crucial elements. However, in 
many countries, information on river bathymetry may be absent or maybe poor. As an 
example, Bangladesh Water Development Board (BWDB) measures the bathymetry 
of the large, braided river Brahmaputra-Jamuna with an interval of 4–6 km. But the 
confluence-bifurcation units (braiding unit varies from 500 to 30,000 m) are shorter 
than that [36, 38]. Air-born LiDAR measurement [40] can be an alternative but getting 
high-resolution bathymetry is very costly. Therefore, satellite-remote-sensing-based 
bathymetry with the accuracy level of erosion estimation can be a solution to this 
problem. 

The theory of passive bathymetry measurement using satellite data was developed 
by Lyzenga [25, 26]) and expanded by Philpot [32]. Passive water depth measurement 
using satellite data, Lyzenga [25] assumed the lognormal relationship between water 
depth and surface reflection using one band, but in large areas, it has some limitations 
(e.g., these algorithms are limited by operational restrictions which reduce their 
applicability and utility, it is more complex and therefore somewhat more difficult to 
implement than the ratio methods. The subtraction and division operations required 
for the ratio methods can be implemented by either analog or digital processors, 
whereas the method defined here requires digital computation). Later, Lyzenga [26] 
introduced a system of linear equations to solve this problem. While using this 
method, the linear transform solution needs to be solved for five variables that must 
be determined empirically. Adjustment of five empirical variables for large areas is 
problematic where even with relatively small variations in water quality conditions. 
Furthermore, when the bottom albedo is low, as it is when thick macroalgae or 
seagrass are present, the bottom albedo is smaller than the water column reflectance 
for optically deep cells, which complicates depth estimation [39]. Later, Stumpf 
et al. [39] introduced ‘Ratio’ algorithm, where they scaled the ratio of two spectral 
bands. Although the ratio technique may not always discern fine morphology in 
relative depth shallow depth water, it is more robust than the linear transform. Later, 
researchers used the modified Lyzenga method or considered more bands and used 
the deep learning technique [14, 16, 18] which are location specific and usually 
recommended to apply in the low turbid zone. 

Optical bathymetry mapping is a technique that uses the total amount of radia-
tive energy reflected by the water column to determine water depth. The blue 
and green spectral bands of optical satellite imagery are capable of penetrating 
clear water, but the peak of the reflection shifts to longer wavelengths when



7 Estimation of Braided River Bathymetry by Data Fusion Method … 139

there are higher concentrations of suspended sediments. And near infrared (NIR) 
could be used to discriminate for classified water and land [21]. When solar radi-
ation passes through water, it is scattered and absorbed by water and in-water 
constituents, and then backscattered and recorded by multi-spectral sensors. This 
process enables the production of fine-resolution bathymetric information, but the 
range of detectable depth is reduced compared to microwave-based methods. Overall, 
optical bathymetry mapping provides a promising approach for generating accurate 
and detailed bathymetric data [5, 24, 27]. 

However, There are several categories of theories that attempt to explain why 
braiding occurs in alluvial river systems. The first is a practical explanation that 
relates the braiding to a combination of external forces, environmental factors such 
as discharge and sediment supply. The second step is to apply braid formation to theo-
retical stability analyses of channel bars in two-dimensional flow regimes. Finally, 
physical processes such as sedimentary and hydraulic conditions that initiate the 
braiding process have been investigated [2]. The Brahmaputra-Jamuna River is one 
of the largest rivers in the world and a dynamic transboundary braided river system 
[30]. Due to it’s braided nature, continues measurement of bathymetry by tradtionally 
is very costly. 

Given these circumstances, the primary goal of this study is to create high-
resolution braided river bathymetry by data fusion method using satellite images 
and very little measured data. Then, using the generated bathymetry and numerical 
simulation estimation of the river erosion for a particular year and comparing it with 
the actual erosion. 

The present study area is the Brahmaputra-Jamuna River in Bangladesh, as shown 
in Fig. 7.1. The erosion rate of the Brahmaputra-Jamuna is very alarming 17.05 km2/ 
y for the last four decades [7]. Bangladesh Water Development Board (BWDB) 
is continuously trying to improve the situation by building several bank protec-
tions structures. However, in monsoon, almost every year, new erosion locations 
are observed in unprotected areas as well as these hydraulic structures need regular 
maintenance.

7.2 Methodology 

7.2.1 Data Collection 

The study was conducted using a variety of data types, including satellite images, 
cross-profile data, water level measurements, discharge data and sediment data. These 
sources provided a diverse range of information that was necessary for the study’s 
objectives. The satellite images were used to analyze water column reflectance. 
Cross-profile data allowed for the analysis of channel morphology and sediment 
transport. Water level measurements were used to assess hydrological conditions. 
Discharge data provided insights into the volume of water flowing through the river
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Fig. 7.1 Study area (Brahmaputra-Jamuna River)

system. The combination of these different data types allowed for a comprehensive 
analysis of the river system and its associated environmental processes. Table 7.1 
shows the data list used in this study.
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Table 7.1 List of data used 
for study Data Source Period 

Water level BWDB 2017–2019 

Discharge BWDB 2017–2019 

Sediment BWDB 2017–2019 

Cross-section BWDB 2017–2019 

Satellite images Copernicus Open Access Hub 2017–2019 

7.2.2 Methodology 

This study combines satellite image data with measured data, which is subsequently 
employed as an input parameter in a hydro-morphological simulation. The following 
steps were followed (Fig. 7.2). 

7.2.2.1 Generation of Automated River Bathymetry Using Optical Data 

For passive bathymetry linear and ratio methods were used to derive the flow depth 
from the satellite images. In the linear method, it uses the albedo of the water body 
floor to calculate the water depth. The method requires prior knowledge of the river or 
sea floor type, which is used to estimate the bottom albedo [25, 26]. On the other hand,

Fig. 7.2 Methodology framework of the study 
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the ratio method, is based on the principle that the ratio of reflectance values at two 
wavelengths is proportional to the depth of the water. This method is less dependent 
on knowledge of the river or sea floor type and can be more accurate than the linear 
method, particularly in turbid waters [39]. Stumpf et al. [39] introduced ‘Ratio’ 
algorithm, where they scaled the ratio of two spectral bands—band ‘Blue’ and band 
‘Green’. They use some fixed constant for their considered domain which needs to be 
chosen in such a way that the logarithm of the reflectance will be positive under any 
condition and that the ratio will produce a linear response with depth which is difficult 
in many cases. Addressing these issues, Shampa et al. [37] developed a method 
using the reflectance of ‘Green’ and ‘Near Infrared’ band are correlated with limited 
measured data. That methodology has been followed here. The spectral reflectance 
of the “Green” and “NIR” bands acquired from Sentinel 2 or optical images have 
correlated with insufficient measured data in a way that can be represented by Eqs. 7.1 
and 7.2 for channel depth 

z = hmL + 
(ek − ek min)(hmH − hmL) 

ek max − ek min 

(7.1) 

k = 
R
(
λg

) − R(λNIR) 
R
(
λg

) + R(λNIR) 
(7.2) 

where the water depth (z) is expressed as the function of hmL and ek. The  value of  
ek is derived using Eq. (7.2). Here, R

(
λg

)
and R(λNIR) the atmospherically corrected 

surface reflectance of ‘Green’ and ‘Near Infrared’ bands. hmL which represents the 
0.1st percentile of measured channel depth and hmH represent the 99th percentile of 
measured channel depth. The ‘Green’ and ‘Near Infrared’ band from the Sentinel 2 
satellite during 2017–2019 were used. As the measured data, the cross-section data 
measured by BWDB in 2017–2019 were used. 

7.2.2.2 Prediction of the Monsoon Riverbank Erosion 

The validated model of Brahmaputra-Jamuna developed Shampa et al. [36] was used 
here on open source Delft3D [22] platform for the numerical modelling, Delft3D is 
capable of predicting water flow in shallow seas, coasts, estuaries, lagoons, rivers, 
and lakes [10, 41]. The governing Eqs. 7.3–7.10 of the models are described shortly 
in the following sections. 

∂h 
∂t 

+ 
∂(hu) 

∂x 
+ 

∂(hv) 
∂y 

= 0 (7.3) 

∂u 
∂t 

+ u 
∂u 
∂x 

+ v 
∂u 
∂y 

+ g 
∂ζ 
∂x 

+ 
gn2 
3
√
h

(
u
(
u2 + v2

)

h

)

− vh
(

∂2u 
∂x2 

+ 
∂2u 
∂y2

)
= 0 (7.4)
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∂u 
∂t 

+ u 
∂u 
∂x 

+ v 
∂u 
∂y 

+ g 
∂ζ 
∂x 

+ 
gn2 
3
√
h

(
v
(
u2 + v2

)

h

)

− vh
(

∂2v 
∂x2 

+ 
∂2v 
∂y2

)
= 0 (7.5) 

∂(hc) 
∂t 

+ 
∂(huc) 

∂x 
+ 

∂(hvc) 
∂y 

= h
[

∂ 
∂x

(
DH 

∂c 
∂x

)
+ 

∂ 
∂x

(
DH 

∂c 
∂y

)]
+ hs (7.6) 

where ζ = is water level elevation with respect to a datum (here in m); 
h = represents water depth (m); 
u, v is depth average velocity in the x and y directions, respectively (m/s); 
g = is the acceleration due to gravity (m/s2); 
vh = denotes kinetic eddy viscosity (m2/s); 
n = represents the Manning’s coefficient (sm-1/3). 
c = mass sediment concentration (kg/m3), 
DH = the horizontal diffusivity. 
S = sediment source terms per unit area. 
k = turbulent kinetic energy, 
ε = dissipation is presented by. k − ε turbulence model was used for turbulence 

closure. 
The calculation of bed load transport is an essential aspect in understanding the 

dynamics of sediment transport in rivers and streams. While sediment transport 
formulas provide a useful framework for estimating bed load transport rates, they 
also have limitations. Many of these formulas were established based on limited 
flume and field data, and may not accurately reflect the complex processes involved 
in sediment transport in natural streams and rivers [11, 35]. 

In a study conducted by Kabir and Ahmed [17] they attempted to estimate the 
sediment load of the Brahmaputra-Jamuna by utilizing multiple sediment formulas. 
They found that among the formulas used, Van Rijn [35] model provided the most 
accurate prediction of the sediment load. As a result, the model was employed to 
calculate the bedload transport for their numerical model. The bedload transport rate|
|Sbed

|
| was computed by Eq. (7.7)

||Sbed
|| = 

⎧ 
⎪⎨ 

⎪⎩ 

0.053 
/

(s − 1)gd3 50D−0.3 
∗

(
μcτ−τ c 

τ c

)2.1 
if

(
μcτ −τ c 

τ c

)
< 3.0 

0.1
/

(s − 1)gd3 50D−0.3 
∗

(
μcτ −τ c 

τ c

)1.5 
if

(
μcτ −τ c 

τ c

)
≥ 3.0 

⎫ 
⎪⎬ 

⎪⎭ 
(7.7) 

where s = the specific density of sediment particle;(
ρs 

ρf

)
, d50 denotes particle size; 

τ = bed shear stress; 
τc = critical bed shear stress; 
μc = the ratio between the total bed roughness and the grain-related bed 

roughness; 
D∗ = dimensionless particle parameter. 
The bed elevation can be calculated by applying the mass-balance equation [12] 

using Eq. (7.8) and considering a size fraction of k in a mixed sediment transport
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(1 − λ) 
∂ηbk 

∂t 
+ mf

(
∂quk 
∂x 

+ 
∂qvk 
∂y

)
+ mf (Ek − Dk) = 0 (7.8) 

δηb = 
M∑

k=1 

δηbk 

The given Eq. 7.12 involves several variables, including λ, which represents 
porosity; 

quk , qvk = which denote the bedload transport vector for a specific size fraction 
k; 

ηbk = the bed change due to size fraction k; 
Ek , Dk are upward and downward suspended sediment transport flux near the bed 

for the size fraction k; 
mf = the morphological acceleration factor to reduce the computational time step 

to adapt the morphology. 
The summation of the bed changes, δηb due to all the size fractions is the resulted 

in the total bed variation in one-time step. 

Model Schematization 

The numerical model of Brahmaputra-Jamuna was created with a curvilinear grid 
that spans 225 km in length, with an average width of 15 km. The model covers the 
stretch of the river starting from 5 km upstream of Noonkhawa water level measuring 
station and ending near Aricha water level measuring station (Fig. 7.3). The reach 
was discretized into 560 × 38 grid cells, with a grid cell size of 450 × 140 m2. To  
account for the monsoon season when the entire braided plain may go underwater, a 
Manning’s roughness coefficient of 0.027 was used. Additionally, the mean sediment 
size was assumed to be 200 μm [17, 31]. Estimated river bathymetry using satellite 
images was used. This technique is known as remote sensing bathymetry. The model 
was simulated for three years from 2017 to 2019. For the upstream boundary, the 
discharge data of Brahmaputra-Jamuna, Dharla, Teesta, Dudkumar river were also 
considered was considered (shown in Fig. 7.4) and the water level of Brahmaputra-
Jamuna at Aricha station and the water level of Old Brahmaputra were chosen for 
the downstream boundary (Fig. 7.5). Table 7.2 shows the base parameters used in 
the model.

7.2.2.3 Accuracy Assessment 

Statistical analyses were executed to evaluate the precision of the simulated outcomes 
for water levels and discharge. These analyses encompassed the application of well-
established metrics, namely the Nash–Sutcliffe model efficiency coefficient (NSE), 
percent bias (PBIAS), relative root mean square error (RRMSE), and coefficient 
of determination (R2) [29–40], as denoted by Eqs. (7.9)–(7.12) in the evaluation
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Fig. 7.3 Model grid for Brahmaputra-Jamuna

framework. These metrics collectively provided a comprehensive assessment of how 
effectively the simulation results aligned with observed data. 

Here Hi 
0 represent the ith observed value of H parameter, Hi 

s represent the ith 
simulated value of H parameter. n is the total number of observations and Havg 

o 
represent the average value of H parameter’s observed data.
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Fig. 7.4 The upstream boundary conditions (discharge) of the model Brahmaputra-Jamuna for the 
year 2019 (top), 2018 (middle), and 2017 (bottom)

NSE = 1 −
( ∑n 

i=1

(
H i 0 − H i s

)2

∑n 
i=1

(
H i 0 − H 0

)2

)

(7.9) 

PBIAS = 100 ∗
(∑n 

i=1 H 
i 
0 − H i s∑n 

i=1 H 
i 
0

)
(7.10)
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Fig. 7.5 The downstream boundary conditions (water level) of the model Brahmaputra-Jamuna 
for the year 2019 (top), 2018 (middle), and 2017 (bottom)
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Table 7.2 The base 
parameters of the model Parameter(s) Unit Value 

Mean grain size μm 200 

Density of sediment kg/m3 2650 

Density of water kg/m3 1000 

Van Rijn’s reference height factor – 2 

Horizontal eddy viscosity m2/s 1 

Hydrodynamic time step min 1 

Roughness (Manning’s) sm−1/3 0.027 

Morphological acceleration factor, m – 3 

Threshold sediment thickness m 0.005

RRMSE =

/(
1 
n

∑n 
i=1

(
H i o − H

)2)

∑n 
i=1 H 

i 
o 

∗ 100 (7.11) 

R2 = 1 −
∑n 

i=1

(
H i o − H i s

)2

∑n 
i=1

(
H i o − H avg o

)2 (7.12) 

Table 7.3 lists the performance ratings [23, 42] 

Table 7.3 Performance ratings for NSE, PBIAS, RRMSE and R2 

Name of statistical analysis Value range Performance rating 

NSE 0.75 < NSE ≤ 1 Very good 

0.65 < NSE ≤ 75 Good 

0.50 < NSE ≤ 65 Satisfactory 

NSE ≤ 0.50 Unsatisfactory 

PBIAS PBIAS ≤ ±10% Very good 

±10% ≤ PBIAS ≤ ±10% Good 

±15% ≤ PBIAS ≤ ±25% Satisfactory 

PBIAS ≥ ±25% Unsatisfactory 

RRMSE RRMSE < 10% Excellent 

10% < RRMSE < 20% Good 

20% < RRMSE < 30% Fair 

RRMSE > 30% Poor 

R2 Values of the coefficient 
Close to 1 indicate more efficient models 

0–1
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Kappa Coefficient = N 
r∑

r=1 

nii − 
r∑

r=1 

(nicolnirow/N 2 ) − 
r∑

r=1 

nicolnirow (7.13) 

Producer’s Accuracy = nii/nirow (7.14) 

User’s Accuracy = nii/nicol (7.15) 

Overall Accuracy = 
1 

N 

r∑

i=1 

nii (7.16) 

Kappa coefficient calculation is described in Eq. 7.13. Where i is the class number, 
N is the total number of classified values compared to truth values, nii is the number 
of values belonging to the truth class i that have also been classified as class i, nicol 
is the total number of predicted values belonging to class i, nirow is the total number 
of truth values belonging to class i. 

7.3 Results 

7.3.1 River Bathymetry Generated from Optical Images: 

River bathymetries estimated using Eq. (7.1) are illustrated in Figs. 7.6, 7.7 and 7.8 
for the years 2019, 2018, and 2017. In 2019 (Fig. 7.6), the depth ranged from 0.5 to 
19.5 m with an average depth of 10 m. Because of the higher braiding in the upper 
segment of the river (upstream of Chilmari, Bahadurabad), the depth was lower than 
in Sirajganj and Sariakandi upazilas. Upstream, the average depth was 4.5 m. The 
average depth downstream (near Aricha) was found to be 8 m. The depth of major 
channels ranged from 3.6 to 19.5 m. In minor channels (near Sirajganj), it ranged 
from 3.6 to 7.5 m. In 2018 (Fig. 7.7), the depth ranged from 0.8 to 16 m, with an 
average of 9 m. The average depth upstream was 6.7 m, whereas downstream it 
was 10.5 m. The depth of major channels varied between 12.5 and 16 m. In minor 
channels (near Sirajganj), it ranged from 3.5 to 9.6 m. Similarly, in 2017 (Fig. 7.8), 
the depth ranged from 0.5 to 17.5 m with an average depth of 10 m. The depths in 
major channels (downstream of Sarikandi upazila) ranged from 12 to 17 m. In minor 
waterways (near Sirajganj), it ranged from 3.6 to 9.5 m.

During the study (in 2019), the assessment depth from people’s perceptions in 
major, secondary, and tertiary channels was collected at five locations in Jamalpur 
district: Guthail Bazar, Kulkandi, Muradabad Bazar, Muradabad Bazar, and Char 
Belghasa, as shown in Fig. 7.9. Table 7.4 shows a comparison of observed and 
estimated depths. It confirms the depth variations in different types of channels 
can be captured in estimated bathymetry as well. In Fig. 7.10 showed comparison 
of measured three cross section (RMJ 12) and estimated bathymetry for 2017 to



150 M. M. Islam et al.

Fig. 7.6 a Brahmaputra-Jamuna generated Bathymetry and b Sentinel 2 image for the year 2019

2019 year. For 2017, measured elevation ranges from 22 m to -0.89 m and esti-
mated bathymetry found 27.5 and − 2.64 m. For 2018, measured elevation ranges 
from 22.25 to 1.55 m and estimated bathymetry found 23.5 and − 2.5 m. For 
2019, measured elevation ranges from 22.25 to 3.50 m and estimated bathymetry 
found 22 and 2.94 m. Figure 7.11 depicts the R2 values of measured and estimated 
reduced levels, which were 0.39, 0.48, and 0.48 for the years 2017, 2018, and 2019, 
respectively.
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Fig. 7.7 a Brahmaputra-Jamuna generated Bathymetry and b Sentinel 2 image for the year 2018

7.3.2 Estimation of River Erosion 

The critical bed shear stress is the minimum amount of stress required to initiate 
motion of sediment particles on a river bed. In the case of the Brahmaputra-Jamuna 
river, the critical bed shear stress for the sediment carried by the river is nearly 0.2 N/ 
m2 [17, 35]. It is important to note that the actual amount of bed shear stress required 
to initiate motion of sediment particles in a river can vary depending on a number of 
factors, including the size and shape of the sediment particles, the velocity of the water



152 M. M. Islam et al.

Fig. 7.8 a Brahmaputra-Jamuna generated Bathymetry and b Sentinel 2 image for the year 2017

flow, and the composition of the riverbed itself. Erosion-prone areas are locations in 
the river where the water flow is strong enough to cause sediment particles to move 
and be transported downstream. 

Figures 7.12, 7.13, and 7.14 depicts a comparison of river erosion from Sentinel 
images in with model-generated river erosion for the year 2019, 2018 and 2017 
respectively. In the case of 2019 the major channel degradation ranges up to 20 m, 
including local scour. The overall change was 0.04 m (including the chars). In 2018, 
the major channel deterioration ranged up to 19.5 m, including local scour but it was 
nearly 20 m in case of 2017. Tables 7.5, 7.6 and 7.7 shows the confusion matrix 
for erosion estimation in 2019, 2018 and 2017. After randomly selecting 80 points 
for accuracy testing (Eqs. 7.13–7.16), the user’s accuracy (U_Accuracy) non-eroded
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Fig. 7.9 Observed depth information location at Jamalpur Districts 

Table 7.4 Assess the accuracy of the generated bathymetry using measured data and people’s 
perceptions 

Location Observed depth (m) 
(2018–2019) 

Estimated depth from satellite 
images (m) 
(2019) 

Channel type 

Guthail Bazar 15 12.8 Secondary channel 

Kulkandi 20 15.6 Main channel 

Muradabad Bazar 9 12.5 Main channel 

Muradabad Bazar 9 12.3 Main channel 

Char Belghasa 3 2.7 Tertiary channel
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Fig. 7.10 Comparison one cross section (RMJ 12) Measured bathymetry and estimated bathymetry 
for 2017–2019

and eroded areas was 83% and 88%, respectively for 2019. The overall accuracy was 
found 88%, 86% and 84% for the year 2019, 2018 and 2017 respectively.
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Fig. 7.11 Comparison R2 value measured and estimated bathymetry for a 2017, b 2018 and c 2019
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Fig. 7.12 Comparison of river erosion from the Sentinel images of 2019 and 2020 and model-
generated river erosion from 2019

7.4 Discussion 

The majority of rivers in Bangladesh pass through the unconsolidated sediments of 
the flood delta formed by the Ganges, Brahmaputra, and Meghna rivers [8]. Braided 
rivers are always changing, the traditional method of measuring bathymetry is expen-
sive and needs to be done every year due to its dynamic nature. As an alternative, 
satellite-remote-sensing-based bathymetry with an accurate erosion estimation level 
could be a solution to this problem. It is a relatively new technique that has gained 
popularity as a cheaper and more spatially extensive alternative to traditional acoustic 
surveys. 

This study found the estimated depth varies from 0.50 to 19.5 m, with an average 
depth of 9.5 m. In the previous literature of the related to Brahmaputra-Jamuna, the 
measured depth was found 3 to 20 m in some of the places. However, in the local



7 Estimation of Braided River Bathymetry by Data Fusion Method … 157

Fig. 7.13 Comparison of river erosion from the a Sentinel images of 2018 and 2019 and model-
generated river erosion from 2018

scour due to any type of hydraulic structure the depth can be increased as up to 30 
m [3, 6, 31]. 

In 2018 it shows erosion area was less at downstream of Bahadurabad and Sirajganj 
than compared to 2019. But in 2017 massive erosion occurred full Brahmaputra-
Jamuna River derived from the satellite image analysis. From downstream of 
Bahadurabad to Sarishabari, the majority of the accretion has occurred. The effect 
of westward migration of Brahmaputra-Jamuna River as well as the construction 
of revetments, spurs, and other protective structures may play the key role for such 
accretion. 

The confusion matrix statics, Kappa was found 72%, 78% and 67% for the year 
2019, 2018, 2017 respectively. Kappa value matches with the ‘Good’ agreement 
(55–70%) and ‘very good’ agreement (70–85%) according to [28]. Nash Sutcliffe 
model efficiency coefficient (NSE) value for Chimari, Serajgani, Mathura and 
Bahadurabad station shows 0.9778, 0.985, 0.9278, 0.96531. Percent bias (PBIAS)
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Fig. 7.14 Comparison of river erosion from the Sentinel images of 2017 and 2018 and model-
generated river erosion from 2017 

Table 7.5 Accuracy assessment of spatial erosion for 2019 

Type Non-eroded area 
nos. 

Eroded area nos. Total U_Accuracy (%) Kappa 

Non-eroded area 
nos. 

31 6 37 83 0 

Eroded area nos. 5 38 43 88 0 

Total 36 44 80 0 0 

P_Accuracy (%) 86 86 0 86 0 

Kappa (%) 72 

Overall accuracy (%) 86
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Table 7.6 Accuracy assessment of spatial erosion for 2018 

Type Eroded area nos. Non-eroded area 
nos. 

Total U_Accuracy (%) Kappa 

Eroded area nos. 32 7 39 82 0 

Non-eroded area 
nos. 

2 40 42 95 0 

Total 34 47 81 0 0 

P_Accuracy (%) 94 85 0 89 0 

Kappa (%) 78 

Overall accuracy (%) 88 

Table 7.7 Accuracy assessment of spatial erosion for 2017 

Type Eroded area nos. Non-eroded area 
nos. 

Total U_Accuracy (%) Kappa 

Eroded area nos. 51 9 60 85 0 

Non-eroded area 
nos. 

6 30 36 83 0 

Total 57 39 96 0 0 

P_Accuracy (%) 89 77 0 84 0 

Kappa (%) 67 

Overall accuracy (%) 84

for Chimari, Serajgani, Mathura and Bahadurabad station shows 0.0351, 0.0314, 
0.08112, 0.012268. Relative root means square error (RRMSE) for Chimari, Seraj-
gani, Mathura and Bahadurabad station shows 3.43, 7.74, 7.45, 0.921. All of them 
showed satisfactory value. 

There have some limitations of this study high turbidity levels result in more 
scattering of the light, causing it to be reflected by the sensor at different angles. 
This results in a blurred image, making it difficult to accurately determine the depth 
of the water. Conversely, low turbidity levels result in less scattering, allowing for 
clearer images and more accurate depth readings [15]. In this study two-dimensional 
model is used which gives bed level change from simulations. Therefore, the finest 
prediction depends on the numerical model’s grid resolution. 

7.5 Conclusion 

This research presents a technique for generating high-resolution river bathymetry in 
data-poor regions. The resulting bathymetry serves as a valuable baseline for accurate 
estimation river erosion using numerical simulations, provided appropriate boundary
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conditions are applied. this study has been able to highlight some important issues 
which have been summarized below -

• Determining bathymetry from optical images was reliable to use in numerical 
model for river erosion estimation. 

• Utilizing the 2D morphological model, accurate prediction of bed evolution in a 
compounded bar-dominated braided river is achievable. 

• The model effectively identified the location of eroded areas, showcasing compa-
rability with actual eroded locations. The kappa statistics shows accuracy average 
for three years was 72%, indicating reasonably good agreement. 

• It proves beneficial in various other aspects, such as bed level change, sediment 
transport, bed shear stress, braided channels and flow patterns resulting from 
channel shifting, among other potential applications. 
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Chapter 8 
Experimental Investigation 
on Minimizing Erosion Near the First 
Groin in a Series Within a Channel 

Md. Tofiquzzaman and Mohammed Alauddin 

Abstract Groins are common hydraulic structures built in series to safeguard river 
banks. The stability of the groins and the protected zone depends on the stability of 
the first groin of a series. Despite the abundance of literature on groin design, groin 
effect, and so on, a few studies have focused on reducing thrust on the first groin due 
to upstream flow. This study explores a suitable approach to minimize the impact of 
upstream flow on the groins placed in a series focusing on the stability of the first 
groin. The study considers three different options: a set of five impermeable groins 
in a series (Case-1); the first one is a combined groin of Case-1 (Case-2); and an 
additional upstream minor combined groin in Case-1 (Case-3). All the laboratory 
experiments are conducted in this study under clear-water scour conditions. The 
results revealed that the first groin of combined nature in the series as well as the 
minor combined groin upstream of the main groins reduced the effect of upstream 
flow significantly. Compared to Case-1, Case-2 and Case-3 showed 50% and 47% 
reduction of scour, respectively. Therefore, Case-2 has been identified as an effective 
way of stabilizing groins and river banks in the field. 
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stability
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8.1 Introduction 

Bank erosion is a serious problem in river channels, especially in alluvial deltaic 
plains and the lowest riparian countries like Bangladesh. Globally, groins are 
employed for river training that change the flow pattern significantly. Especially, in 
the first groin of a series, the effect of upstream flow is quite strong, which leads to the 
maximum scour around that [1], and the scour depth around the groin increases with 
an increase in velocity [8]. Local scour-induced instability threatens the safety of the 
groin structures. Thus, river engineers and researchers urgently need to improve groin 
stability by minimizing upstream flow effects or improving hydraulic conditions near 
groins. 

Researchers have conducted many studies to minimize the effect of upstream 
flow and the local scour near the groin’s tip, considering various parameters such as 
groin shapes [6, 7, 11], spacing of groins [3], change in groin permeability [4], groin 
orientation and spatial arrangement (big to small and vice versa) [2], installation 
of minor spur dike upstream of a series [5, 10], and so on. An impermeable groin 
produces a large scour hole due to rapid flow deviation and strong vortices near 
its tip, posing a major structural stability concern. Permeable groins slow down 
flow near the bank and deposit sediment there [9], but they can’t divert the flow far 
enough away from the bank. Whereas, by improving flow field towards bank and 
reducing scour near groin tip, and producing a stagnant water zone near the bank 
line, combined groins function better over others [1]. However, the problem of groin 
instability still remains elusive. Therefore, a sustainable solution is essential to make 
the groin structures more stable, especially for the first one, by reducing the effect 
of upstream flow. Thus, this study investigates different groin conditions—altering 
the first groin’s configuration and installing an additional minor combined groin 
upstream of impermeable groins. Analyzing the bed level variations in the groin 
area, the effectiveness of these groin arrangements and configurations is examined 
to improve their stability and functionality. 

8.2 Methodology 

8.2.1 Experimental Setup 

The experiments are conducted in a 20.0 m long, 1.5 m wide, and 1.15 m deep straight 
rectangular flume at the Hydraulic Engineering Laboratory of Dhaka University 
of Engineering & Technology (DUET), Gazipur. The sidewalls and bottom of the 
channel are composed of reinforced cement concrete. The flume is filled with silt-free, 
30.0 cm-thick fine sand with a median size (d50) of 0.20 mm. 

The groin models used in this study are made of a 1.0 cm thick transparent acrylic 
sheet. Besides, 5.0 mm diameter steel sticks with different spacing are also used 
only for the permeable portion of the combined groin. The groin models are 60 cm in
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height, with a projected length of 30 cm for the main groins and 15 cm for the minor 
groin. 30 cm height of these groin models are embedded in the sand bed, placing them 
perpendicular to the channel’s right side. A spacing of 90 cm is maintained between 
two successive main groins, whereas the minor one is installed 60 cm apart, upstream 
of the first groin. The center of the first model of each set is installed at a distance 
of 10.0 m from the end of the inlet tank, which is theoretically sufficient to achieve 
a fully developed turbulent flow in the control area. A schematic representation of 
the experimental setup including top view of flume, and top view of groin models, 
is depicted in Fig. 8.1a and b, respectively. 

In this study, all the tests are done under clear-water scour conditions. This scour 
happens when the bed materials of the channel are not in motion. This condition is 
developed by adjusting a control valve and a tail gate so that the flow velocity (u) 
does not exceed the critical velocity (uc) of bed sediment upstream of the control 
section. To achieve sub-critical turbulent flow in the channel, the Reynolds number 
(Re = Uh 

ν ) is kept high enough and the Froude number (Fr = U √
gh 
) is kept low 

enough. The experimental conditions for all the test runs are provided in Table 8.1.

Fig. 8.1 Experimental setup: plan view of a model channel; b groin models 
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Table 8.1 Details of 
experimental conditions Parameters Value 

Discharge (m3/s) 0.03 

Flow depth (cm) 10 

Mean velocity (m/s) 0.2 
u 
uc 

0.88 

Froude number, Fr 0.2 

Reynolds number, Re 20,000 

8.2.2 Procedure 

At first, the sand bed is carefully levelled with a wooden scraper after installing 
the model structures. Then, before starting the main test, water is gently allowed to 
enter into the flume and soak the sand bed at a low speed. After draining, the bed 
level is measured with a point gauge to determine the initial bed condition. Then, 
the flow is gradually allowed to enter into the channel with a controlled flow rate by 
a check valve and flow meter. The scour depth near the first structure is monitored 
by a point gauge to identify the equilibrium state and it is found to be maximum 6 h 
after running a preliminary test for 11.0 h. The final bed levels along some certain 
sections are measured after each test run. Figure 8.2 displays channel bed images for 
various test cases.

A precise measurement of bed level is done in the test area before and after each 
test run, respectively. To minimize bed disturbance, flow is gradually reduced before 
terminating the test run. The bed level is measured with a point gauge in the control 
region after draining and drying the bed, usually after one day of running. The point 
gauge is movable and is supported by a carriage that runs on steel frames on either 
side of the channel. In the groin area, the initial bed level for each case is measured 
at 10.0 cm grid points in both transverse and longitudinal directions. However, after 
ending of each test run, the final bed level in the entire groin area is measured at 5.0 
cm longitudinal and 3 cm transverse intervals. 

8.3 Results 

Channel responses for the same flow condition are found different due to the groins of 
different configurations and arrangements. Figure 8.3a and b illustrates bed topogra-
phies developed in the experimental runs and bed level contours around the first 
groins.

The local scour around the first groin is more pronounced in all the cases as 
realized in Fig. 8.3a. Also, the local scour near the last groin can be recognized as 
higher over the other groins. Especially Case-1 exhibits a larger volume of scour 
formation around the first groin with a larger volume of sediment accumulation in
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Fig. 8.2 Visual images of the channel bed for various test cases: a before run, and b after run

the downstream of it compared to other cases, and also, the bed formation is found 
irregular. A continuous bed erosion mark from the eroding zone around the first groin 
to the opposite side of the channel is observed more evidently in Case-1 than in Case-
3. In Case-2, sediment accumulation is detected in the closer area of the channel side 
than in the other cases. From the expanded view of the first groin area, an extensive 
scour hole in a wider area can be recognized in Case-1 as in Fig. 8.3b, extending from 
the upstream to the downstream of the groin tip. In Case-2, the scour hole position 
is observed near the impermeable end of the groin. The scour zone does not greatly 
extend longitudinally along the channel as seen in the other cases. Compared to other 
cases, this case has the lowest scour depth and area. Similar to Case-1, in Case-3 a 
scour hole is observed extending from the upstream to the downstream of the groin 
tip, but the extent of the scour zone is significantly reduced. 

Figure 8.4a and b depicts the bed level profiles in transverse and longitudinal 
directions near the groin head.

It is evident from Fig. 8.4a and b that the first groin in Case-1 gives the highest 
scour depth than the other cases. The scour zone presented with transverse and 
longitudinal sections in the figures is also evident higher in Case-1 than in the other 
cases. In Case-3, a greater scour reduction is observed than Case-1 for an upstream 
minor groin. However, the scour depth around the first groin in Case-2 is found 
lower than Case-3, despite the absence of a minor groin. In the channel’s transverse
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Fig. 8.3 a Channel bed topographies (all units are in cm) b bed level contours around the first 
groins

Fig. 8.4 a Transverse bed profile along the first groin (at 10.0 m from the u/s end) b longitudinal 
bed profile along the tip of the main groin
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Table 8.2 Maximum scour depth around groin head and average deposition in first groin field 

Test cases Maximum scour depth (cm) Sediment 
depos. (cm)Minor groin 1st groin 2nd groin 3rd groin 4th groin 5th groin 

Case-1 – 10.94 4.17 3.32 3.11 4.27 5.44 

Case-2 – 5.49 3.87 2.36 4.05 4.16 3.7 

Case-3 1.96 5.77 1.68 2.84 4.41 5.39 3.21 
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Fig. 8.5 Comparison of maximum scour depth near the first groin and deposition in the groin field 

direction, the highest scour depth around the first groin is found 30 cm apart from 
the groin side for Case-1 and Case-3, and 15 cm apart for Case-2. It is also found 
from the analysis of bed level variations that Case-2 gives a shorter length of the 
scour-prone zone surrounding the first groin compared to all other cases, regardless 
of the transverse or longitudinal direction of the channel. Notably, the scouring at 
the tip of all groins exhibits a conical shape, implying a common scour pattern in the 
different cases. Table 8.2 and Fig. 8.5 present measured maximum scour depth and 
sediment deposition between the first and second main groin. 

It is evident from Table 8.2 and Fig. 8.5 that, in Case-2, the measured maximum 
scour depth around the first and last groin is the lowest than in the other cases, and 
the sediment deposition in the groin field is found lower than Case-1, but higher than 
Case-3. The second-lowest scour depth around the first groin is observed in Case-3, 
with the highest scour depth observed around the last groin. Therefore, only replacing 
the impermeable conventional groin by a combined one (Case-2), the scour can be 
reduced by 50%, whereas 47% scour can be reduced by the minor combined groin 
in Case-3. 

8.4 Discussion 

There are three different cases considered in the study to explore the most suitable 
solution, where the first groin in all the cases gives the highest local scour. So, it can 
be explained by the fact that the first groin is exposed to the highest current by the 
upstream flow, which leads to a higher risk of groin failure. In each case, the local
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scour is also apparent for the last groin after the first groin in the series. This can be 
happened due to the return current by the reflected flow from the opposite side of the 
channel that can be significant to demolish downstream structures depending on its 
strength. 

Based on the analysis of bed level variations, it is clear that different factors, 
such as groin permeability and the presence of minor groin, significantly influence 
the scour patterns. The modification of the configuration of the first groin in Case-2 
and placing of an additional upstream minor groin of combined nature in Case-3 
help attenuate the upstream flow impact and reduce the scour around the first groin. 
The minor combined groin in Case-3 can potentially reduce the scour around the 
first main groin, but the impact of upstream flow on scour formation still remains 
due to its impermeable nature. But the least effect on the first groin is observed 
in Case-2 without any minor upstream groin, and these can be attributed to the 
configuration of the groin, where a combination of permeable and impermeable 
portions is present. In a previous study, approximately 21% scour reduction around 
the first groin was observed in the case of a series of combined groins compared 
to a series of conventional impermeable groins [1]. But in this study, 50% scour 
reduction is resulted only by modifying the first groin of impermeable nature with a 
combined groin. Another previous study with an impermeable minor groin showed 
46.2% scour reduction around the first groin [5], and a very close result is found 
in the present study, i.e., 47% scour reduction is identified with a combined minor 
groin. 

Sediment deposition in the groin field varies with changing the groin configuration 
and arrangement in different test cases. It can be mentioned here that the experiments 
are carried out under clear water scour conditions, and even in the control area, 
the presence of suspended sediments is found to be insignificant. Therefore, the 
deposition pattern observed in this study may not properly reflect the natural flow 
environment, where siltation of fine suspended sediment particles typically occurs 
in the slow flow zones of the groin field causing huge deposition and hence land 
reclamation near the bank line. 

8.5 Conclusion 

This study is mainly aimed at stabilizing the groins in a series with minimization of 
the local scour around the first groin. The following conclusions have been drawn: 

• The local scour depth around the first groin head is found higher in Case-1 with 
higher sediment deposition in the groin field, where all the groin models are of 
impermeable conventional type. 

• The reduction of scour depth around the first groin is found higher in Case-2 
compared to all other cases, with a higher sediment deposition than in Case-3, 
and the scour reduction is 50% compared to Case-1.
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• Although Case-3 is still under the effect of upstream flow, there is a noticeable 
reduction in scour depth around the first groin due to the presence of an upstream 
minor groin, and this is 47% compared to Case-1. 

• Local scour around the last groin is found more apparent than the other groins 
except the first one, possibly as a result of return currents and flow reflection from 
the other side of the channel. 

Actually, the inclusion of a permeable portion in the first main groin in Case-2 
significantly contributes to attenuating the impact of upstream flow and effectively 
reducing the local scour. Therefore, the configuration and arrangement of groins in 
Case-2 provide better efficacy in managing scour near the first groin in comparison 
to other cases and improve its stability. 
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Chapter 9 
Assessing Water Insecurity for Bankline 
Communities Considering Riverbank 
Erosion: A Case Study Along the Padma 
River 

Lamiya Sharmeen Jaren, Sabbir Ahmed, Syed Nazmus Sakib, 
Sara Nowreen, Ahmed Ishtiaque Amin Chowdhury, 
and Rabeya Sultana Leya 

Abstract The concept of water security includes a diverse range of physical, socio-
economic, environmental, and infrastructural water related challenges, traditionally 
measured by the Water Security Index (WSI). This study presents a disaster manage-
ment inclusive approach for measuring WSI at the household level. The objective 
of this study is to assess water insecurity for bankline communities considering 
river erosion in selected unions in Harirampur, Manikganj, along the river Padma. 
By employing a mixed-method approach encompassing remote sensing, structured 
questionnaire survey of households, and participatory techniques, various indicators 
of water security were evaluated. WSI were calculated by using weighted addi-
tive function where component weights were assigned by pairwise ranking method 
through expert opinion. The results showed that the WSI value was 44.25, classifying 
the area as water insecure. The system is considered water secured when the WSI
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value is greater than 56. The scores for the components of WSI, basic household 
needs, food production, environmental flows, risk management, and independence 
were 46.87, 69.1, 33.33, 39.37, and 34.27, respectively. Approximately 43.24 km2 

river eroded, and 17.00 km2 river accreted in last two decades. Multiple frequencies 
of homestead shifting occurred among respondents which had a negative impact 
on water security. Moreover, the study identified risk factors contributing to water 
insecurity, such as inadequate disaster preparedness and erosion control measures. 
Based on these insights, a sustainable framework for addressing water insecurity 
in erosion-prone areas is proposed which provides actionable recommendations for 
enhancing resilience and sustainability in water management practices. 

Keywords Water security index · Padma river · River erosion · Bankline 
community ·Water insecurity 

9.1 Introduction 

“It’s not about the water coming after us, but about us interfering with its path. There-
fore it is not about fighting the river, but about adapting to it.” -Salma Begum, 57 
years old mother, living in Harirampur, Manikganj. Bangladesh, a predominantly 
riverine country, faces significant challenges from the highly dynamic and unstable 
banks of the Padma River, resulting in frequent and severe riverbank erosion [11]. 
Due to its placement in the Ganges–Brahmaputra-Meghna river system’s alluvial 
floodplain and dynamic river patterns [9], there are several examples of frequent 
shifting of the bankline [5]. Around 20 of 64 districts of the country are vulnerable 
to riverbank erosion, which consumes around 8,700 hectares of land each year and 
affects over 200,000 people [3, 4]. Thus, riverbank erosion has become an increas-
ingly serious problem in Bangladesh, with an annual erosion rate of approximately 
1,200 km [18]. Riverbank erosion causes immediate losses of homes, assets, and 
income, and has long-term impacts on health, infrastructure, and education [13]. 
Severe erosion caused the river to encroach 12 km into the floodplain from 1963 to 
2009, consuming 35,625.20 acres of land and displacing around 60,000 people, with 
half of this encroachment occurring in the last 15 years [26]. 

This chronic and recurring natural hazard threatens the bankline settlements along 
the left bank of the Padma in Harirampur Upazila of Manikganj District [9] and 
poses threat to overall water security in the region. The theory of water security 
has emerged from addressing merely water scarcity to overall human well-being 
[22]. Water security assessment considers political, hydrological, and social scales, 
ranging from municipal to country levels, basin boundaries, and distinctions between 
urban–rural, community, and household contexts [23]. River erosion and water inse-
curity are closely related, as erosion not only displaces communities and destroys 
infrastructure but also disrupts access to safe drinking water and sanitation services. 
This leads to increased vulnerability to waterborne diseases and long-term challenges 
in maintaining reliable water resources. While water security typically encompasses
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aspects such as water quality, quantity, reliability, equitable access, and environ-
mental sustainability of water resources [17], it often overlooks the specific implica-
tions of natural disasters on water security. To address this limitation, it is necessary 
to redefine water security in the context of riverbank erosion. 

Previous assessments of riverbank erosion predominantly focused on the 
geographical aspects [11, 15, 29]. Only few researches explored the effects of erosion 
on livelihood vulnerability [9, 18, 21], health [18], and food security [10]. Scholars 
such as Das et al. [13], Rana et al. [27], Das et al. [14], and Baishya [5] looked into 
some cases of riverbank erosion and their impacts. Billah et al. [10] and Rana et al. 
[27] tried to identify if people migrate permanently from one union to another union 
to ensure food and water security. 

There is a dearth of studies examining the impacts of riverbank erosion on commu-
nities directly affected by this hazard. However, a substantial research gap exists 
regarding the understanding of water security impacts. Therefore, this study aims 
to fill this gap by assessing water insecurity resulting from river erosion among 
the communities residing along the banklines in Harirampur Upazila of Manikganj 
District. Current research is unique in the sense that it is the first to investigate the 
water security issues that evolve in erosion-prone areas in Bangladesh. The purpose 
of this article is to investigate the recent condition of the Padma River, as well as 
the long-term impact of riverbank erosion on the water security of the residents 
of the riverine areas of Harirampur. Apart from that, this article attempts to offer 
some insights for reducing the impact on residents and improving their living condi-
tions. The objectives of the study are to assess the multidimensional aspects of water 
security in erosion-affected communities of Harirampur Upazila, to identify risk 
factors associated with water insecurity, and to develop a sustainable framework for 
addressing water insecurity in erosion-affected communities. 

9.2 Methodology 

9.2.1 Study Area 

To assess river erosion-induced water insecurity, three different unions (the lowest tier 
of local administrative unit), namely Ramkhrishnapur, Kanchanpur, and Chala were 
selected from Harirampur Upazila of Manikganj District (Fig. 9.1). The selection 
was based on a detailed reconnaissance survey and the severity of river erosion as 
highlighted in existing literature and secondary data. These unions were chosen due 
to their geographical proximity to the Padma River, which significantly influences 
local water-related challenges. The Padma River is a major watercourse in the region, 
which was identified as a significant factor contributing to river erosion in Harirampur 
Upazila [11]. The river was eroded on both of its banks with the most extensive 
erosion occurring on the left bank in the Manikganj district, encompassing an area 
of 8,600 ha. Ramkrishnapur experienced significant erosion constituting 55% of
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the union and 3.59% of the total Upazila erosion whereas Kanchanpur faced more 
severe erosion with an eroded area of 85% of the union and 11.01% of the total 
Upazila erosion. In contrast, Chala did not experience any riverbank erosion [26]. 
Ramkrishnapur and Kanchanpur are directly situated along Padma’s banklines, while 
Chala, although slightly further from the bank, was included due to the notable 
migration of bankline communities to this area. This strategic selection was made 
for a comparative analysis between communities directly impacted by river erosion 
and those that have been relocated. 

Harirampur Upazila has an area of 244.30 km2 with a population of 155,469 [8]. 
Agriculture serves as the predominant livelihood source, contributing 54.54% to the 
overall economic activities. In terms of water sources, tube-wells provide 96.7% of 
the drinking water, while tap water provides only 0.2%. Although 28% of shallow 
tube-wells were found to contain arsenic (Banglapedia, 2022). 57.8% of households 
use sanitary latrines, 39.2% use non-sanitary facilities, and 3.0% lack latrine access 
entirely.

Fig. 9.1 Location of the study area: Manikganj District in Bangladesh (left) and selected unions 
in Harirampur Upazila (right) 
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9.2.2 Data 

This study, conducted from March to August 2023, adopted a mixed-method 
approach, incorporating both primary and secondary data through remote sensing 
and field surveys. Primary data collection involved a structured questionnaire survey, 
prepared and pre-tested during reconnaissance visits, designed to comprehensively 
address water insecurity due to river erosion. Additionally, 3 Focus Group Discus-
sions (FGDs) with bankline communities in 3 unions and 6 Key Informant Interviews 
(KIIs) with Upazila Nirbahi Officer, Upazila Agriculture Officer, Social Welfare 
Officer, Assistant Engineer of Local Government Engineering Department, local 
school teacher, and Executive Engineer of Bangladesh Water Development Board 
were conducted to understand the severity of riverbank erosion and its associated 
risk factors in the study area. 

A purposive random sampling technique was used, with a sample size of 50 
participants, including farmers, fishermen, and daily wagers. The target group was 
communities living along the bankline of Padma River. Concerning the breadth of the 
database, data samples need to be sufficiently extensive to yield statistically signif-
icant results [12]. Traditional research norms typically recommend a sample size 
exceeding 200 individuals to ensure a better representation of the overall popula-
tion. Nonetheless, in behavioral studies, a minimum sample size of 50 participants 
per group is often adhered to (Barrett & Paul, 1981). Considering the limitations 
imposed by time and resources, and acknowledging the unique attributes of bankline 
communities with their inherent response variability, this study deliberately selected 
a sample size of 50 as a pragmatic and balanced approach. 

Secondary data such as Landsat satellite images from 2002 and 2022, obtained 
via the United States Geological Survey EarthExplorer tool (https://earthexplorer. 
usgs.gov/, accessed on 01 March 2023) were analyzed to determine the Normalized 
Difference Water Index (NDWI), land use changes, and the extent of river erosion. 

9.2.3 Materials and Methods 

9.2.3.1 Identification of Indicators and Risk Factors of WSI 

Water security was evaluated across five domains: basic needs, agricultural produc-
tion, environment, risk management, and independence [19] (Table 9.1). Data for 
various indicators within each domain were collected through a household question-
naire survey and then normalized on a scale of 0 to 1 by dividing the actual value by 
its best value.

https://earthexplorer.usgs.gov/
https://earthexplorer.usgs.gov/
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Table 9.1 WSI indicators and scoring 

Components Indicators Scale 

Basic household 
needs 

Access to safe drinking 
water 

0–100, where the numerical value represents 
the percentage of time during which the 
household has reliable access to safe drinking 
water 

Sanitation facilities 0–100, where no latrine: 0, open/katcha latrine: 
10, semi-pucca latrine: 67, Pucca latrine: 100 

Electricity accessa 0–100, where no access to a reliable electricity 
supply: 0, low likelihood of having a reliable 
electricity supply (less than 25% chance): score 
between 1 and 25, moderate likelihood 
(between 26 and 75% chance): score between 
26 and 75 and high likelihood of having 
reliable electricity supply (more than 75% 
chance): score between 76 and 100 

Housing qualitya 0–3, where traditional housing with high 
vulnerability to erosion is 0, improved housing 
with moderate vulnerability to erosion is 1, and 
resilient housing with low vulnerability to 
erosion is 2 

Food production Water availability for 
agricultural production 

Rank 1–5, where low availability = 1 and high 
availability = 5 

Water use (withdrawal/ 
person) 

Rank 1–5, where low withdrawal = 1 and high 
withdrawal = 5 

Agricultural landa Ratio scale, amount of arable land per 
household in decimal 

Crop diversitya Ratio scale, number of different crops grown 
per household 

Average food-insufficient 
montha 

0–12 (number of food-insufficient months in 
last year) 

Livestock ownershipa Ratio scale, number and type of livestock per 
household 

Environmental 
flows 

River ecosystem health 0–100, where poor: 25, fair: 50, good: 75, and 
excellent: 100 (rate water quality of the river) 

Wetland conservation 0–100, where 0–25: poor wetland conservation, 
26–50: partial wetland conservation, 51–75: 
adequate wetland conservation, and 76–100: 
excellent wetland conservation 

Riparian buffer zonesa 0–100, where 0–25: inadequate riparian buffer 
zones, 26–50: partially established riparian 
buffer zones, 51–75: well-established riparian 
buffer zones, and 76–100: extensive and 
well-maintained riparian buffer zones

(continued)
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Table 9.1 (continued)

Components Indicators Scale

Sustainable fishing 
practicesa 

0–100, where 0–25: unsustainable fishing 
practices, 26–50: partially sustainable fishing 
practices, 51–75: generally sustainable fishing 
practices, and 76–100: highly sustainable 
fishing practices 

Risk 
management 

Water storage capacity 0–100, where 33% (low water storage 
capacity), 66% (moderate water storage 
capacity) and 100% (high water storage 
capacity) 

Community-based disaster 
management (erosion 
control measures) 

0–100, where 0% (limited erosion control 
measures), 33% (limited erosion control 
measures), 66% (some erosion control 
measures) and 100% (effective erosion control 
measures) 

Disaster preparednessa 0–100, where 0% (no shelters), 33% (low 
availability of shelters), 66% (moderate 
availability of shelters), and 100% (high 
availability of shelters) 

Nearest health center 
(minutes)a 

Ratio scale, time in minutes 

Independence Diversification of income 
sources 

0–100, where 33% (high dependence on 
agriculture), 66% (moderate dependence on 
agriculture), and 100% (other income sources) 

Social safety nets 0–100, where 33% (limited existence and 
coverage of government-led programs), 66% 
(partial existence and coverage of 
government-led programs), and 100% 
(reasonable existence and coverage of 
government-led programs) 

Support from neighbors 
during erosion 

0–100, where 33% (low level of support 
received), 66% (some support received), and 
100% (full support received) 

Access to credit and 
financial servicesa 

0–100, where 33% (limited access to formal 
financial institutions), 66% (partial access to 
formal financial institutions), and 100% 
(reasonable access to formal financial 
institutions) 

Communication devicesa 0–100, where 0 (no communication devices), 
50 (mobile), and 100 (mobile, television, radio 
etc.) 

a Risk factors (not incorporated in calculating index)
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9.2.3.2 Calculation of Weights for the Indicators Through Pairwise 
Matrix Ranking 

The data were normalized and weighted through the pairwise matrix ranking method, 
applying a scale of relative importance from 1 (equally important) to 9 (extremely 
more important), and their reciprocals [1, 28] to calculate the WSI. The matrix 
presented in Table 9.2 provides a visual representation of the pairwise ranking of 
indicators. In this context, each cell signifies the relative importance of one indicator 
in comparison to another, with values assigned according to Saaty’s Analytic Hier-
archy Process (AHP) scale. Relative importance ratings were informed by expert 
opinions gathered through KIIs. The subsequent steps involved calculating the sum 
and average for each row, followed by determining the total average by dividing the 
sum by the total number of indicators. The final normalization process was completed 
by dividing the average by the maximum average [25].

9.2.3.3 Construction of the Index 

Simple additive weighted average method was adopted to calculate the final index 
value [16]. First, all the component values were calculated using the additive method, 
where each indicator value was multiplied by its respective weight, and the products 
were summed together. Subsequently, the same additive method was employed to 
derive the final WSI by combining the weighted values of individual components. 

9.2.3.4 Changes in Water Bodies Over Time 

Changes in water bodies were determined using the NDWI from Landsat satellite 
images, and land use land cover (LULC) changes were analyzed through supervised 
classification for agriculture, bare land, settlement, vegetation, and water bodies 
in 2002 and 2022. NDWI is derived from the Near-Infrared (NIR) and Green (G) 
channels. This formula highlights the amount of water in water bodies (Eq. 9.1). 
Additionally, the LULC raster image was converted to a polygon shapefile using the 
‘raster to polygon’ tool. Then with the help of the ‘erase’ and ‘intersect’ tools, in 
the overlay layer in ArcGIS, the erosion-accretion and unchanged area were deter-
mined throughout the study area. The overall methodological diagram is presented 
in Fig. 9.2. 

NDWI = G − NIR 
G + NIR (9.1)
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Table 9.2 Pairwise ranking matrix for the indicators and components 

Indicator Pairwise 
ranking 

Value/ 
total 

Total Average Total 
(average/ 
max) 

Normalized 
weight 

A: Basic household needs 

A1: Access to safe 
drinking water 

A1: 1, A2: 2 0.67, 
0.67 

1.33 0.67 1.00 0.67 

A2: Sanitation 
facilities 

A1: 1/2, 
A2: 1 

0.33, 
0.33 

0.67 0.33 0.50 0.33 

B. Food production 

B1. Water 
availability for 
agricultural 
production 

B1: 1, B2: 3 0.75, 
0.75 

1.50 0.75 1.00 0.75 

B2. Water use B1: 1/3, B2: 
1 

0.25, 
0.25 

0.50 0.25 0.33 0.25 

C. Environmental flows 

C1. River ecosystem 
health 

C1: 1, C2: 2 0.67, 
0.67 

1.33 0.67 1.00 0.67 

C2. Wetland 
conservation 

C1: 1/2, C2: 
1 

0.33, 
0.33 

0.67 0.33 0.50 0.33 

D. Risk management 

D1. Water storage 
capacity 

D1: 1, D2: 5 0.83, 
0.83 

1.67 0.83 1.00 0.83 

D2. 
Community-based 
disaster 
management 

D1: 1/5, 
D2: 1 

0.17, 
0.17 

0.33 0.17 0.20 0.17 

E. Independence 

E1. Diversification 
of income sources 

E1: 1, E2: 
2, E3: 1/5 

0.15, 
0.6, 0.05 

0.80 0.20 0.72 0.27 

E2. Social safety 
nets 

E1: 1/2, E2: 
1, E3: 3 

0.08, 
0.3, 0.71 

1.09 0.27 0.99 0.36 

E3. Support from 
neighbors 

E1: 5, E2: 
1/3, E3: 1 

0.77, 
0.1, 0.24 

1.11 0.28 1.00 0.37 

WSI components 

A: Basic household 
needs 

A: 1, B: 2, 
C: 3, D: 1/ 
2, E: 4 

0.24, 
0.27, 
0.27, 
0.11, 
0.62 

1.52 0.30 1.00 0.31

(continued)
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Table 9.2 (continued)

Indicator Pairwise
ranking

Value/
total

Total Average Total
(average/
max)

Normalized
weight

B. Food production A: 1/2, B: 
1, C: 3, D: 
1/2, E: 1/2 

0.12, 
0.14, 
0.27, 
0.11, 
0.08 

0.72 0.14 0.47 0.14 

C. Environmental 
flows 

A: 1/3, B: 
1/3, C: 1, D: 
1/2, E: 1/2 

0.08, 
0.04, 
0.09, 
0.11, 
0.08 

0.41 0.08 0.27 0.08 

D. Risk 
management 

A: 2, B: 2, 
C: 2, D: 1, 
E: 1/2 

0.48, 
0.27, 
0.18, 
0.22, 
0.08 

1.24 0.25 0.82 0.25 

E. Independence A: 1/4, B: 
2, C: 2, D: 
2, E: 1 

0.06, 
0.27, 
0.18, 
0.44, 
0.15 

1.11 0.22 0.73 0.22 

Note All values in the table are dimensionless, as they represent weightage derived from the pairwise 
ranking process and have no units

Fig. 9.2 Methodology of this study
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9.3 Findings 

9.3.1 Bank Erosion 

The erosion, accretion, and unchanged area determined from Landsat satellite images 
for 2002 and 2022 showed that the river segment in the study area witnessed a notable 
change from 48.90 km2 in 2002 to 75.08 km2 in 2022. In these two decades, 43.24 
km2 of land was eroded by the river and 17.00 km2 was accreted which means the 
portion of the river in the study area lost 26.24 km2 land area. Additionally, 31.84 
km2 river area remained unchanged (Fig. 9.3). Field visits also revealed extensive 
bank erosion in the area. These on-the-ground observations confirmed the substantial 
and visible impact of river dynamics on the banks, with signs of erosion (Fig. 9.4).

9.3.2 Changes in Land Use and Water Bodies 

Findings from both the NDWI and the supervised classification of LULC indicated 
a notable expansion of water bodies in the study area over the last two decades 
due to unplanned and illegal excavation of soil for brick kilns and other purposes 
(Fig. 9.5). Agricultural land, a crucial component of local livelihoods, experienced 
a moderate increase from 39.52 km2 in 2002 to 43.54 km2 in 2022 (Table 9.3). 
Conversely, barren land substantially reduced from 50.79 to 19.73 km2, indicating 
potential transformations in areas vulnerable to erosion or abandonment. Barren 
land is associated with areas that are prone to erosion, devoid of vegetation cover, 
and susceptible to environmental changes. The most notable shift was observed 
in the built-up area, which has surged from 23.39 km2 in 2002 to 76.18 km2 in 
2022. It suggested that human activities, driven by urbanization and infrastructure 
development, potentially brought settlements into closer proximity to river banks and, 
consequently, influenced their vulnerability to river-related processes. Vegetation, 
vital for ecological balance, encountered a significant decrease from 91.32 to 45.34 
km2. Waterbody areas increased from 58.22 to 78.56 km2, which was attributed 
to the dynamic nature of river courses and the expansion of water bodies due to 
erosion-induced changes.

9.3.3 River Erosion-Induced WSI 

The research findings indicated a WSI value of 44.25, falling within the range of 
water insecurity. The scores for the components of WSI, basic household needs, food 
production, environmental flows, risk management, and independence were 46.87, 
69.1, 33.33, 39.37, and 34.27, respectively (Fig. 9.6). From the KIIs, the classification 
of WSI values was as follows: chronic water insecure (WSI < 35), water insecure
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Fig. 9.3 Erosion, accretion, and unchanged area in Harirampur Upazila (2002–2022) 

Fig. 9.4 River erosion in the study area (pictures taken on 20 March 2023)
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Fig. 9.5 Changes in a water bodies and b land use
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Table 9.3 LULC 
classification (2002–2022) Class name Area-2002 (km2) Area-2022 (km2) 

Agricultural land 39.52 43.54 

Barren land 50.79 19.73 

Built-up area 23.39 76.18 

Vegetation 91.32 45.34 

Waterbody 58.22 78.56

Fig. 9.6 Values of WSI components and component scores 

or unsafe (35 < WSI < 48), seasonally water insecure (48 < WSI < 56), and water 
secured or safe (WSI > 56). Based on this classification, basic household needs 
fell into the category of seasonally water insecure class, food production fell under 
the water secured class, environmental flows and independence fell into the chronic 
water insecure class, and risk management fell under the water insecure category. 

9.4 Discussion 

This study indicated that massive erosion continued to affect Harirampur in the 
subsequent years, as noted by Rahman et al. [25]. Mishra et al. [21] argued that 
water security has several interconnected dimensions, each involving complex inter-
actions between human society and the natural environment. This study supports this 
perspective, demonstrating how various socio-economic and environmental factors 
converge to influence water security in vulnerable communities. The AHP served 
as a valuable tool in this assessment, providing a structured method to prioritize 
attributes of water security based on expert opinion. According to [4], AHP collects 
information through paired comparison surveys using standardized decision matrices 
to identify priorities and obtain relative weights. This method’s strength lies in its 
ability to capture expert insights on the importance of different attributes, reflecting 
a participatory approach that integrates experts and user opinions [25]. Additionally, 
the participatory approach involving expert opinion and community input is proved
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crucial for developing robust water security assessments. This approach not only 
aided in constructing a comprehensive WSI but also ensured that the index reflected 
the real-world complexities and stakeholder perspectives. Moreover, the fragmented 
distribution of data across various organizations and the lack of a universally appli-
cable framework for measuring water security pose significant challenges [25]. The 
framework presented in this study addressed the need for a comprehensive approach 
to measure bank erosion-induced water insecurity. As Gain et al. [16] pointed out, 
country-level data aggregation fails to portray critical spatial and temporal variations, 
so this study utilized spatially detailed data for effective planning and policy-making. 

This study considered access to safe drinking water and sanitation, denoted by 
the percentage of the population with access to these services. These are the crucial 
indicators for assessing water security [16] as the available freshwater is not always 
accessible due to various socio-economic and physical constraints such as water 
quality, lack of infrastructure, etc. The average values of access to safe drinking 
water and sanitation facilities are 51.1 and 25.64 respectively (Fig. 9.6). Only 14% 
households reported that they have access to safe water round the year. The findings 
on the water consumption patterns of the respondents showed that in Ramkrishnapur, 
households with an average of 4 members utilized 8 L of water daily for drinking, 
while Kanchanpur and Chala union residents used 7 L and 12 L, respectively. Data on 
water purification practices revealed that 90% of households in Ramkrishnapur and 
Kanchanpur do not engage in any purification practices. Others relied on methods 
such as boiling or cloth filtration. In Chala, a slightly lower percentage, 55%, also 
did not undertake any water purification methods. As the incidence rate of diseases 
is a crucial variable to measure water security [23], alarmingly, 85% of respon-
dents in all three areas reported that their children suffer from water-borne diseases, 
particularly diarrhea, typhoid, and dysentery, annually. The health issues exacerbated 
during years of erosion and displacements. The component, water for food produc-
tion exhibited a relatively higher value compared to other components. The indicators 
under this component, namely water availability for agriculture and water use (with-
drawal/person), have values of 72.4 and 59.2, respectively (Fig. 9.6). The relatively 
high water use efficiency, as indicated by the withdrawal per person underscored a 
responsible approach to water utilization. These findings collectively contributed to 
a positive outlook on the region’s ability to maintain agricultural productivity and, 
consequently, food security without significant compromise. Within the environ-
mental flows component, the scores for river ecosystem health and wetland conser-
vation stood at 35.7 and 28.53, respectively. These scores provided insights into 
the state of the river ecosystem and wetland conservation efforts, suggesting areas 
that require attention for improvement. Respondents were asked to assess the water 
quality of the river near their households and report any observed changes in biodi-
versity over the past 5 years. Findings revealed that 90% of the respondents rated 
the condition of wetland areas as poor, indicating a concerning perception of the 
environmental quality in those specific regions. 

Under the risk management component, the indicators for water storage capacity 
and community-based disaster management (erosion control measures) scored 46 
and 7, respectively. These values provided an assessment of the community’s ability
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to manage and mitigate risks associated with water storage and erosion control 
measures. The findings indicated that the bankline communities have implemented 
limited erosion control measures, and there is a lack of awareness regarding the 
substantial risk reduction potential associated with these measures. Only 8% respon-
dents reported that they understand the importance of planting and maintaining 
vegetation, such as grass, shrubs, or trees to reduce erosion nearby. Also, 95% of 
the respondents reported that they were excluded from decision-making processes 
regarding recovery planning and erosion control methods. Mamun et al. [20] empha-
sized the role of traditional erosion control measures over engineering erosion control 
approaches to lessen the impact of erosion on bankline communities. Under the inde-
pendence component, the indicators for diversification of income sources, social 
safety nets, and support from neighbors during erosion scored 45.8, 35, and 25.14, 
respectively. These values represented the community’s level of independence from 
external shock [20]. Only 4% of respondents experienced the existence and coverage 
of government-led programs in post-erosion situations. The level of support from 
neighbors was higher in Chala union than in Ramkrishnapur and Kanchanpur unions. 
The socio-economic dimensions of water security are equally vital. Billah et al. [10] 
highlighted that erosion-affected communities often adopt coping strategies such as 
migrating to urban areas or relying on less preferred food items to manage food 
insecurity. Our findings were aligned with this, revealing that only a few erosion-
affected households were covered by government safety net initiatives like meal-
for-work programs. The survey findings indicated varying frequencies of homestead 
shifting among respondents affected by river erosion. Specifically, 24% reported four 
shifts, 10% reported three shifts, 12% reported five shifts, 16% reported two shifts, 
18% reported a single shift, and 20% never experienced homestead shifting due to 
river erosion. In the aftermath of erosion, 70% of respondents became reliant on 
their neighbors’ tube wells for drinking water. Notably, 10% continued consuming 
untreated river water, 13% opted for boiled river water, 5% dismantled their tube 
wells, 1% purchased new parts for tube wells, and 1% took loans to reinstall their 
own tube wells. Regarding sanitation practices in the post-erosion scenario, 60% 
of the respondents utilized neighbors’ latrines, 20% relied on temporary hanging 
latrines, 15% dismantled their own latrines, and 5% secured loans for latrine rein-
stallation. These findings underscored the significant disruptions in access to water 
and sanitation and strategies adopted by the community in response to the challenges 
posed by river erosion in the study area. 

Table 9.4 outlines the associated risk factors for low water security across various 
components of the WSI. In terms of basic needs, a lack of electricity access and subop-
timal housing quality contributed to a risk factor score of 6 and 40, respectively. The 
food production component was influenced by factors such as agricultural land avail-
ability (score of 24.3), crop diversity (score of 32), average food-insufficient months 
(score of 20.6), and livestock ownership (score of 34). Environmental flows, crucial 
for water security, are influenced by riparian buffer zones (score of 29.3) and sustain-
able fishing practices (score of 32.1) [20]. Risk management, an essential aspect of 
water security, was reflected in the disaster preparedness score of 11. Independence, 
assessed through access to financial services (score of 31.78) and communication
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devices (score of 46), underscored critical aspects that contribute to the overall water 
security. These risk factors collectively provided insights into potential vulnerabilities 
and areas for targeted interventions to enhance water security. 

The correlation analysis between the WSI and associated risk factors revealed 
significant relationships that provided valuable insights into the determinants of 
water security. The positive correlation between WSI and electricity access (r = 
0.289) suggested that improved electricity access is associated with lower water 
stress. A particularly strong positive correlation between WSI and housing quality (r 
= 0.660) indicated that suboptimal housing conditions contribute significantly to 
higher water stress levels. In the case of food production, a strong positive corre-
lation with agricultural land availability (r = 0.718) and crop diversity (r = 0.561) 
underscored the pivotal role of these factors in determining water stress. Livestock 
ownership also exhibited a positive correlation (r = 0.305), emphasizing its influ-
ence on water stress levels. Environmental flows, measured by riparian buffer zones, 
showed a significant positive correlation (r = 0.597), suggesting that the health of 
river ecosystems and wetland conservation play a crucial role in mitigating water 
stress. Meanwhile, sustainable fishing practices exhibited a positive but moderate 
correlation (r = 0.278). Disaster preparedness demonstrated a moderate positive 
correlation (r = 0.318), indicating that communities with better disaster prepared-
ness experience lower water stress levels. Independence factors, including access 
to financial services and communication devices, displayed strong positive correla-
tions (r = 0.659 and r = 0.539, respectively), suggesting that financial inclusion and 
communication infrastructure contribute significantly to lower water stress. 

There are critical strategic areas that demand attention in the aftermath of erosion, 
comparing the present scenario to the post-erosion scenario. In the present scenario, 
only 14% of households have full access to safe drinking water, a figure that sharply 
declines to a mere 2% in the post-erosion scenario. The availability of open or

Table 9.4 Risk factors for low water security 

Associated risk factors Average normalized score 
(0–100) 

Basic needs Electricity access 6 

Housing quality 40 

Food production Agricultural land availability 24.3 

Crop diversity 32 

Average food-insufficient month 20.6 

Livestock ownership 34 

Environmental flows Riparian buffer zones 29.3 

Sustainable fishing practices 32.1 

Risk management Disaster preparedness 11 

Independence Access to financial services 31.78 

Communication devices 46 
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Fig. 9.7 Water security risk reduction framework 

makeshift latrines also becomes a pressing concern, with 42% of households having 
such facilities currently, increasing to over 75% post-erosion. A noteworthy increase 
in the average number of food-insufficient months, from 4 to 5 months at present to 7– 
8 months post-erosion, signals heightened food insecurity. The river ecosystem health 
takes a considerable hit, deteriorating from fair to poor, with inadequately established 
riparian buffer zones. The availability of shelters and neighbors’ support moderately 
increases post-erosion, but the water storage capacity diminishes, posing significant 
challenges. Additionally, erosion control measures drop significantly, with only 12% 
contributing in the present scenario compared to 0% in the post-erosion scenario. 
The existence of social safety nets remains limited in both scenarios, emphasizing 
the urgent need for strategic interventions to address these complex challenges and 
enhance the resilience of erosion-affected communities. Drawing on these findings, 
this study proposes a water security risk reduction framework in an erosion-prone 
area (Fig. 9.7). 

9.5 Conclusion 

The study reveals the significant influences of river ecosystem health, wetland conser-
vation, water storage capacity, community-based erosion control measures, income 
diversification, social safety nets, and supportive neighbors in shaping water insecu-
rity resulting from river erosion. Access to safe drinking water, sanitation, adequate 
agricultural water supply, and per capita water use play a significant role in ensuring 
better water security. This study presents a holistic approach that is vital in addressing 
these factors and tackling the challenges of water security in erosion-prone areas. 
However, one of the primary limitations of this study is the sample size. Although 
efforts were made to collect data from a diverse and representative sample of bankline
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households in Harirampur Upazila, the total number of respondents may not fully 
capture the variability within the entire population. The relatively small sample 
size could limit the generalizability of the findings to other regions or communities 
affected by similar issues. While the study employs robust methods, the sensitivity 
of these methods to changes in input data and weighting schemes must be considered 
in further studies. The findings highlight the interplay of various factors, signaling 
the need for comprehensive strategies and interventions to enhance water security 
in regions affected by river erosion. Policymakers, community leaders, and stake-
holders need to consider these nuanced dynamics and implement context-specific 
measures to build resilience and ensure sustainable water management practices in 
the face of ongoing environmental changes. 
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Chapter 10 
Assessing Spatial Thresholds 
of Indices-Based Water Mapping 
with Sentinel-2 for Ukhia and Teknaf 
of Bangladesh 

Saifullah Sayed and Sara Nowreen 

Abstract Efficient water planning crucially relies on monitoring surface water 
resources. In this context, threshold-based index methods are a less complex yet 
accurate approach to separate waterbodies from satellite imageries. Therefore, this 
study aims to identify efficient water mapping methods by comparing the perfor-
mance of various water indices on Sentinel-2 scenes in the Eastern Hills (EH) of 
Bangladesh, using it as a case study. Here, the popular indices NDWI, MNDWI, 
NDMI, WRI, AWEInsh, AWEIsh, NWI, and SWI, are assessed. While finding the 
best panchromatic band, SWIR1 has been found to have a strong association (R2 = 
0.512) with the average of four bands: Red, Green, Blue, and NIR. Similarly, VNIR 
and SWIR2 are found to be strongly correlated with the Red Band with R2 values 
of 0.68 and 0.43, respectively. High Pass Filter has the highest Universal Quality 
Index, lowest Spectral Angle Mapper, and lowest Root Mean Squared Error for 
pan-sharpening SWIR1, SWIR2, and VNIR bands. NDWI shows the highest Kappa 
(0.87) and F1-score (0.92). Following historical (2016–2023) analysis, Yen thresh-
olding method shows an overall accuracy ranging from 82% in 2023 to 96% in 2021. 
Thus, the study suggests using Yen thresholding for NDWI in EH of Bangladesh. 

Keywords Sentinel-2 ·Water detection · Indices · Thresholding ·Water mapping 

10.1 Introduction 

Since Rohingya influx in 2017, watershed degradation has been alarming in Cox’s 
Bazar, particularly in Ukhiya, and Teknaf sub-districts [9]. Comprehensive basin-
wide management planning is challenging due to lack of information on watershed 
and poor inventory of waterbodies. Accurate identification of changing waterbodies
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or flow routes over time can yield useful information for resource management, flood 
monitoring, and other uses. Waterbody detection has been done either by ground 
measurements or by remote sensing. Traditional surveys can effectively monitor 
water but are expensive and time-consuming. In contrast, remote sensing imageries 
offer location accuracy, timely service, and abundant data with various spatio-
temporal and spectral resolutions. While machine-learning approaches have shown 
better performances in extracting waterbodies from Sentinel-2 satellite imageries 
[23], there are limitations due to complexities of algorithms, lack of up-to-date refer-
enced data, and necessities of professional expertise. Contrarily, index-based water 
detection (IWD) uses simple algorithms, is easy to deploy, and requires no prior high-
level expertise. However, performance of different IWD methods varies depending 
on locations [5]. The primary function of IWD is to find optimal thresholds for 
waterbodies, which are difficult to determine. Examination of the performance of 
different IWDs is thus important, especially for Eastern Hill Tracts (EHT), as there 
are enormous unknown waterbodies which are hard-to-detect due to physical acces-
sibility constraints. One problem of applying IWD for Sentinel-2 is inconsistent 
band resolutions [16]. Pan-sharpening is a commonly used technique to overcome 
this issue. However, performance of specific Pan-sharpening technique depends on 
bands and location characteristics [28], and hence the need for comparison among 
different techniques to determine an ideal IWD threshold for the study area. Also, 
most studies attempted watershed delineation using low-resolution DEMs (30–90 
m) for hilly sites [1]. There are opportunities for using a 5 m Digital Terrain Model 
(DTM) in combination with 20 m Sentinel-2 bands to delineate waterbodies for EHT. 

10.1.1 Study Area 

EHT’s Ukhia and Teknaf Upazilas have been selected as the study area. Based on 
data provided by the United Nations High Commissioner for Refugees (UNHCR), it 
is reported that a total of 967,842 Rohingya refugees now reside in Bangladesh, with 
936,961 individuals specifically located inside the designated research region [22]. 
The inflow of Rohingya refugees has led to significant environmental consequences, 
including the damage of watersheds and a reduction in the recharging of groundwater. 

With the exclusion of a few minor streams, the region under consideration has a 
restricted availability of surface water sources. The primary water sources, such as the 
Naf River and other major channels, are located at a considerable distance and exhibit 
salinity and brackishness, particularly in the downstream sections of these rivers [21]. 
Freshwater sources mostly consist of ponds and a limited number of minor streams 
that originate from nearby hills. The ponds and streams in the temporary camps are 
insufficient to supply the water demands of the people. However, they can be used 
for household purposes if they are maintained free from contamination caused by 
sewage. The availability of surface water is constrained, as the shallow water aquifer 
is experiencing depletion and may not be sufficiently recharged by precipitation. 
Moreover, the reliability of water supply from the deeper aquifer is unknown.
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Fig. 10.1 Study area map 

WBA quantification and characterization can assist government control degrada-
tion in a faster manner. 

10.2 Methodology 

Sentinel-2 satellite imageries with no cloud coverage during December–January for 
the years 2016–2023 were carefully selected to ensure the acquisition of high-quality 
data. The selection process involved leveraging the cloud cover percentage metadata
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provided by the Sentinel-2 dataset. Images with the least cloud cover were prioritized 
to ensure accurate and reliable information for subsequent analysis the images of 
Table 10.1 have been selected. 

Sentinel-2 has thirteen bands, with Blue (B2), Green (B3), Red (B4), visible and 
Near Infrared (VNIR) (B5), Near Infrared (B8), short Wave Infrared 1 (B11), and 
short Wave Infrared 2 (B12) being employed in various water indices outlined in 
Table 10.1. However, a challenge arises due to differing spatial resolutions, with B2, 
B3, B4, and B8 at ten meters, while B5, B11, and B12 operate at twenty meters. To 
ensure uniform resolution, the study employs pan-sharpening methods to transform 
20-m bands to 10 m, comparing five widely used methods IHS (Intensity, hue, and 
Saturation), Gram-Schmidt (GS), High Pass Filter (HPF), Wavelet Resolution Merge 
(WRM), and Sen2Res tool to identify the most effective approach for retaining image 
quality. Another problem of using pan-sharpening using sentinel-2 is the lack of 
panchromatic band which is solved by doing a linear regression. 

Sentinel-2 imagery undergoes atmospheric correction using the Sentinel Appli-
cation Platform (SNAP) software, specifically the Sen2Cor plugin. This crucial step 
eliminates atmospheric effects, ensuring accurate surface reflectance values in Level-
2A products for subsequent analyses. The methodological framework (Fig. 10.2) 
illustrates the comprehensive process.

Post-resolution standardization, various indices-based methods are computed, 
addressing the thresholding challenge through a comparative analysis of seven global 
thresholding methods. Extensive field surveys validate the accuracy, with water and 
non-water maps cross-referenced against a 5m Digital Terrain Model (DTM)-derived 
stream. Furthermore, the optimal index and thresholding method are applied to 
higher-resolution Rapid Eye-3 and Planet Scope satellite imagery to assess potential 
enhancements in water detection. This meticulous approach enhances the study’s 
reliability and precision, ensuring robust outcomes in surface water mapping.

Table 10.1 Date and cloud 
cover for selected Sentinel-2 
images 

Satellite Date Cloud cover (%) 

Sentinel-2 05/01/2016 0 

Sentinel-2 09/01/2017 0 

Sentinel-2 04/01/2018 0 

Sentinel-2 04/01/2019 0 

Sentinel-2 09/01/2020 0 

Sentinel-2 29/12/2021 0 

Sentinel-2 14/12/2022 0 

Sentinel-2 18/01/2023 0 
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Fig. 10.2 Methodological framework of the study

10.2.1 Pan-Sharpening 

As for the study pan sharpening of only 3 bands B5, B11, B12 is important 5 methods 
have been chosen to select the panchromatic band. 

1. Producing the panchromatic band was by averaging all 10-m bands (Band 2–4 
and Band 8) 

2. Average of Band 4 and Band 8 (Red and NIR) as a panchromatic band for 
downscaling Band 5, and Band 8 as a panchromatic band for downscaling Band 
11 and 12 

3. Band 4 as a panchromatic band for Band 5, 11 and 12 
4. Band 3 as a panchromatic band for Band 5, 11 and 12 
5. Band 2 as a panchromatic band for Band 5, 11 and 12. 

To find out the best fit panchromatic band the similarity between the 10 m and 20m 
bands have been evaluated with the help of linear regression. From the R2 value most 
correlated band have been selected as a panchromatic band [6]. Before, doing the 
linear regression analysis Wald’s protocol have been followed [17]. According to the 
protocol, a pan-sharpening method should have consistent property and two specific 
synthesis properties. By following the Wald’s protocol before the linear regression 
20 m bands are resampled into 40m and then again resampled into 20 m and the 10 
m bands are resampled into 20 m and then the linear regression is performed.
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Table 10.2 Water indices 

Indices Formula References 

Normalized difference water 
index (NDWI) 

NDWI = (GREEN − NIR)/(GREEN + NIR) [14] 

Modified normalized difference 
water index (MNDWI) 

MNDWI = (GREEN − SWIR2)/(GREEN + 
SWIR2) 

[26] 

Normalized difference moisture 
index (NDMI) 

NDMI = (Red − NIR)/ (Red + NIR) [27] 

Automated water index 
(AWEInsh) 

AWEInsh = 4 * (Green  − SWIR2) − (0.25 * 
NIR + 2.75 * SWIR1) 

[8] 

Automated water index 
(AWEIsh) 

AWEIsh = Blue + 2.5 * Green  − 1.5 * (NIR  + 
SWIR) − 0.25 * SWIR2 

[8] 

Water ratio index (WRI) WRI = (Green + Red)/(NIR + SWIR2) [19] 

New water index (NWI) NWI = Blue−(NIR+SWIR1+SWIR2) 
Blue+(NIR+SWIR1+SWIR2) [7] 

Sentinel water index (SWI) SWI = (VRE1 − SWIR)/(VRE1 + SWIR) [11] 

Land surface water index 
(LSWI) 

LSWI = (NIR − SWIR1)/(NIR + SWIR1) [25] 

After finding out the best panchromatic band for each necessary band then the 
study moved forward to pan-sharpening. To perform the pan sharpening method 
ArcMap 10.8.2 Erdas Imagine and SNAP software have been used. 

10.2.2 Indices 

After finding out the best pan-sharpened image and all 10m high resolution band 
then the indices-based methods have been applied using the formulas of Table 10.2. 
To calculate all the indices ArcMap 10.8.2 and raster calculator have been used. 

10.2.3 Thresholding 

Global thresholding is a fundamental image segmentation method where a single 
threshold value is applied uniformly to the entire image. Pixels with intensity values 
above the threshold are classified as foreground, while those below are considered 
background. This method is straightforward and computationally efficient, making 
it suitable for images with well-defined intensity gaps between object and back-
ground. However, its effectiveness diminishes when images have uneven illumina-
tion, varying contrast, or complex structures, as it assumes a consistent threshold for 
the entire image. This thresholding method is widely used in water indices.
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Yun Du have selected Otsu thresholding method to get the threshold of NDWI 
and MNDWI [6]. Feifei pan have also compared between H0 and Otsu methods and 
found out that Otsu performs better [15]. Aliihsan Sekertekin compared between 15 
different thresholds and found out that minimum thresholding method was the best 
among the 15 thresholds [18]. Muhittin Karaman have compared between different 
thresholds Intermode, Isodata, IJ_Isodata, Minimum, Otsu, and Huang [12]. To find 
out the best thresholding method Otsu, Isodata, Minimum, Li, Triangular, Mean, and 
Yen these global thresholding methods have been compared in the study. To perform 
all the thresholding method skimage python library have been used. 

10.2.4 Streamlines Generation from 5 m DTM 

In this study, streamlines were generated from a high-resolution 5-m Digital Terrain 
Model (DTM) using ArcGIS. Initially, the DTM underwent preprocessing steps, 
including sink filling to enhance its accuracy. From Spatial Analyst Tool, Hydrology 
and then Fill tool is selected to fill the DTM. Subsequently, the flow direction and 
flow accumulation were computed to determine the directional flow of water and 
identify potential stream channels, respectively. From the same toolbox the flow 
direction and flow accumulation tools have been selected to calculate the potential 
channel. The latter involved specifying a threshold for flow accumulation based on 
landscape characteristics. Converting the thresholded flow accumulation raster into 
vector polylines was achieved using the Raster to Polyline tool. The resulting stream-
lines were subjected to additional analyses such as stream ordering. Visualization of 
the stream network, along with the original DTM, facilitated the refinement of the 
threshold and validation of results against existing hydrography data or field obser-
vations. The final stream network, represented as a feature class, was exported for 
further analysis or integration into the broader geographic information system (GIS) 
framework. This comprehensive methodology adheres to standard GIS procedures, 
providing a basis for accurate delineation and analysis of stream networks in diverse 
landscapes. 

10.2.5 Sampling and Accuracy Assessment 

The Indices maps of the study area after the thresholding generated a binary image. 
So, accuracy assessment of the indices needed collection of only two sample classes 
water and non-water. A combination of Purposive sampling and Simple random 
sampling have been selected in this study. In Simple random sampling each pixel in 
the raster has an equal chance of being selected [4]. To select the random sample, 
create random points the Purposive sampling method is selected to collect the streams 
in the study area. As the study area is has some very remote places selecting random 
sampling for the entire study area was not possible. So, some of the samples collected
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by going to the field, collecting GPS points, and calculating the width of the streams 
and other remote places have been randomly sampled and classified with the help of 
Google Earth Pro. In total 350 sample points have been collected and for accuracy 
assessment of each year a separate set of sample point have been taken into consid-
eration. Among them 96 sample have been collected through field survey and the 
points of the remote places have been collected with the help of Google Earth Pro 
(GEP) (Fig. 10.3). 

The classical confusion matrix approach is adopted for accuracy assessment of 
the indices-based water maps. Confusion matrices, the most often used technique of

Fig. 10.3 Sample points for accuracy assessment 
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Table 10.3 The binary 
classification confusion 
matrix 

Water Nonwater 

Water TP FP 

Nonwater FN TN 

describing classification accuracy, are used to compare the reference data with the 
related classification outputs on a category-by-category basis [20]. 

The confusion matrix mentioned in Table 10.3. It is calculated for every indices-
based method and the thresholding methods [13]. 

OA = TP + TN 
TP + FP + FN + TN (10.1) 

Sensitivity = TP 

TP + FP (10.2) 

The agreement Kappa coefficient is a multivariate statistical metric that can be 
used to verify classification accuracy. Sisay [20] based on the kappa values the most 
accurate water maps have been identified [2, 13]. 

Specificity = TN 

TN + FP (10.3) 

F1 Score = 2 × Precission × Recall 
Precission + Recall (10.4) 

Kappa coefficient = (TS × TCS) − ∑
(Column total × Row total) 

TS2 − ∑
(Column total × Row total) (10.5) 

Here, TS = Total sample; TCS = Total corrected sample. 

10.3 Results 

10.3.1 Pan-Sharpening 

To find the best pan-chromatic band for B11, B12 and B5 the correlation between 
these three bands and 6 different bands has been analysed. The highest correlation 
scenario is showed on Fig. 10.4. Best Pan-chromatic band for B11, B12 and B5.As 
average of 4 bands shows the highest R2 value it has been chosen as a panchromatic 
band for B11. For both B12 and B5; B4 shows a high correlation in comparison to the 
other bands. After that, all the pan-sharpening algorithms have been run to calculate 
the pan sharpened images. To find out the best pan sharpened B11, B12 and B5 a 
qualitative and quantitative comparison have been done.
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Fig. 10.4 Best pan-chromatic band for B11, B12 and B5 

Table 10.4 represents the comparison between the pan sharpening methods and 
from the table it can be observed that HPF has the lowest SAM and RMSE value 
for all three bands. Though UQI value of B5; HPF is lower than GS, HPF has the 
highest UQI for B11 and B12. It represents that HPF generates the most detailed, 
high-quality pan sharpened image in comparison to other pan-sharpening methods.

From Fig. 10.5 the improved B11, B12 and B5 can be seen at the bottom right 
corner. On the top right corner, we can see the original B11, B12 and B5 which seems 
blurry, and the streams are almost unrecognizable but the pan sharpened B11 seems 
clearer, and the streams can be recognized more easily.

10.3.2 Accuracy of Indices Based Methods and Thresholding 
Methods 

Figure 10.6 represents the best water maps of different Indices with the best thresh-
olding method, with histograms on the bottom left corner and result of accuracy test
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Table 10.4 Quality assessment of pan-sharpening algorithms for B11, B12 and B5 

SAM: spectral angle 
mapper 

UQI: universal image 
quality index 

RMSE: root mean squared 
error 

B11 

Idel 0 1 Lower is better 

IHS 0.03420 0.7079 29,167.8576 

Brovey 0.10705 0.814839 6279.87389 

GS 0.0275207 0.99429 1604.6464 

HPF 0.02738 0.997189 1596.588 

S2R 0.072258 0.840147 4225.5569 

WRM 0.1475358 0.8055972 8691.26587 

B12 

IHS 0.02794 0.98911 1629.038 

Brovey 0.03082 0.863172 1797.217 

GS 0.02857 0.99172 1665.6286 

HPF 0.027414 0.9967 1598.2640 

S2R 0.04652 0.86668 2714.9367 

WRM 0.05280 0.84034 3082.8224 

B5 

IHS 0.027668 0.99706 1613.2271 

Brovey 0.03131 0.86457 1825.5309 

GS 0.028353 0.997913 1652.957490 

HPF 0.02170 0.8667 1265.2744 

S2R 0.05844 0.84384 3413.8325 

WRM 0.271578 0.79496 16,320.09286

above it. All the indices generate bell-shaped histogram. On the histograms hori-
zontal axis represents the pixel values and the vertical axis represents count of the 
pixel. The thresholding methods are used to distinguish between two classes. Each 
dashed red line represents the threshold determined by the corresponding algorithm. 
If the threshold to the original image were applied, pixels with values to the right 
of the threshold line would be classified as water, and pixels to the left would be 
classified as non-water except for LSWI. In case of LSWI, pixels with values to the 
left of the threshold line would be classified as water, and pixels to the right would 
be classified as non-water.

To get the best thresholding method a detailed comparison has been done between 
various thresholding methods, including Otsu, Yen, Li, Minimum, Triangle, Isodata, 
Mean, and Ideal. With the help of confusion matrix, a detailed analysis of Speci-
ficity, Precision, F1 Score, Overall Accuracy (OA) and Kappa coefficient values has 
been analysed. Notably, these matric provide insights into the accuracy, reliability, 
and robustness of the thresholding techniques employed for water body detection,
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Fig. 10.5 Quality improvement of Sentinel-2 bands after going through pan-sharpening

with higher values indicating better performance. Figure 10.6 represents only the 
best thresholding methods that show the highest Kappa and F1 scores. The results 
highlight the varying effectiveness of different thresholding methods in delineating 
water features in the different indices-based method for the specified year. 

From Fig. 10.6 it is apparent that for 2023, Triangle thresholding method performs 
the best with OA of 0.9130, Kappa value of 0.8134 and F1 score of 0.921. AWEInsh 
performs the worst OA of 0.44, Kappa value of 0.030 and F1 score of 0.60.
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Fig. 10.6 Water maps of different indices with the best thresholding methods

10.3.3 Optimal Thresholding Method 

For NDWI, a historical study of the thresholding methods Triangle, Isodata, and Yen 
was performed to determine the best thresholding approach. These three thresholding 
methods were chosen because they performed the best in the prior analysis (Fig. 10.7).

Considering the consistency of OA, Yen thresholding methods remain consistent 
for the images of all the years with never falling below 82% of overall accuracy. 
Isodata has the lowest OA among the three so this one can be ignored. Though the 
OA of Triangle thresholding method is lower than Yen, it also holds the OA around 
80% and never falls below 78% so this method also can be used. 

The selection of an appropriate thresholding method in the study is contingent 
upon specific objectives related to false positive values and the accurate identification 
of waterbodies. In instances where minimizing false positives takes precedence, the 
Yen thresholding method emerges as a viable option. Conversely, if the primary 
aim is to detect all waterbodies with a tolerance for a marginal occurrence of false 
positives, the Triangle thresholding method is recommended. This nuanced approach 
ensures alignment with the study’s objectives, allowing for the tailored optimization 
of thresholding methods based on the desired balance between minimizing false 
positives and comprehensively identifying waterbodies.
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Fig. 10.6 (continued)
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Fig. 10.6 (continued)
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Fig. 10.7 Historical overall accuracy of NDWI using Sentinel 2

10.4 Conclusion 

The primary function of indices-based water detection is to find optimal thresholds 
for waterbodies, which are difficult to determine from satellite imageries specifically 
where enormous unknown waterbodies are hard-to-detect due to physical accessi-
bility constraints for ground truthing. But one problem with applying indices-based 
water mapping for Sentinel-2 is inconsistent band resolutions. Therefore, the study 
addressed challenges related to the varying spatial resolutions of Sentinel-2 imagery 
and the absence of a high-resolution panchromatic band. To tackle these issues, a 
simple linear regression analysis has been done to establish reliable relationships 
between different bands, helping to mitigate the absence of the Panchromatic band 
and it has been found out that the best pan sharpening method can help not only in 
water mapping but also in all kinds of analysis like land use land cover Mapping. 

The findings have revealed that the effectiveness of the Normalized Difference 
Water Index (NDWI) in combination with Yen, Isodata, Triangle thresholding method 
works best for different years. To select an optimal thresholding method historical 
analysis using the images from 2016 to 2023 is done.

• Average of 4 bands (Red, Green, Blue and NIR) should be used as a Panchromatic 
band for SWIR1 and Red band as a Panchromatic band for SWIR2and VNIR.

• High Pass Filter (HPF) pan-sharpening method significantly improved image 
quality and clarity, contributing to better overall accuracy in identifying water 
bodies.
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• The effectiveness of the Normalized Difference Water Index (NDWI) in combina-
tion with Yen, Isodata, Triangle thresholding method works best for years 2021, 
2022 and 2023.

• Historical analysis of the images from 2016 to 2023 revealed that Isodata thresh-
olding method generates too much false positive so that this method should be 
avoided.

• Yen threshold keeps a consistent Overall Accuracy (OA) over 82% reaching about 
96% for 2021 so this thresholding method can be considered.

• Though the Triangle thresholding method generates some false positive results it 
also keeps an Overall Accuracy (OA) over 76% so this thresholding method can 
also be considered. 

The implications of our research are significant and extend to resource manage-
ment, environmental protection, and disaster preparedness in the Cox’s Bazar area. 
These findings can serve as a valuable resource for similar regions worldwide facing 
the challenge of sustainable water resource management. 

While the study represents progress in understanding surface water monitoring in 
complex landscapes, there are opportunities for future research. These may include 
automating the monitoring process, rigorously validating data, and fostering collab-
orations across disciplines and borders. By building on these insights, we can further 
enhance our approaches to surface water monitoring and contribute to the broader 
goal of securing water resources for a sustainable future. 
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Chapter 11 
Assessing and Evaluating the Water 
Security: Water Quality, Accessibility, 
Availability, and Sanitation Practices 
Among the People of Sultanpur Village, 
Raozan, Chattogram 

Sadia Salim and Sayed Mohammad Nazim Uddin 

Abstract Groundwater is the only major source of potable water in Bangladesh. 
The concepts of quality, availability, accessibility, sanitation, and hygiene practices of 
drinking water all play a role in water security. This study evaluated the state of water 
security of Sultanpur village of Raozan Upazila, Chittagong through conducting a 
total of 210 household surveys, 4 Focus Group Discussions, 7 Key Informant Inter-
views, and lab tests to identify the issues at the grassroots level and contributing to 
the national development. The study’s findings demonstrated that the water quality 
has deteriorated; people suffer from severe water scarcity, inaccessibility, sanitation, 
hygiene, and health issues. Other than pH, manganese (Mn), lead (Pb), and temper-
ature, the parameters did not meet the drinking BD and WHO water standards. The 
survey and laboratory test results showed that excessive iron (highest = 21.08 mg/l) 
and low dissolved oxygen (2.3 mg/L) level posed health risks for the local population. 
This research emphasizes the urgent need for improved water resource management 
and alternative solutions to address the water security issues in Bangladesh. 
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11.1 Introduction 

Drinking water is one of the fundamental necessities of life and crucial for survival. 
Water security alludes to sustainable access to adequate and affordable water of suit-
able quality, enabling all individuals to live healthy and productive lives [7]. This 
is vital for healthy and dignified living, economic growth, social stability, and envi-
ronmental sustainability. The Sustainable Development Goals specifically address 
water and sanitation issues, emphasizing the water management significance for 
overall development. Understanding the risks associated with water and society’s 
capacity to ensure a consistent water supply is essential for sustaining aquatic and 
terrestrial ecosystems. 

Several studies highlight the status of water insecurity worldwide. Based on some 
studies, approximately 780 million people worldwide, 8 million in Nigeria, 20% of 
Pakistan’s total population, and 40% of Bangladesh’s population stay without safe 
and clean water access [11]. Mexico City, Maharashtra, and Chennai are facing severe 
water scarcity, with nearly 65% of India’s reservoirs empty by 2019 [10, 12]. During 
dry seasons, Bangladesh has experienced significant Fe contamination in ground-
water [1]. Chittagong City has been suffering from inadequate water supply with 
poor quality [7]. Hence, poor water quality cause diarrhea, cancer, kidney, liver, and 
reproductive organ disorders and over-iron utilization may cause hemochromatosis, 
organ hurt, exhaustion, liver cirrhosis, joint torment, hepatocellular carcinomas, and 
hemosiderosis diseases [9, 11]. Besides, more than 2 billion people globally lack basic 
sanitation (Mekonnen and Hoekstra 2016). Because of water-borne and hygiene-
related illnesses, Kenya represents a 70% morbidity and mortality rate whereas 40% 
of diseases and 60% of infant deaths are caused by diarrhea in Pakistan [4]. Globally, 
women who perform 64% of water collection tasks face the greatest risk of sexual 
assault, health issues, dropping out of school, and wasting time, all of which pose 
significant threats to their lives [2, 6]. 

While there are numerous studies on water-related issues in Bangladeshi commu-
nities, there is a lack of research on rural water security. This study focused on wards 
4, 5, and 6 of Sultanpur village to understand the daily drinking water challenges 
and the villagers’ methods of collection, transportation, and storage. The findings 
seek to improve the quality and accessibility of water sources and raise awareness 
about proper water handling and hygiene practices. The study aims to ensure water 
security for rural communities and assist planners, policymakers, and stakeholders 
in taking effective action.
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11.2 Methodology 

The conceptualization of water security in this study encompasses factors such 
as availability, accessibility, quality, sanitation, hygiene practices, and health risks 
which is an adaptation of the definitions suggested by Gain et al. [7]. ‘Water secu-
rity’ refers to the conditions where sufficient water resources are easily obtainable 
in appropriate quality. Overall, it is a multifaceted context that depicts sustainable 
access to well-grounded and affordable quantities of water, of appropriate quality, 
to authorize all people to sustain healthy lives and ecosystems. This exploratory 
research consists of a mix of qualitative and quantitative surveys with FGD and KII, 
designed conveniently to fill each other’s gaps, achieve the research objectives, and 
strengthen the data. Finally, the data and information were summarized and water 
tests were gathered for examination from different sources of wards no. 4, 5, and 6 
to illustrate the water security situation of Sultanpur village. Due to limited time and 
budget, only a few water samples were taken, not covering all village water sources. 

11.2.1 Study Area and Population 

The study took place in wards 4, 5, and 6 of Sultanpur village in the Raozan 
Upazila, Chattogram. As per the Raozan Upazila statistics (2011), the total area of 
Raozan Upazila is 246.58 square kilometers. The research focused on the residents 
of Sultanpur village who rely on groundwater sources for drinking water, including 
women, children, adults, and the elderly. 

11.2.2 Questionnaire Survey 

There are published research articles on villages in Raozan [3] other than Sultanpur. 
To address the research gap in this area, Sultanpur village was chosen for this study 
based on piloting and observation. This is a non-probability convenience sampling, 
where all the participants were chosen based on their consent and convenience. A 
variety of socio-demographic questions were asked of the residents of the three 
wards of the Sultanpur village in the first section of the questionnaire, including 
their age, gender, educational level, and occupation. The information regarding their 
knowledge of water security is in the second section of the questionnaire: questions 
regarding the accessibility, availability, and drinking water sources. The third section 
details how they use water for drinking and household activities in a clean manner. 
The fourth part contains their well- being influences. Lastly, the fifth section shows 
their suggestions and expectations for the government to eliminate any risks associ-
ated with drinking direct groundwater. There were 29 questions in total in the survey
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for 210 individuals including 110 females (52.38%), and 100 males (47.61%). All 
data were collected through the questionnaire and face-to-face interviews. 

11.2.3 Key Informant Interviews (KII) 

Seven key informant interviews were conducted with individuals highly knowledge-
able about water and sanitation issues in Sultanpur village. The interviews, involving 
government officials, local leaders, and other experts, focused on water quality, avail-
ability, accessibility, sanitation practices, and health issues. The discussions uncov-
ered important details about the village’s water sources, groundwater availability, 
sanitation, and past and present conditions. 

11.2.4 Focus Group Discussion (FGD) 

Four focus group discussions were conducted to identify the villagers’ main concerns 
and brainstorm ideas and recommendations. FGD was conducted with water users 
(both surface and groundwater for drinking and sanitation) from various livelihood 
groups and age ranges, within a twenty-five-minute timeframe. Key topics included 
issues with tube wells and deep tube wells, access to safe drinking water, changes in 
groundwater availability over the past 10–20 years, water access conflicts, prevalent 
diseases, sanitation practices, and required facilities. The responses offered valuable 
insights into the community’s attitudes, beliefs, perceptions, and ideas. 

11.2.5 Water Quality Analysis 

11.2.5.1 Water Sampling 

The laboratory experiment collected six water samples from wards no. 4, 5, and 6, 
with two samples from each ward. The samples were taken from shallow tube wells 
and deep tube wells. 500-ml mineral bottles were used to collect the samples. House 
visits and observation were conducted to assess the water storage conditions. 

11.2.5.2 Lab Test 

The water quality was tested for various parameters by the Bangladesh Council 
of Scientific and Industrial Research (BCSIR) and Asian University for Women 
(AUW) labs. Heavy metals (Fe, Mn, and Pb) were tested at the BCSIR lab, while 
temperature, dissolved oxygen (DO), and pH were tested at the AUW lab. The pH
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was measured using the HI 8424 pH meter, DO with the Lutron YK 22dOA meter, 
and temperature with the Lutron YK 22dOA meter from the AUW Chemistry lab. 
Additionally, heavy metal testing was done with a Spectrophotometer at BCSIR. 
Due to suspected contamination, only one water sample was taken to BCSIR from a 
shallow tube well for E. coli testing. 

11.3 Results and Discussion 

11.3.1 Water Quality 

The water quality of the area’s sources was analyzed based on WHO and BD standards 
given in Table 11.1. Here, the pH levels were close to the acceptable range (6.5–8.5), 
with some samples slightly below the minimum limit. However, the dissolved oxygen 
(DO) levels in deep tube well samples were below the ideal range (6 mg/L), and iron 
concentrations exceeded safe limits for all wards, especially in Ward 4’s deep tube 
well.

The presence of manganese, lead, and E. coli in the samples was within permissible 
levels. Approximately, 68.57% of people reported that their drinking water is yellow, 
and 4.76% said it is reddish, indicating a decline in water quality in terms of color. 

Based on the lab test, survey, and FGD findings, the water quality in Sultanpur 
village has deteriorated, with excessive iron level (21.08 mg/L) and low dissolved 
oxygen level (2.3 mg/L) in most sources. The water is yellowish and reddish, with 
some sources having an unpleasant odor and smell. Deep tube well samples have 
the lowest DO level and highest iron level comparing to the shallow tube well 
samples, showing a correlation between the two. Although water temperatures were 
not excessively high, deep tube well samples had slightly higher temperatures, likely 
contributing to the lower DO levels in those sources (Figs. 11.1 and 11.2).

11.3.2 Water Availability 

Water availability means water is available around the year and shortage means there 
is not sufficient water. The survey revealed that a significant majority of respondents 
in Sultanpur village face water shortages, with 68.57% reporting unavailability of 
water. The shortage occurs daily for 32.38% of respondents and monthly for 37.61%. 
Severe shortages are most prevalent in winter, affecting 55.23% of participants. Based 
on the FGD, KII, and observations, women, responsible for fetching water, face 
challenges due to groundwater levels falling in winter and summer. This impacts 
their education, safety, and quality time. The majority resort to neighboring sources 
when facing water deficits, some buy bottled water, and some are compelled to boil
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Fig. 11.1 a Color of the drinking water, b availability of the drinking water, c water shortage, 
d seasonal water shortage, e alternatives when there is insufficient water 

Fig. 11.2 a Accessibility of drinking water, b conflicts due to water accessibility, c using filter 
before drinking, d treating/boiling water before drinking, e washing water storage container

pond water, posing health risks. Overcrowding due to high population-to-tubewell 
ratio exacerbates the unavailability of water (Fig. 11.3).

11.3.3 Water Accessibility 

Around 36.19% of people stated that they do not have access to water and they 
face difficulties obtaining it because of distance and time. Some of the participants
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Fig. 11.3 a Yellowish water, b yellow filtered water, c unavailable water during the summer season, 
d less water access, e black teeth

(33.34%) said that getting access to drinking water causes conflicts among them, 
most of which lead to arguments. Approximately 33.34% of them had conflicts with 
getting water access as Fig. 11.2b shows.  

In addition, the FGD and KII findings revealed that the majority of respondents 
face daily water access challenges, mostly in the summer and winter. Many respon-
dents of ward 6 have to walk 1–2 km daily which takes around 15–25 min to obtain 
fresh water, with a payment of 300 BDT for access to a pipeline connected to a 
deep tube well which is private property. The magistrate started water businesses 
and control the price and accessibility of water. However, the local people stated 
that they are not satisfied with the business model due to accessibility and reliability 
issues. 

11.3.4 Sanitation and Hygiene Practices 

The survey and other findings revealed that 80% of participants store their drinking 
water in plastic containers, with varying frequencies of cleaning and covering. About 
72.85% people clean their containers once in a week, while 23.80% do not cover 
their water containers when transporting them. Most of the respondents (86.19%)
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do not use any filter before consuming water (Fig. 11.2b). Additionally, a signifi-
cant percentage do not have access to clean water for container cleaning. The study 
suggests that the majority of participants are unaware of health risks and fail to main-
tain proper hygiene and sanitation practices. Given the degraded water quality in the 
village, it is recommended that villagers treat the water or use filtration methods 
before consumption to avoid health risks. Studies show more bacteria in plastic 
containers, highlighting the importance of proper hygiene and sanitation to prevent 
contamination. 

11.3.5 Health Risks 

The study revealed that a majority of respondents (58.57%) attributed black teeth to 
high iron consumption in water, causing aesthetic concerns and health issues. One 
participant shared the negative impact of frequent teeth scaling on dental health. 
The degraded water quality and poor hygiene practices in Sultanpur village are 
posing health risks, as excessive iron intake may lead to serious conditions, for 
example, hemochromatosis, organ harm, weariness, liver cirrhosis, joint torment, 
hepatocellular carcinomas, and hemosiderosis. The study emphasizes the medical 
need to mitigate health risks in the community. 

11.4 Conclusion 

In conclusion, the study reveals water security and environmental health challenges 
in Sultanpur village. Locals struggle with inadequate water security, sanitation, 
and hygiene practices. By incorporating community perspectives and prioritizing 
grassroots-level challenges, policymakers can enhance the effectiveness of interven-
tions aimed at improving water security and mitigating health risks associated with 
poor water quality. This approach is crucial for sustainable improvements in water 
quality, availability, and accessibility, aligning with community needs and ensuring 
equitable access to safe drinking water. 
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Chapter 12 
Impact of Dasherkandi Sewage 
Treatment Plant on Balu River 
and Intake of Saidabad Water Treatment 
Plant 

Rajib Ahmed, Sazia Afreen, and Md Mizanur Rahman 

Abstract Megacity Dhaka spanning around 401 km2 currently accommodates 
nearly 22 million people. Although the city has 5 peripheral rivers-Turag, Burig-
anga, Balu, Shitalakshya, and Dhaleswari; Dhaka WASA (DWASA), the authority 
providing water supply and sewerage facilities, is now forced to pump raw water 
from the Meghna and Padma rather than the aforementioned because of the deterio-
ration of water quality which results in high operational costs. DWASA’s Saidabad 
Water Treatment Plant (SWTP) (450 MLD) is pumping raw water from the Sarulia 
intake point of the Shitalakshya River. Meanwhile, Dasherkandi Sewage Treatment 
Plant (DSTP) (500 MLD) was established to reduce the pollution in the Balu River 
and eventually to improve the influent quality of SWTP. This study aims to assess 
the impact of DSTP on the Balu River and Sarulia intake. Water quality parameters 
such as DO, COD and NH3–N were tested on samples collected from 11 potential 
sources. The study found that although the effluent quality of DSTP is within the 
Department of Environment (DoE) Standards, the influent quality of the Sarulia has 
not improved significantly due to untreated discharge from the industries along the 
Balu and Shitalakshya Rivers. The study suggests shifting SWTP intake to a nearby 
feasible upstream location. 

Keywords Dasherkandi sewage treatment plant (DSTP) · Saidabad water 
treatment plant (SWTP) · Balu river · Shitalakshya river · Water quality 

12.1 Introduction 

Bangladesh’s capital, Dhaka, has the third-highest population density in the world, 
placing a great deal of strain on utility services [20]. The per sq. km. population 
density in Dhaka city increased from 685 in 1974 to 2156 in 2022 [3]. Despite
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having different challenges Bangladesh is adamant to meet the targets of Sustainable 
Development Goals by 2030. To achieve SDG target 6.1 and 6.2 the major challenge 
is to ensure water quality and quantity for the huge population, at the same time 
safely managed sanitation and hygiene services need to be addressed [29]. One of 
the major challenges to achieve SDG target 6.3 is the proper application of laws 
and regulations to restore waterbodies. Uddin and Jeong [25] recommended that 
stringent laws and regulations, constant observation, and comprehensive research be 
implemented immediately to prevent river pollution in Bangladesh. Bangladesh is 
one of the most polluted nations, with 1176 factories and 0.4 million m3 of untreated 
trash released into the rivers per day [23]. SDG 6.3 seeks to achieve improvement 
in ambient water quality by significantly reducing pollution flows into water bodies 
[29]. 

Dhaka city is blessed with 5 peripheral rivers-Turag, Buriganga, Balu, Shitalak-
shya and Dhaleswari [2]. DWASA has been using the Buriganga and the Shitalak-
shya as surface water sources for supplying potable water to Dhaka city dwellers [9]. 
However, because of significant pollution that has degraded the water quality of the 
aforementioned periphery rivers, DWASA is currently compelled to pump raw water 
from Meghna and Padma, which are distant from Dhaka metropolis [4, 8, 27]. The 
surrounding waterways of Dhaka city have dangerously high levels of toxicity due 
to a combination of untreated industrial, residential, urban, and agricultural waste 
[5, 27, 29]. Industries are the main sources of pollution, according to Islam et al. 
[16], since they use a lot of water and discharge untreated effluent during a product’s 
production cycle. The high concentrations of pollutants have severe negative impact 
on livelihoods, public health, and ecosystem [2, 14, 27]. Food stuff growing with 
contaminated water irrigation or growing on the vicinity of contaminated river have 
higher concentrations of different toxic metals. Through the consumption of these 
foods, these metals come into the human body and cause toxic effects. Besides that, 
harmful microorganisms in surface water are responsible for serious health hazards 
[25]. Water contamination kills and inhibits the capacity of aquatic organisms to 
reproduce. For this reason, in September 2009, the four rivers Buriganga, Shita-
lakhaya, Turag and Balu have been declared by the Department of Environment 
(DoE) as Ecologically Critical Areas (ECA), for improving the condition of ecosys-
tems [12, 25]. These rivers need to be restored to meet the target of SDG 6.3 and 
initiatives should be taken in an urgent basis to improve the water quality of these 
rivers [27, 29]. 

Water from the Balu and Dhaleshwari rivers flows into the Shitalakshya River. 
There were a number of industries located along the riverside through the channel. 
The quality of the water in the Shitalakshya River is greatly impacted by companies 
located along the riverside, including those that produce textiles, cement, sugar mills, 
fertilizer, pulp and paper, jute, etc. [25]. Additionally, the pollution loads were moved 
from the Dhaleshwari and Balu rivers to the Shitalakshya river. Industrial garbage is 
immediately dumped into the Begunbari and Narai canal, which transports it into the 
Balu River, according to Roy et al. [22] and Mottalib et al. [19]. The polluted Balu 
River ultimately flows on Shitalakshya River which is used in SWTP for meeting 
water demand of Dhaka city dwellers. As a result, the water of Shitalakshya River is
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deteriorating day by day. Numerous indicators of water quality, including turbidity, 
DO, BOD, and TDS, are in poor condition [7, 17]. In the Shitalakshya River, DO 
concentrations were found to be nearly nonexistent at certain locations during the dry 
season [25]. Ferdous et al. [11] calculated the Water Quality Index (WQI) to evaluate 
the DND Canal’s water quality. After analysing the water quality parameters, it was 
observed that DO, BOD, phosphate, colour, turbidity, electric conductivity, hardness, 
chloride, free chlorine, salinity, TDS, TSS, NH3,NO2,NO3, sulphate values exceeded 
the limits mentioned in Environment Conservation Rules [10] of Bangladesh. 

SWTP with a capacity of 450 MLD is pumping raw water from the Sarulia intake 
point of the Shitalakshya River and it is one of the major surface water treatment plants 
under DWASA [4]. The main intake of SWTP is less than 1 km downstream of the 
meeting point of Balu and Shitalakshya rivers. Untreated water from the Shitalakshya 
River is pushed into the DND Canal, and from there, gravity directs the water through 
a closed tunnel to the SWTP’s intake pump station. According to Atiq et al. [2], the 
contamination of the Balu River water poses a significant threat to both the SWTP’s 
operation and the residential water supply in the Dhaka metropolitan area. For this 
reason, some researchers suggested that the current water intake point is not safe due 
to presence of toxic pollutants and microbial loads [25]. Talukdar [24] conducted 
research to determine the seasonal variations of the water quality index at the raw 
water collection point of the SWTP and he also analyzed its impact on plant opera-
tions. He pointed out that between 2017 and 2021, the Shitalakshya River’s waterbody 
was in extremely bad shape. Additionally, he discovered that ammonia content signif-
icantly affects the plant’s pre-treatment procedures. Talukdar [24] noted that SWTP 
requires certain pretreatment procedures when ammonia concentration is greater 
than 2 ppm. From 2017 to 2021, the pretreatment unit (Nitrification) was necessary 
for the pre-and post-monsoon periods, which significantly raised the SWTP’s water 
treatment costs. According to Ferdous et al. [11], if the pollution rate of the DND 
canal is considerably lowered, the water treatment efficiency will increase, and the 
treatment cost will go down accordingly. He further suggested preventing discharge 
of untreated sewage and other industrial wastewater into canals to improve the water 
quality of DND canal. 

Saidabad Water Treatment Plant (SWTP): The SWTP was planned to be 
constructed in three phases [4]. Phase-1 of the SWTP was constructed in 2002 with 
a capacity of 225MLD. Phase-2 was constructed in 2012 with the same capacity as 
Phase-1. Phase-3 of the SWTP, with the capacity of 450 MLD is under construc-
tion which will eventually raise the capacity of the SWTP to 900,000 m3/d. Phase 
2 included the inclusion of aeration and biological pretreatment (nitrification), as 
well as an increase in each treatment process’s capacity [4]. The treatment process 
(Fig. 12.1) of the SWTP includes:

Dasherkandi Sewage Treatment Plant (DSTP): DSTP was established in 
April’2022 to improve the water quality of the Balu River and the influent of SWTP 
as influent water quality parameters like NH3–N during the dry season reach up 
to 20 mg/L [11]. The government of Bangladesh undertook a project named “Hatir-
jheel Project” to mitigate severe pollution from surrounding areas. 11 Special Sewage
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Water Intake Aeration Biological 
Pretreatment Clarifier 

Rapid Sand FilterChlorinationStorageDistribution 
Network 

Fig. 12.1 Treatment process of the Saidabad water treatment plant

Diversion Structures (SSDSs) were constructed along the periphery under the said 
project and the SSDSs were connected by Main Diversion Sewers (Diameter 1200– 
1830 mm) [6]. It was planned to divert the incoming sewage to a Sewage Treatment 
Plant which was to be built in Dasherkandi village located 5 km south of Rampura 
Bridge and a permanent Sewage Lifting Station at Rampura and a 5 km long sewage 
conveyance pipeline were also included within the “Hatirjheel Project”. DSTP is one 
of the largest sewage treatment plants in South Asia with a capacity of 500 MLD 
equipped with pretreatment, primary treatment, and secondary treatment facilities. 
The process incorporated for wastewater treatment is Activated Sludge Process which 
includes Anaerobic, Anoxic, and Aerobic chambers and is very efficient in removing 
Phosphate (P), Ammoniacal Nitrogen (NH3–N), and Biochemical Oxygen Demand 
(BOD). There are 04 coarse screens (25 mm); 8 Nos of Fine Screens (5 mm) and 
04 Nos of Vortex Grit Removal Chambers (0.15 mm) which comprise the pretreat-
ment unit. The Primary treatment unit consists of 04 primary sedimentation tanks. 
The biological treatment unit consists of 4 A/A/A (or A/A/O) Tanks and 8 Nos 
of Secondary Sedimentation Tanks. The treatment plant also has a UV disinfec-
tion unit to kill the remaining pathogens and faecal coliform before discharging 
into the Gojaria khal, which eventually goes into the Balu River. The process flow 
diagram has been shown in Fig. 12.2. Table 12.1 shows the average influent and 
effluent quality from October’2022 to October’2023. Since DSTP went into opera-
tion, the water quality of the Hatirjheel has been improved significantly [21]. DSTP 
is also equipped with a sludge treatment facility which involves incineration of the 
sedimented and generated sludge during wastewater treatment. The flue gas that is 
generated during the incineration is purified using a dedicated flue gas purification 
unit before releasing into the atmosphere.

Despite the establishment of DSTP, industrial pollution is causing the water quality 
deterioration of the adjacent rivers. The degradation of surface water quality was iden-
tified by the National Sustainable Development Strategy (NSDS) of Bangladesh as 
being caused by unchecked industrial expansion, rural-to-city migration, encroach-
ment of rivers and water bodies, overloaded infrastructure, uncertainty about insti-
tutional responsibility for the quality of urban water bodies, and inadequate enforce-
ment of environmental regulations [18]. Most industries are often located around 
riverbanks. The river water is being exposed to hundreds of tons of waste items 
per day [14, 25]. Although there exist laws and guidelines, the industries do not 
appropriately abide by them. ETPs (effluent treatment plants) are owned by certain
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Fig. 12.2 Process flow diagram of Dasherkandi sewage treatment plant

businesses, but they are not used because of their large profit margins [15, 25]. River 
water thus turns harmful to living organisms. According to Ferdous et al. [11] and 
Uddin et al. [26], to improve water quality of DND canal existing laws and regula-
tions should be implemented properly and suitable policy should be taken to raise 
public awareness. Sultana et al. [23] gave emphasis on proper enforcement mecha-
nism for Balu River. An improved monitoring and regulatory system are required, 
and baseline data should be compared with the data over time [28]. The DoE should 
expand its capabilities to include real-time monitoring of effluent discharges and 
river water quality, as recommended by Whitehead et al. [29]. They recommended 
public dissemination of data on water quality as well. 

12.2 Methodology: Study Areas and Sample Data Analysis 

In order to evaluate the effects of Dasherkandi STP on the Balu River, the study 
region was selected with the least amount of susceptible sources of pollution in 
mind. Strategic ideas were taken from some previous research works (i.e. [13, 22]) 
for selecting the study area and data sampling locations. The study area is located 
from latitudes 23° 45' 37.40ʺ N–23° 45' 44.91ʺ N and longitudes 90° 27' 55.44ʺ E 
to 90° 26' 45.47ʺ along Rampura Khal. The study area also includes areas within
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latitudes 23° 43' 2.72ʺ N–23° 47' 52.29ʺ N and longitudes 90° 28' 52.97ʺ E– 
90° 30' 1.02ʺ E along Shitalakshya River. The map of the study area is shown in 
Fig. 12.3. 

Samples were taken from 11 potential pollution sources along Rampura Khal, 
Balu River, Shitalakshya River and the vicinity of Sarulia Intake Point from 
November’2022 to April’2023. The sampling locations are given in Table 12.2.

Spot sampling technique was adopted for collecting the samples. The samples 
were taken from 1m depth from the water surface using a bucket and then the samples 
were filled in 1 L bottles [22]. Before sampling, the sampling vials were rinsed with 
the effluent to be sampled. After sampling, the bottles were promptly sealed. Quality 
data such as DO, COD, NH3–N, Turbidity, TDS, pH have been tested in the SWTP 
laboratory. The amount of DO in water is one of the most used indicators of a canal’s 
health [11, 27]. However, the study emphasized two specific parameters-DO and 
NH3–N to analyze the pollutant loading as these two parameters are currently the 
major concerns of SWTP from technical and economic perspectives. To assess the 
industrial loading along Rampura Khal, Norai Khal, Balu River and Shitalakshya 
River, COD values were analysed [1], Standard method for determining DO was 
adopted. Ammoniacal Nitrogen (NH3–N) (by Nessler Method) and COD (by Closed 
Reflux, Colorimetric Method) concentrations in water were obtained by using HACH 
UV Spectrophotometer DR/ 6000U [22]. Seasonal water quality data of the influent of 
SWTP from January’2021 to March’2023 were also collected from SWTP. Relevant

Fig. 12.3 Study area and spot sampling locations (latitude-longitudes have been shown in 
Table 12.2) 
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Table 12.2 Sampling locations 

S. No. Sampling location Annotations in Fig. 12.3 Latitude Longitude 

1 Saidabad intake A 23° 43' 2.72ʺ N 90° 30' 1.02ʺ E 
2 DS RHD culvert B 23° 43' 12.29ʺ N 90° 29' 58.78ʺ E 
3 RHD culvert C 23° 43' 20.36ʺ N 90° 29' 57.38ʺ E 
4 US RHD culvert D 23° 43' 23.82ʺ N 90° 29' 55.31ʺ E 
5 DS AB textile E 23° 43' 55.75ʺ N 90° 30' 29.53ʺ E 
6 AB textile F 23° 44' 16.16ʺ N 90° 30' 41.10ʺ E 
7 US AB textile G 23° 44' 34.18ʺ N 90° 30' 47.43ʺ E 
8 Dasherkandi H 23° 45' 44.91ʺ N 90° 27' 55.44ʺ E 
9 Meradia I 23° 45' 37.40ʺ N 90° 26' 45.47ʺ E 
10 Eiderkandi J 23° 46' 30.87ʺ N 90° 28' 50.54ʺ E 
11 Beraid K 23° 47' 52.29ʺ N 90° 28' 52.97ʺ E

Fig. 12.4 Comparison of 
seasonal average values of 
NH3–N at Sarulia intake 
(data from April to July was 
not available) 
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data from April to July was not available. As DSTP went into operation in April’2022, 
data collected after March’2022 were compared with previously collected data to 
assess the impact of DSTP on the influent of SWTP (Figs. 12.4 and 12.5). Spatial 
variation of parameters is also separately analysed and shown in Figs. 12.6, 12.7 and 
12.8. Morphology data of Station RMB1, RMB2, RMB3 and RMB4 and discharge 
data of Demra Station (SW 7.5) were also collected from the Bangladesh Water 
Development Board (BWDB) to analyse the flow characteristics at an upstream 
location of SWTP’s current intake. 

12.3 Results 

The collected seasonal data shows that there is a decrease in NH3–N and an increase 
in the DO levels in the influent of SWTP after April’2022 since DSTP went into 
operation (Figs. 12.4 and 12.5).The average values of NH3–N & DO are consecutively 
shown in Figs. 12.6 and 12.7. The mapped average values of DO and NH3–N show 
that at the outlet of DSTP before meeting the Balu River, the DO level was 8.21mg/L
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Fig. 12.5 Comparison of 
seasonal average values of 
DO at Sarulia intake (data 
from April to July was not 
available) 
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Fig. 12.6 Spatial variation 
of NH3–N 
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Fig. 12.7 Spatial variation 
of DO
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and the NH3–N was only 0.26 mg/L (Point-H, Fig. 12.3). However, huge pollutants 
from some jute mills and other industries are discharged into the contributing streams 
of the Balu River. During low flow season, the reduction of DO and spike in NH3–N 
are exacerbated because of the Biswa Ijtema at upstream of Balu River [15]. The 
average DO value from 2017 to 2021 was 2.11 mg/l at the raw water collection station 
(Sarulia) of the SWTP and 2.2 mg/l at Demraghat. These values are not appropriate 
for the river’s aquatic ecology. Between 2018 and 2020, the unit cost of treating
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Fig. 12.8 Spatial variation of COD

Fig. 12.9 Fatal pollution source (denoted as “C” in Fig. 12.3) 

water to lower the ammonia content grew from 19 to 151% [24]. The study found 
that major contributing pollutant sources are at Meradia DO = 0.77 mg/L and NH3– 
N = 23.83 mg/L (Point I, Fig. 12.3) and at 525m upstream of the SWTP intake DO 
= 0.60 mg/L and NH3–N = 63 mg/L (Point C, Fig. 12.3). The point is denoted as 
a fatal pollution source and is shown in Fig. 12.9. The spatial variations of NH3–N, 
DO and COD are shown respectively in Figs. 12.6, 12.7 and 12.8. 

12.4 Discussion 

From the spatial variations (Figs. 12.6, 12.7 and 12.8) it can be assessed that sampling 
point “I” is a potential source of organic loading as the NH3–N is significantly 
dominant and the fatal point source denoted as “C” in Fig. 12.3 is a source where 
mostly industrial waste is discharged as COD in this location is dominant. Due 
to the heavy NH3–N loading just upstream, additional aeration and chemicals are 
necessary for bringing the NH3–N within the Department of Environment (DoE)’s
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drinking water standard. This study found that the NH3–N value at 670 m upstream 
is 8.31 mg/L (Point D, Fig. 12.3). The intake pumping station can be shifted to 
approximately 700 m upstream in the Shitalakshya River from the existing intake 
point (Point A, Fig. 12.3) the operation cost can be largely reduced. The discharge at 
station SW7.5 was 251.36 m3/s during 2022, which complies with the SWTP design 
pumping rate (16.5 m3/s). Similar research conducted on Shitalakshya River found 
that during dry season, the flow remained around 42.5% of its peak discharge [17]. 

12.5 Conclusion 

Delivering drinking water to Dhaka city dwellers is one of the biggest challenges for 
DWASA. To reduce dependency on ground water and increase dependency on surface 
water; improvement of the river water quality has no other alternative. The study has 
found that although all the parameters of the discharge from Dasherkandi STP are 
within the DoE Standards, the water quality of Saidabad intake has not been improved 
on a significant level due to heavy pollutant loading in the near upstream location 
of the Sarulia Intake and resulting in high operational cost in SWTP. The shifting 
of SWTP intake to 700m upstream at the Shitalakshya River can be considered as 
one of the feasible options for improving the influent quality of SWTP and for this 
a buffer zone should be declared by the DoE. Strict regulations may be imposed for 
controlling the discharge of pollutants into the rivers from different industries and 
other potential sources. 
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Chapter 13 
Water, Sanitation-Hygiene Security 
of Urban Slum Dwellers During Covid-19 
Pandemic: An Insight from Rajshahi 
City Corporation 

Shehan Tawsif, Shitangsu Kumar Paul, and Md. Shohel Khan 

Abstract Covid-19 pandemic has influenced the water, sanitation-hygiene secu-
rity around the world. The current study aims to discover water, sanitation-hygiene 
(WASH) security of urban slum dwellers during covid-19. Rajshahi City Corpo-
ration slums were categorized into inner, middle and outer slum zones to conduct 
the study. Total of 361 slum household were determined as a sample population at 
95% confidence level. A pre-tested semi-structure questionnaire was formulated to 
conduct household data collection. Data was collected from June–September 2022 
and were analysed through SPSS and map was produced by ArcGIS 10.4 software. 
Study revealed that overall 37.5% respondent used mask to remain safe in pandemic. 
About 61.5% of the slum dwellers share one tube well and outer slum zone dweller 
were found higher (79.5%). About 53, 43.3 and 36.7% of outer, middle and inner 
zone dwellers use common toilet. Major defecation facility of inner slum dwellers 
was water sealed latrine (47.8%), followed by 24.5 (outer) and 10% (middle). The 
study also revealed that inner slum zone dwellers were highly (0.74) secured to 
WASH security and middle and outer zone dwellers were moderately secured. This 
study reflects that WASH practice needs to be more enhanced in slum communities 
to combat pandemic situation. 
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13.1 Introduction 

Bangladesh is extremely vulnerable to a variety of health and other external threats, 
such as, flood, cyclone, storm surges and several types of pandemic [35]. Higher 
population density and fast and chaotic urbanization, along with a large propor-
tion of urban population living in slums render it vulnerable to the rising rates of 
morbidity from infectious disease epidemics, such as, cholera and dengue fever 
[49]. In 2019, World Health Organization (WHO) was informed of the cases of 
pneumonia of unknown etiology detected in Wuhan City, China [54]. Similarly, 
covid-19 pandemic trend has also affected Bangladesh which is renowned as a lower-
middle-income country (LMIC) in Southeast Asia with a population of about 160 
million [43]. This pandemic has wreaked havoc on communities all across the world, 
however, the elderly are particularly vulnerable to this deadly disease [40]. The major 
health issue of the current worldwide covid-19 pandemic has made water, sanitation-
hygiene (WASH) behaviours for crucial contributors to the prevention and treatment 
of covid-19 infection. As a result, the role of WASH in the covid-19 response has 
been regarded as good hygiene, by ensuring frequent and appropriate hand washing 
technique [15, 50, 53]. Public health during infectious disease outbreaks such as the 
covid-19 pandemic, adequate WASH practices are essential to protect human lives 
[8, 22]. WASH is still inaccessible to one-third of the world’s population, who are 
primarily marginalized and vulnerable to live in urban slums in many poor countries 
[30]. 

Several researches was investigated on various objectives around the globe i.e. 
present and future relevance on WASH practice in the case of covid-19 pandemic [20]. 
A online based cross-sectional study reported the knowledge, attitude and WASH 
practice during covid-19 pandemic [14]. As stated in a recent report, there are lots 
of challenges, impacts and mitigation strategies on covid-19 WASH practices [11]. 
Another study revealed the critical control on WASH measures in low-income coun-
tries during covid-19 pandemic [13]. A study explored the hand washing practice with 
soap and the overuse of water in Bangladesh perspective during covid-19 pandemic 
[37]. The waste disposal and WASH practice was reflected in Bangladesh during 
the covid-19 pandemic [22]. Additionally, machine learning applications can be a 
significant strategy to build up wash awareness during covid-19 [32]. One of the 
study critically reviewed that WASH can be an important measure that can control 
ongoing covid-19 [25]. Another study examined the WASH opportunity and accessi-
bility in the urban slum dwellers of Nairobi, Kenya during covid-19 pandemic [26]. 
Furthermore, the WASH behaviour during covid-19 lockdown in rural Bangladesh 
was explored recently [48]. The studied about the progress on WASH practice on 
Brazil’s school in pre and during stage of covid-19 pandemic was explored [34]. In 
addition, few studies were done around the globe by focusing on the slum dwellers 
WASH practice and security, such as, Nepal [38], India [3, 47], Sub Sharan Africa 
[2], Ethiopia [4]. However, as per our concern, we did not find research on WASH 
security of urban slum dwellers during covid-19 pandemic in Bangladesh. Again, 
WASH security in inner, middle and outer zone were not investigated earlier in the
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research. For this reason, the researchers explored these slum areas to implement 
this study. The objective of the present study was to explore the WASH security of 
urban slum dwellers during covid-19 pandemic. 

13.2 Methodology 

13.2.1 Selection of the Study Area 

With a population of over 165 million, Bangladesh is among the most densely inhab-
ited nations which consists of twelve city corporations and Rajshahi City Corporation 
(RCC) are listed among them [16]. Rajshahi is regarded as a peaceful city in north-
west Bangladesh, located adjacent to the Padma River [17, 18]. It is renowned as 
third largest city of Bangladesh which is located between 24°21' and 24°26' North 
latitude and 88°28' to 88°38' East longitude, with a population of 0.85 million and an 
area of 96.72 km2 [42, 44]. RCC were purposively selected for formulating the study 
(Fig. 13.1). First, 12 out of 39 slums of RCC were identified based on their location 
from the central business district (CBD). Second, the study area were categorized 
into three geographical zones, such as, inner (<1.5 km), middle (1.5–3.5 km) and 
outer zone (>3.5 km) to compare the WASH security of the slum dwellers [37, 39, 
45].

13.2.2 Sampling and Collection of Data 

Total of 4010 households were identified from three slum zones by the Community 
Development Committee (CDC) of RCC. The study used Kothari’s sampling formula 
to calculate the sample size of the present study [27]. With 95% precision level and 
5% sampling error, the sample size of this study was 361 for the known population 
which were consistently disseminated among three slum zones. Mainly the slum 
household heads (HH’s) were surveyed and in terms of absence of the HH’s, their 
spouses were surveyed for collecting the information [23]. The respondents were 
selected by simple random sampling procedure to conduct the household survey. A 
semi-structured and self-developed questionnaire was prepared based on the slum 
dwellers water, sanitation-hygiene practice during the covid-19 pandemic and the 
survey was conducted from the month of May to September 2022. After collecting 
the pre-tested questionnaire data from the slum HH’s, it was carefully inserted in 
SPSS (version 25.0) and it was prudently checked before starting the coding or 
analysis. In addition, the study area map was formed by Arc GIS 10.4 software. 
However, a schematic overview of the present study is shown in Fig. 13.2 for better 
understanding of this research.
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Fig. 13.1 Location of study area; a Bangladesh, b Rajshahi District, c Survey Slums
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Fig. 13.2 Schematic overview of the study
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Table 13.1 Assessment criteria for WASHSi and Likert scale 

Practice criteria 

Never In some extent Sometimes Often Always 

0.20 0.40 0.60 0.80 1.00 

WASH security criteria 

Poor (< 0.34) Moderate (0.34–0.66) High (>0.66) 

13.2.3 Analysis Procedure 

The current study used weighted average index (WAI) [19, 24, 33] to calculate WASH 
security. A five point Likert scale [24, 33] is used to calculate WASH security index 
(WASHSi) in the current study. Equation 13.1 is used to calculate the WASHSi of the 
slum dwellers. Available water for personal hygiene, washing hands, cleanliness after 
coming back from outside, use of antiseptic or disinfectant solutions, properly dispose 
of used mask, hand gloves and tissue in separate covered bins or bags, use of specific/ 
community waste disposal point are the variables to calculate WASHSi. However, 
the assessment criteria used in the present study has been shown in Table 13.1. In  
addition, the study used descriptive statistics, such as, chi square, ANOVA test etc. 
for evaluating the status of water, sanitation facilities of three different slum zones. 

WASHSi = [{f N(0.20) + f ISE(0.40) + f S(0.60) + f O(0.80) + f A(1.0)}/N] 
(13.1) 

where f (N) = Frequency of never; f (ISE) = Frequency of in some extent; f (S) = 
Frequency of sometimes; f (O) = Frequency of often; f (A) = Frequency of always; 
N = Total number of observations. 

13.3 Results 

13.3.1 WASH Security 

An important measure of livelihood security is how the condition of an individual 
communities water, sanitation-hygiene which is known as WASH. In order to safe-
guard public health during infectious disease outbreaks, such as, the covid-19 
pandemic, adequate WASH practices are essential [8, 10, 22, 29]. According to 
WHO [50, 53], one of the most crucial steps that can be availed to avoid contracting 
the covid-19 virus is practicing regular and good hand hygiene. However, WASH 
professionals should improve facilities and employ tried-and-true behavior-change 
strategies to promote more frequent and regular hand washing [51]. In terms of
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interventions to improve water security, it should concentrate on four areas such as 
adequate water availability, acceptable water quality, water resource management 
and affordable access to WASH [9]. On the contrary, the current study reveals the 
WASH security of the slum dwellers by different indicators. The following sections 
have discussed the WASH status and security by giving the indicators weight. 

13.3.2 Hygiene and Sanitation Status 

The current study revealed the condition of the hygiene and sanitation of the slum 
dwellers in the different slum zones which are two important indicator to assess 
the status of the slum dwellers sanitation-hygiene security. It found that during the 
pandemic overall 91.5% of the slum dwellers did not maintain minimum hygiene 
or sanitation practice. Yet, after the pandemic most of the slum dwellers (93.1%) 
practice hygiene in all three slum zones. Individually, 93.3%, 91.7%, and 94% of 
inner, middle and outer slum zone dwellers respectively practice hygiene to combat 
the covid-19 pandemic. The study also revealed the types of hygiene practice by the 
three slum zone dwellers during the pandemic. Washing hands for remaining safe 
was one of the most common hygiene practice which is also expressed by World 
Health Organization (WHO). In this particular type of hygiene about 31% of inner, 
40% of middle, and 38% of outer slum zone dwellers have practice it frequently 
but it was maintain without using any kind of soap. About 6, 2.7 and 3.5% of inner, 
middle and outer zone respectively used soap/sanitizer for remain safe during the 
pandemic. On the other hand, the use of a mask alone is not sufficient to offer an 
acceptable degree of protection against covid-19 pandemic; masks should be used as 
part of a complete strategy of actions to suppress transmission and save lives [52]. 
In addition, this study identified that about 41.7, 32.7% and 38.7% of inner, middle 
and outer slum zone dwellers respectively have practice wearing mask to remain safe 
from pandemic. Moreover, the slum dwellers were seen less in term of using soap/ 
sanitizer (3.9%) because most of them were economically poor to afford this safety 
measure. Similarly, 21.7% of total slum dwellers of the slum zones have availed all 
three hygiene practice (i.e. washings hands, using sanitizer and wearing face musk) in 
the time of covid-19 pandemic. In practicing all of these three hygiene and sanitation 
strategies the middle (24.5%) zone dwellers were most aware than inner (21.3%) or 
outer (19.7%) zone dwellers (Table 13.2).

13.3.2.1 Drinking Water Facilities 

Water is also an important phenomena for WASH practice. Without safe water no 
one can live a secure life. The study revealed that overall majority percent (73.1%) of 
the slum dwellers depends on tube-well water. Individually, 54.4 (inner), 65 (middle) 
and 90.7% (outer) of slum dwellers respectively rely on tube well water facilities. 
On the contrary, majority percent (45.6%) of inner slum zone dwellers rely on pipe
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Table 13.2 Slum dwellers hygiene and sanitation status 

Types 
(during covid-19) 

Survey slum zones 

Inner Middle Outer All 

f % f % f % f % 

Washing hands without soap 26 31.0 44 40.0 54 38.0 124 36.9 

Using soap/sanitizer 5 6.0 3 2.7 5 3.5 13 3.9 

Wearing face mask 35 41.7 36 32.7 55 38.7 126 37.5 

All of these 18 21.3 27 24.5 28 19.7 73 21.7 

Total 84 100.0 110 100.0 142 100.0 336 100.0 

Chi square Value = 4.282, df = 6, p = 0.639

line water comparative to middle (35%) and outer (9.3%) zone dwellers (Table 13.3). 
However, statistically significant difference exist in the three slum zones are found in 
terms of drinking water sources of the slum dwellers (χ2(2) = 43.828, p < 0.05). The 
study found less number of arsenic tested water sources as the arsenic is a big problem 
which was first observed in 1993 in Bangladesh [1]. It revealed that majority percent 
(47.1%) of the slum dwellers reported that their drinking water source is not arsenic 
tested. Similar percentage of all three slum zone dwellers expressed that their water 
source was not tested any kind of arsenic test. On the other hand, 31.1% of inner, 15% 
of middle and 15.9% of outer slum zone dwellers have reported that their drinking 
water source were tested and marked as safe drinking water. Moreover, due to lack 
of health and water security awareness 20, 40, and 36.4% of inner, middle and outer 
slum zone dwellers respectively have no idea about any arsenic tests (Table 13.3).

The current study founds the perception of the slum dwellers about their drinking 
water safety. It revealed that 96.7, 87.5, and 87.4% of inner, middle and outer slum 
zone dwellers respectively had mentioned that they are taking safe drinking water. 
Whereas, few number (10.2%) of the slum dwellers in all three slum zone have 
reported that they were taking unsafe water (Table 13.3). However, it found that 
majority percent of the slum dwellers (61.5%) are sharing one tube well for household 
water purpose, which indicates that insecure water security as they are gathering one 
place for water purpose (Table 13.3). Significantly outer slum zone dwellers share 
one tube well in higher percent (79.5%) comparative to inner (52.2%) and middle 
(45.8%). About 26.7, 32.5, and 8.6% of the slum dwellers of inner, middle and outer 
slum zone respectively share one tap for water purpose. Similarly, 16.7% of inner, 
19.2% of middle and 7.3% of outer slum zone dwellers rely on portable water from far 
places of their dwellings. However, few slum dwellers have their own water sources, 
such as, own tube well for fulfil their household water need (Table 13.3). Likewise, 
statistically significant difference exists among the three slum zones in terms of water 
sharing by the slum dwellers (χ2(6) = 42.586, p < 0.05).
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Table 13.3 Water facilities in slum zones by slum dwellers 

Drinking water source Survey slum zones 

Inner Middle Outer All 

f % f % f % f % 

Tube well 49 54.4 78 65.0 137 90.7 264 73.1 

Pipe line 51 45.6 42 35.0 14 9.3 97 26.9 

Total 90 100.0 120 100.0 151 100.0 361 100.0 

Chi square Value = 43.828, df = 2, p = 0.000 
Arsenic tested drinking water facilities 

Yes 28 31.1 18 15.0 24 15.9 70 19.4 

No 44 48.9 54 45.0 72 47.7 170 47.1 

Do not know 18 20.0 48 40.0 55 36.4 121 33.5 

Total 90 100.0 120 100.0 151 100.0 361 100.0 

Chi square Value = 15.497, df = 4, p = 0.004 
Drinking water safety by slum dwellers perception 

Safe 87 96.7 105 87.5 132 87.4 324 89.8 

Unsafe 3 3.3 15 12.5 19 12.6 37 10.2 

Total 90 100.0 120 100.0 151 100.0 361 100.0 

Chi square Value = 6.234, df = 2, p = 0.044 
Water sharing in the slum zones 

Portable water 15 16.7 23 19.2 11 7.3 49 13.6 

Share one tube well 47 52.2 55 45.8 120 79.5 222 61.5 

Share one tap 24 26.7 39 32.5 13 8.6 76 21.1 

Others 4 4.4 3 2.5 7 4.6 14 3.9 

Total 90 100.0 120 100.0 151 100.0 361 100.0 

Chi square Value = 42.586, df = 6, p = 0.000

13.3.2.2 Sanitation Security 

The current study revealed that about 45.7% of the total slum dwellers in all three slum 
zones have use common toilet for defecation. Which is a big matter of concern for 
sanitation security. Though, the study found statistically significant difference among 
the three slum zones in terms of using common toilet for defecation. It revealed that 
36.7% of inner, 43.3% of middle, and 53% of outer slum zone dwellers are using the 
common toilet (Table 13.4). This findings indicated that inner slum zone dwellers 
have the ability of their own defecation facilities where middle and outer slum zone 
dwellers were in behind. Individually, more than half of the outer slum zone dwellers 
are using the common toilet for household defecation. The study also revealed that 
less than 10 members were using the common toilet in most of the cases in all three 
slum zones (81.8% in inner, 75% of middle, and 81.3% of outer slum zone). Similarly,
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higher percent (21.2%) of middle zone slum dwellers are using common toilet (more 
than 20 members) than outer (15%) or inner (12.1%) zone. 

Average number of using common toilets by the slum dwellers were 5.67, 8.10, 
and 5.85 in inner, middle and outer zone respectively. It reflected that middle slum 
zone dwellers are more vulnerable in terms of using common toilet and increasing 
the sanitation insecurity among the three slum zones (Table 13.4). Slum dwellers 
households’ defecation places significant vary among the three slum zones. The 
current study found that slum dwellers most common and preferable defecation 
place is ring slab (55.4%) in all three slum zone (Fig. 13.3).

Figure 13.3 shows the comparative use of defecation places in three separate 
slum zones. It revealed that, inner slum dwellers were more sanitation secure than 
other two slum zones as because majority (47.8%) of the slum dwellers use pucca 
(water sealed) defecation system. On the other hand, majority percent of using ring 
slab defecation system was observed in middle (57.5%) and outer (60.3%) slum 
zones respectively. However, open defecation was higher (22.5%) in middle slum 
zone than inner (2.2%) and outer (5.3%), which indicated that middle slum zone 
dwellers are more sanitation insecure than other two slum zone dwellers. Hanging 
defecation system also observed in all three slum zone (2.2% in inner, 1.7% in middle 
and 3.3% in outer slum zone). Similarly, pucca but un-hygienic defecation system 
was also observed significantly lower in inner (3.3%) than outer (6.6%) and middle 
(8.3%) slum zones. However, comparatively pucca water sealed defecation is the 
best defecation place for remaining secure in terms of sanitation security and it is 
poor in number in middle (10%) and outer (24.5%) slum zone than inner slum zone 
(47.8%). The current study reflects that, middle slum zone dwellers are more insecure 
than other two respective slum zone. Therefore, the inner zone slum dwellers were

Table 13.4 Defecation facilities in slum zones by slum dwellers 

Use common toilet 
for defecation 

Survey slum zones 

Inner Middle Outer All 

N % N % N % N % 

Yes 33 36.7 52 43.3 80 53.0 165 45.7 

No 57 63.3 68 56.7 71 47.0 196 54.3 

Total 90 100.0 120 100.0 151 100.0 361 100.0 

Chi square Value = 6.455, df = 2, p = 0.040 
Number of members use common toilet by the slum dwellers in three zones 

< 10 27 81.8 39 75.0 65 81.3 131 79.4 

11–20 2 6.1 2 3.8 3 3.8 7 4.2 

> 20 4 12.1 11 21.2 12 15.0 27 16.4 

Total 33 100.0 52 100.0 80 100.0 165 100.0 

Average number of 
use common toilet 

5.67 8.10 5.85 6.52 

ANOVA F = 0.590, df = 2, p = 0.556 
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Fig. 13.3 Type of defecation by slum dwellers

relatively in better condition than the middle and outer zone slum dwellers. The 
main reason was that the inner slum zone dwellers were financially better to avail 
the sanitary latrine facilities in the study area. 

13.3.3 WASH Practice 

Water, sanitation-hygiene security which is representing as WASH, which is 
measured by descriptive statistics in this study in total slum dwellers perception. 
It found that available water for daily needs and personal hygiene with a mean value 
of 4.25 in scale of 1–5 (here, 1 denotes never and 5 denotes always). In Table 13.3 
it revealed that the slum dwellers mostly avail water from tube well (73.1%) and 
pipe line (26.9%). In this case pipe line water was not available for whole day. 
Rather it remains from certain time of a day. Though, it reflected that most of the 
respondents have available water for the purpose of household sanitation and need. 
Frequently washing hands by soaps and water (after toilet and before meal) mean 
value is 3.79 which indicates that the slum dwellers perception of washing hand was 
practiced sometimes and some cases often (Table 13.5). As transmission is typically 
facilitated by physical contact between humans, hand washing is a widespread and 
crucial hygiene technique to protect against infectious microorganisms [6, 22, 29, 
31]. Mean value of wash cloth, shoes, and other wearing after coming back home 
from outside is 3.17 (Table 13.5). Which indicates that slum dwellers were less in 
washing usable clothing and other materials. In term of cleaning room, house and 
toilets by using antiseptic or disinfectant solutions were less in mean value (2.50. It 
reflected that the slum dwellers are not aware about the disinfection or they could not
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able to afford the antiseptic materials for cleaning household. According to earlier 
studies, using antiseptics and disinfectants to clean your home is a good way to avoid 
viral infections as covid-19 [5, 7]. Another important WASH practice was that does 
they properly depose used mask, hand gloves and tissue in separate covered bins 
or bags. This indicator revealed average value of 2.42, which indicated that it was 
practiced rarely by the total slum dwellers. But in order to stop the spread of the 
virus and safeguard the environment, it’s equally crucial to properly dispose of old 
protective equipment like masks and gloves [21, 22, 36, 41]. It is advised that old 
or used masks, gloves, and other infectious debris be disposed of separately to stop 
the spread of viruses and other harmful organisms [12, 22, 28]. Therefore, majority 
percent of the slum dwellers reported in the study that they through their used mask, 
hand globes and used tissues here and there beside their dwelling places. In addition, 
dispose of all types of waste together in a specific/community waste disposal point 
was also revealed and the mean score was 2.72 (Table 13.5). This finding indicated 
rarely disposal practice of household waste materials in specific point in the slum 
dwellers community. Overall, WASH practice by the slum dwellers was found poor 
in nature. Because unaware of severity of affected rate and unawareness of covid-19 
pandemic the slum dwellers are not practicing WASH to remain safe.

However, the present study revealed WASH security of the slum dwellers by a 
five point Likert scale. It found that overall performance value of available water to 
maintain hygiene was 0.85, which indicates the slum dwellers have available water 
for daily use and maintain hygiene. Individually, inner (0.87) and outer (0.88) zone 
slum dwellers always get the water they need for household or hygiene purpose. 
Whereas, middle slum zone dwellers level of security was found often (0.80). Slum 
dwellers perception and the security of washing hand via soap in different time was 
measured. All three slum zone revealed that level of security was found often (0.76), 
which reflected that the slum dwellers often use to wash hands before meal or after 
toilet to remain safe during covid-19 pandemic. The study also found the level of 
security in case of personal cleanliness, such as, washing clothes, shoes, and others 
wear after returning home from outside. It indicated that inner (0.68) and outer 
(0.64) zone slum dwellers had often wash their clothes after returning home. On 
the contrary, the middle slum zone security value was found less (0.60) among the 
three slum zone. The covid-19 pandemic have manage to taught people some lesson 
about hygiene but the slum dwellers were very much behind in this particular case. 
In terms of house cleaning (i.e. cleaning rooms, house and toilets by antiseptic or 
disinfectant solutions) was practiced by few households which indicated low WASH 
security of the slum dwellers. The result revealed that all three slum zones had used 
the antiseptic or disinfectant solutions in sometime (0.50). Individually, the security 
values were 0.55 in inner, 0.41 in middle and 0.54 in outer slum zone respectively 
(Table 13.6). Disposal of all types of waste in a specific point is observed in the survey 
zones. The level security in this case was measured as sometimes (0.54). Though, 
highly secured value was observed in inner (0.82) zone. While middle (0.50) and 
outer (0.42) slum zones security value revealed that it was practiced in sometimes. It 
indicated that the inner slum zone dwellers were more secure in this case of WASH 
practice.



248 S. Tawsif et al.

Table 13.5 Descriptive statistics of WASH practice during covid-19 

WASH measures Minimum Maximum Mean Std. deviation Skewness Kurtosis 

Available water 
for personal 
hygiene 

1 5 4.25 0.856 − 0.963 0.288 

Soap using 
practice 
(especially after 
toilet and before 
taking meal) 

1 5 3.79 0.973 − 0.509 − 0.373 

Wash wearable 
materials after 
coming back 
from outside 

1 5 3.17 0.961 − 0.174 − 0.250 

Use of 
disinfectant 
solutions in 
household 

1 5 2.50 1.346 0.352 − 1.182 

Properly dispose 
of used mask, 
hand gloves and 
tissue in separate 
covered bins or 
bags 

1 5 2.42 1.607 0.630 − 1.222 

Dispose waste in 
disposal point 

1 5 2.72 1.766 0.288 − 1.702 

Assessment scale 

Never (1) Rarely (2) Sometimes (3) Often (4) Always (5)

WASHSi revealed that the inner slum zone dwellers security level was high (0.74) 
than middle and outer slum zone. The high level of WASHSi of inner slum zone 
dwellers was calculated because they maintain five types of level of security, such as, 
water availability for maintain hygiene, practice of soap using, personal cleanliness, 
house cleaning practice, and practice of using disposal points in slums were higher. 
But the middle and outer slum zone dwellers WASHSi were found moderate due to 
moderate practice of WASH during covid-19 pandemic. Overall, the slum dwellers 
WASHSi were found moderate (0.66) during covid-19 pandemic (Table 13.6). Which 
indicated that WASH security was hampered during the covid-19 in slum community. 
However, a radar diagram has been shown in Fig. 13.4 by using the WAI value 
revealed in the current study. This diagram symbolized the zero value in the core 
and increases access to WASH to a value of 1.00 [46]. The radar diagram indicated 
that inner zone slum dwellers were highly secured to WASH and all five WASH 
security variables resulted in a good pentagon structure for better calculated value 
than middle and outer zone. Inner zone slum dwellers practice of using disposal 
points were much better than the middle an outer zone slum dwellers (Fig. 13.4).



13 Water, Sanitation-Hygiene Security of Urban Slum Dwellers During … 249

Table 13.6 Performance of WASH practice in slum zones 

Inner Middle Outer Overall performance 

Water availability to maintain hygiene 

WAI 0.87 0.80 0.88 0.85 

Level of security Always Often Always Always 

Practice of soap using 

WAI 0.78 0.71 0.79 0.76 

Level of security Often Often Often Often 

Persons cleanliness 

WAI 0.68 0.60 0.64 0.63 

Level of security Often Sometimes Often Often 

House cleaning practice 

WAI 0.55 0.41 0.54 0.50 

Level of security Sometimes Sometimes Sometimes Sometimes 

Practice of using disposal point in slums 

WAI 0.82 0.50 0.42 0.54 

Level of security Always Sometimes Sometimes Sometimes 

WASHSi 

WAI 0.74 0.60 0.65 0.66 

Level of security High Moderate Moderate Moderate
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Fig. 13.4 WASH practice based on WAI
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13.4 Discussion 

The present study have revealed the WASH security of the urban slum dwellers of 
the RCC. It has also investigated the water, sanitation-hygiene sanitation status of 
the slum dwellers. During the covid-19 pandemic majority percent of the inner and 
outer zone slum dwellers used to wear face mask for remain safe. Whereas majority 
percent of the middle zone slum dwellers used the washing hands without soap. In 
terms of drinking water facilities majority percent of outer zone slum dwellers used 
to drink tube well water and their water source was not arsenic tested. In addition, 
the perception of the slum dwellers was that their drinking water sources are safe. 
Majority of the respondents of the all three slum zone reported that they share one 
tube well which indicated that the slum dwellers were mostly insecure. In terms 
of sanitation security, majority of the outer zone dwellers use the common toilet 
defecation which revealed that outer zone slum dwellers were insecure than the 
inner and middle zone slum dwellers. In addition, average number of common toilet 
user were revealed as higher in middle zone slum dwellers. Pucca (water sealed) 
defecation system were mostly observed in the inner zone than middle and outer 
zone. Though, ring slab defecation system were found in most cases in the middle 
and outer zone slum dwellers. Furthermore, the WASH practice were calculated in 
the present study which reflected that the available water for personal hygiene, use 
of soap, wash wearable materials after coming back from outside, use of disinfectant 
solutions in household, properly dispose of used mask, hand gloves and tissue in 
separate covered bins or bags, and dispose waste in disposal point were practiced 
poor by the slum dwellers. In addition, the WASH security revealed that inner zone 
slum dwellers were highly secured during the covid-19 pandemic because of perfect 
practice of WASH. Though, middle and outer zone slum dwellers were moderately 
secured. This moderate WASH security can be improved by the middle and outer slum 
zones by implementing a basic WASH practice in the future pandemic situation, such 
as, covid-19 can be prevented to spread out and the risk of illness through contagious 
germs and viruses which could be controlled by proper practice of hand washing 
with soap and clean water [13] which is found consistent with the present study. 

13.5 Conclusion 

The study revealed that slum dwellers WASH security varied among the slum zones. 
It reflected the status of the sanitation, water and hygiene of the slum dwellers before 
concluding the security status of WASH. Overall, majority (37.5%) of slum dwellers 
used to wear face mask which is most common hygiene and sanitation practice 
in the slum zones. It also reflected that overall 36.9% of the slum dwellers did 
not practice washing hands with soap during the pandemic which mainly introduce 
the insecurity of WASH. Water sharing was observed higher in all slum zones that 
indicated water insecurity. In addition, findings revealed moderate WASH security
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to combat pandemic by the middle and outer zone slum dwellers. Though, highly 
secure zone was revealed as the inner zone due to their minimum WASH practice 
during the covid-19 pandemic. Furthermore, slum dwellers are not aware about the 
spreading process of covid-19 because of low literacy and training that decreases the 
security of WASH practice. The major limitation of the present study is that it revealed 
WASH security status of the urban slum dwellers during phase of covid-19 pandemic. 
Another important limitation is that this study focused on the RCC slum areas, which 
need to be expanded to rural areas to reveal a broader scale of WASH security status 
of a region. Though, this study would be a preliminary guideline for the policy 
makers to generate new thinking of WASH as it revealed the WASH security and 
practice capability of the urban slum dwellers. Further research should be done by 
incorporating other city corporations of Bangladesh to investigate the status of the 
WASH practice and security of the poor urban slum dwellers. 
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Chapter 14 
Solarine: A Solar Panel-Aided Efficient 
and Automatic Rooftop Rainwater 
Harvesting System Using Arduino 

K. M. Sadman Sakib and Nazmush Shahadot Safin 

Abstract Bangladesh endures recurrent water scarcity because of its geographical 
and climatic qualities. The traditional water supply infrastructure cannot handle the 
increased demand for potable water. Rainwater collection is a sustainable and ecolog-
ically aware alternative to traditional water procurement methods. The combination 
of this technology and rooftop solar panels is a fresh and inventive approach to 
solving Bangladesh’s concurrent water and energy problems. In Bangladesh, there 
is little literature on rainwater collection, and scholarly research on the integration of 
this technology with rooftop solar panels is rare. Rainwater collection can provide a 
sustainable and viable water source in both urban and rural Bangladesh, according 
to empirical findings. This is where our hypothesis comes from, which is, combining 
the traditional solar panels in a v-shaped pattern can turn it into an effective rain-
water catchment area, which can increase the harvest amount of rainwater greatly. 
Performing small scale experiments and analysing the captured data thoroughly, 
we have found our hypothesis is true, and combining solar panels as a v-shaped 
catchment area actually increases the harvest of rainwater. This study gives us the 
empirical proof that using this innovative idea helps significantly in both urban and 
rural areas for RRWHS along with solar energy conversion. 

Keywords Environmental management · Rainwater harvesting ·Water 
conservation · RRWHS · Solar energy
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14.1 Introduction 

A significant segment of the global population lacks access to secure water resources. 
According to estimates by WHO/UNICEF, approximately 1.1 billion individuals lack 
access to what is termed as “improved drinking-water sources” [1]. Despite substan-
tial initiatives aimed at providing secure, piped community water to the worldwide 
populace, the actuality remains that the provision of safe water will not be univer-
sally attainable in the foreseeable future. The scenario in Bangladesh is no better, 
despite being a low-lying delta region, having a monsoon climate. Scarcity of fresh-
water prevails throughout the country, due to arsenic, pollution, poor management, 
In Bangladesh, a nation with a population of 165 million, the conditions are notably 
dire. The country is contending with a serious water scarcity predicament that is detri-
mentally impacting its economic stability and overall welfare. The situation is further 
aggravated by factors such as climate change, rapid urban expansion, and industrial 
development. Merely 62% of the population in Bangladesh has access to upgraded 
water sources, underscoring the gravity of the water accessibility challenges faced 
by a significant portion of the population [2]. Thus, finding an alternative solution for 
drinking water is in a dire need for the people of both rural and urban locality. Sole 
dependency on groundwater sources is plummeting the water reservoirs rapidly and 
could soon reach a vulnerable limit. On the other hand, being a monsoon country, 
Bangladesh receives an annual rainfall of 2200 mm, with at least 1500 mm in most 
regions of the country [3], which clearly hints us to use it as a pivotal source of 
freshwater. Implementing innovative modes of harvesting rainwater is becoming a 
necessary, rather than a fancy adjunction to a household. Harvesting rainwater from 
the rooftop is a rather clever way of water harvesting method, because the rooftop 
gets less dirty due to its even or almost even surface. This method, combined with 
the solar panel, which can be used as a catchment area for rainwater, is a marvel-
lous approach to kill two birds with one stone—generate solar energy on a regular 
day, and capture the rainwater during a rainy day. This paper seeks the efficient way 
of using solar panels as a rooftop rainwater harvesting catchment area which can 
alternate between solar capture, as well as generating solar energy. 

The small-scale experiment was conducted in Dhaka city. Although our study 
doesn’t have a particular study area, due to having a small-scale hypothetical idea, 
we can safely say that the study area is Dhaka (Fig. 14.1).

14.2 Methodology 

The proposed model shown below (Fig. 14.2) has four segments of workflow method. 
(a) Solar panel catchment area, (b) runoff channel, (c) waste water storage for cleaning 
purpose of the solar panels, (d) clean waterflow switch along with water flow metre.

The model will work with two modes, (a) Solar Energy Mode, and (b) Rainwater 
Harvesting Mode. While in the solar energy mode, the solar panels will work as a
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Fig. 14.1 Study area—Dhaka City

traditional solar energy capturing device, providing safe and renewable electricity to 
the household (Fig. 14.3).

And while triggering the device by sensing the presence of rain droplets through 
a rain sensor, the alternating solar panels will shift towards the opposite direction, 
creating a V-shaped area, which will function as rainwater harvesting catchment area 
(Fig. 14.4).
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Fig. 14.2 Schematic overview: the Solarine—solar aided rainwater harvest system

Our primary goal was to prove that a “double-panel solar panel (v-shaped)” 
captures more water than a “single-panel solar panel” in a rainwater harvesting 
system. The optimal solar radiation collecting angle for Dhaka is 23° [4], and we 
maintained the catchment time constant to simplify the small-scale experiment that 
imitated real-life rainfall. Servo motors and Arduino are used to adjust the angle. 
In accordance with customs, the solar panel will be installed in a regular manner. 
During the rainy season, however, the rain sensor will detect rain, send a signal to our 
Arduino Uno [5], which will activate the servo motor to set our panels in a V-shape, 
allowing us to use the solar panels as a rainwater collection area. We assumed an
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Fig. 14.3 Regular solar energy mode

Fig. 14.4 Rainwater harvesting mode (activated by servo motor)

aggregate of low, medium, and high rainfall intensity. We found substantial differ-
ences in rainwater gathering between “double panel” and “single panel.” To test 
both panels’ catchments, we collected 20 samples per category. Analysing the data 
showed that “double-panel v-shaped solar panels” outperformed “single-panel solar 
panels” according to Formula (14.1). 

p = (d − s) 
d

× 100% (14.1) 

here 

p = percentage change 
d = double panel average water catchment 
s = single panel average water catchment. 

The percentage change for each broad category also improved along with the 
increase of intensity for our artificial rainfall. By plotting the data, we found out
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that independent variable percentage change follows quadratic equations where the 
dependent variable is rainfall intensity. 

p = 0.00176f 2 + 0.03398f + 17.95637 (14.2) 

here 

p = percentage change 
f = rain intensity. 
We have used Levenberg–Marquardt and Gauss–Newton optimization techniques, 

in python programming using NumPy, Matplotlib and SciPy library to find the opti-
mised parameter of coefficient. Our hypothesis to use a Quadratic function was right. 
It actually goes along with the data points. But we don’t actually know for absurd or 
unseen data sets how we can use this to evaluate all the unseen data by using the same 
a, b, c of the earlier equations founded by the known data. So now our goal is to find 
the optimum value of a, b, c where we used two popular optimization techniques, 
Levenberg–Marquardt and Gauss–Newton algorithm optimization techniques. 

Gauss–Newton Algorithm 

The Gauss–Newton algorithm serves as a computational approach for addressing 
non-linear least squares problems, encompassing the minimization of the sum of 
squared function values. This algorithm extends the principles of Newton’s method, 
specifically tailored for the pursuit of minima within non-linear functions. Instances 
of non-linear least squares problems manifest in contexts such as non-linear regres-
sion, wherein the objective is to determine parameters within a model to optimise 
alignment with observed data. The nomenclature of this method derives from the 
renowned mathematicians Carl Friedrich Gauss and Isaac Newton. 

Levenberg–Marquardt Algorithm 

The Levenberg–Marquardt algorithm, recognized as a Damped Least Square Method 
(DLS), is employed for the resolution of non-linear least square problems, where the 
minimization task emerges in the context of least square curve fitting. This method 
integrates elements of the Gauss–Newton Algorithm (GNA) and employs the tech-
nique of Gradient Descent. Originally introduced in 1944 by Kenneth Levenberg 
during his tenure at the Frankford Army Arsenal, the algorithm experienced a subse-
quent re-emergence in 1963, independently by Donald Marquardt, a statistician at 
DuPont, and Girard, Wynne, and Morrison. 

After using these two techniques we got the table. 
As our dataset is very small both the optimizations show the same results for a, 

b, c. Now we can come back to our proposed function with the value of a, b, c.
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14.3 Results 

14.3.1 Dataset Explanation 

Our experimental data are presented in Table 14.1, where we compare the quantity of 
precipitation collected during our experiment to the percentage change from a single 
to a double panel. There is also an increase in percentage change, which indicates 
that the greater the rainfall intensity, the more efficiently our model will function as 
the V-shaped catchment area will reduce water droplet ricochet (Table 14.2). 

After Collecting the dataset, our main goal was to observe how our data is actually 
doing. So, we use the NumPy Library with Matplotlib to plot a graph with Python. 
NumPy Library takes the input as an array while Matplotlib Library helps to visualise 
the data (Fig. 14.5).

The data points shows Nonlinear properties that’s why, we can compare it with a 
algebraic, quadratic functions which carries non-linear property. A general Quadratic 
functions 

y = ax2 + bx + c 

After Implementing the data points as an input of Quadratic Functions we got the 
value of different y and then plot it below by using Matplotlib (Fig. 14.6).

Table 14.1 Algorithm analysis values 

Gauss–Newton algorithm Value Levenberg–Marquardt algorithm Value 

a 0.001768 a 0.001768 

b 0.033985 b 0.033985 

c 17.956375 c 17.956375 

Table 14.2 Precipitation droplets collection analysis 

Type Flow Rain intensity (mm) Average rain catchment 
in ml (according to 
experiment) 

Percentage change 

Single panel Low 26.42 897 20.089 

Double panel 1122.5 

Single panel Medium 48.57 2147.5 23.780 

Double panel 2817.5 

Single panel High 88.57 3013.5 34.843 

Double panel 4625 
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Fig. 14.5 Data points plot of known three types of flow

Fig. 14.6 Quadratic function implementation on known three types of flow
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Fig. 14.7 Evaluation plot including unknown flow type 

14.3.2 Dataset Evaluation 

Using Eq. (14.1), we determined the percentage changes of 20.089, 23.780, and 
34.843 for the variable flow and precipitation intensity, which follows the quadratic 
Eq. (14.2), with the tuned coefficient values of 0.00176, 0.03398 and 17.95637. 
By validating with a random sample, we gained the accuracy of our experimental 
data sample to approximately 98.23%. Due to a lack of access to the necessary 
equipment for simulating actual rainfall and the inability of our water discharge 
valve to precisely modify the discharge rate was a bottleneck for our three modes 
of precipitation intensity. Consequently, we were unable to validate our model with 
more than one validation sample, which was also difficult to obtain. 

After that we used our proposed model to plot it with the help of Matplotlib 
(Fig. 14.7). 

14.3.3 Dataset Analysis 

Rainfall intensity is demonstrated here, along with three simplified modes, low rain-
fall, medium rainfall and high rainfall. For the sake of simplicity and easy to analyse, 
the lowest rainfall amount was 897 mm on average in the experiment, ranging to 
about 4625 mm (Fig. 14.8).
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Fig. 14.8 Average rainfall capture without and with model for three types of flow 

And this is where the model is visible to work. Percentage change of capturing 
increases along with the intensity of the rainfall increase. To be specific, the greater 
the rainfall happens, the more efficiently the model will work and it will capture more 
rain water due to the nature of water droplets being spread around on the surface and 
bouncing off (Fig. 14.9). 

Fig. 14.9 Percentage change due to application of the proposed model
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14.4 Discussion 

The model works significantly greater along with the increase in the rainfall intensity, 
so as proving our primary hypothesis correct. These charts show the performance of 
v-shaped double panel solar panels is increasing as the rainfall increases (Fig. 14.10).

14.5 Conclusion 

Through the execution of this investigation, valuable insights have been gained 
regarding the effectiveness of a V-shaped double-panel solar panel in capturing 
increased amounts of precipitation during heavier rainfall. The results suggest that 
this particular design is proficient in enhancing rainwater collection when faced with 
intensified rainfall conditions. 

The adoption of such a model holds promising prospects, not only for bolstering 
our utilisation of environmentally friendly energy sources but also for serving as 
a significant reservoir of clean rainwater. This dual functionality has the potential 
to contribute substantially to advancing water conservation efforts, amplifying the 
efficiency of water utilisation, and consequently enhancing overall productivity. 

In summary, the outcomes of this experiment advocate for the implementation of 
V-shaped double-panel solar collectors as a means to not only augment green energy 
utilisation but also to act as a noteworthy facilitator in the pursuit of sustainable water 
management practices.
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Fig. 14.10 Significant increase in performance of the double panel in every condition
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Chapter 15 
Effectiveness of Using Water Hyacinth 
and Submerged Aerator to Accelerate 
the Ammonia-Nitrate Conversion 
in Trimohoni Area 

Anannya Ghosh Tusti, Rizwanur Rahman, and Md. Delwar Hossain 

Abstract The rapid population growth and uncontrolled pollutant discharge through 
various point and non-point sources have endangered the water body of Trimo-
honi, Dhaka. The water restoration here is necessary to support economic activity, 
sustainability, and ecological balance. The industrial and domestic waste mixed with 
Trimohoni’s water has caused eutrophication, resulting in algal bloom, loss of DO 
and aquatic species, and high turbidity. The case-controlled study assessed the effi-
ciency of integrated use of aeration and phytoremediation for higher efficiency in 
improving several water quality parameters within 5 days in the laboratory setup. 
The reactor with water hyacinth and submerged aerators had greater ammonia– 
nitrogen (AN) conversion efficiency (93.9%), which was 2.3 times better than using 
only submerged aeration and 3 times better than natural aeration. The water quality 
also got better in terms of BOD, COD, TDS, and turbidity. The reactor with water 
hyacinth and submerged aerators was consistently seen to work very well. For better 
performance and further successful implications, a real-life, large-scale assessment 
is recommended. 

Keywords Aeration · Ammonia-nitrate (AN) · Removal efficiency · Trimohoni ·
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15.1 Introduction 

Water is an essential resource required to support economic activity, sustain life, and 
maintain the environment. Water is contaminated by different point and non-point 
sources that make the waterbody unsuitable for drinking, cooking, fish farming, 
irrigation, and recreational purposes. It has been necessary to treat the water bodies 
effectively and sustainably. According to Bashar and Fung [4], five industrial clusters 
in Dhaka discharge 31,685 m3 of wastewater into waterways daily, with 31,765 kg of 
BOD. Trimohoni, a crucial water body in southeast Dhaka, receives intake from Jirani 
Canal, Norai River, Balu River, and Rampura Canal. Once a main water source for 
residents there, it is now polluted by domestic and industrial pollutants. Trimohoni’s 
degraded water quality is evident from its eutrophication, offensive odor, turbid 
water, and poor physical and chemical parameters. As the wastewater treatment 
system poses a high cost, it is not feasible to treat the water in Trimohoni using a 
water treatment plant. This study aims to propose a cost-effective solution to the 
existing water pollution problem in Trimohoni, which includes the improvement of 
water quality parameters and the removal of ammonia–nitrogen in a significant ratio. 

Nitrogen is a fundamental element present in water in different forms, namely 
total nitrogen (TN), total Kjeldahl nitrogen (TKN), ammonia nitrogen (NH3–N), 
organic nitrogen (org-N), nitrate (−NO3), and nitrite (−NO2) [15]. Among them, 
the higher presence of ammonia–nitrogen (AN) represents the mixture of industrial 
effluent in the water body. As studied by Culp et al. [5], AN poses a threat to the 
water quality by (i) depleting the oxygen level, (ii) increasing the toxicity in water 
bodies (impacts biological life) and (iii) forming chloramine by reacting with chlo-
rine (disrupts disinfection). Anderson et al. [3] reported in his study that AN also 
promotes eutrophication, which is a major environmental issue due to its partici-
pation in excessive toxic algae blooms. Thus, removing AN from wastewater to an 
acceptable limit has become necessary, which can be done using the phytoremedia-
tion technique. According to Fox et al. [7], Phytoremediation is the process of using 
plants to remediate polluted soil or water. As reported by El-Gendy et al. [6] and 
Moorhead et al. [11], aquatic microphytes and floating water hyacinths are proven 
to remove nutrients from wastewater at low cost and are adaptable in a wide range 
of pH, electric conductivity (EC), and temperature, which makes them an easy and 
desirable remediation technique. Effective phytoremediation relies on the choice 
of aquatic microphytes. Xu et al. [17] stated that Eichhornia crassipes, or water 
hyacinth (WH), is a free-floating, perennial aquatic plant with high growth rates 
that produces high-value products and biofuels and treats wastewater, which makes 
this weed the most suitable aquatic plant for phytoremediation. WH is efficient in 
improving water quality parameters such as biochemical oxygen demand (BOD), 
chemical oxygen demand (COD), turbidity, total dissolved solids (TDS), total solids 
(TS), total suspended solids (TSS), and nutrients. However, the use of only phytore-
mediation may take a longer period to significantly reduce the AN and other nutrients. 
In one study by Anandha Varun and Kalpana [2], it took 20 days to reduce AN and P
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Table 15.1 Acceptable surface water quality limits per WHO [16] and ECR’2023 

No. Parameter name WHO ECR’2023 

Drinking Drinking Recreation Fishing Industrial 

1 DO (mg/L) ≥ 6.5 ≥ 6 ≥ 5 ≥ 5 ≥ 1 
2 BOD (mg/L) ≤ 4.5 ≤ 2 ≤ 3 ≤ 6 12 

3 COD (mg/L) 10 10 10 50 100 

4 NH3–N (mg/L) 0.2 0.1 0.3 0.3 2.7 

5 NO3-N (mg/L) 50 7 7 7 – 

6 TDS (mg/L) ≤ 300 1000 

*WHO world health organization, ECR Bangladesh environment conservation rules 

nearly to an acceptable limit. Combining aeration with phytoremediation can accel-
erate treatment efficiency by reaching permissible limits (Table 15.1) and reduce 
remediation time. 

In diffuser aeration (a type of Submerged Bubble Aeration), air bubbles are blown 
from the bottom of the water body, which transfers oxygen to the body of water across 
the boundary of the liquid film. Oxygen supplied by submerged aerators contributes 
to reducing BOD and COD and increasing the AN conversion rate. Al-Ahmady [1] 
reported that the efficiency of oxygen transfer depends upon many factors, such as 
the geometry of the diffuser and tank. Numerous studies have been conducted on 
the efficiency of water hyacinths in nutrient removal or on the efficiency of different 
submerged aerators. However, to date, few studies have been conducted on the inte-
grated use of submerged aeration and water hyacinth for high AN conversion effi-
ciency and rate assessment. Along with this, this study also gives a comparative 
picture of AN conversion for three different conditions applied. Hadiuzzaman et al. 
[8] examined water pollution in areas adjacent to Trimohoni, such as the Balu River 
and Shitalalakhya River. However, no comprehensive studies have been conducted 
on the deteriorating water body of Trimohoni, nor have any measures been imple-
mented to address the issue. The initiative to use water hyacinth and aeration in an 
integrated way for the Trimohoni water body is observed to maintain the water quality 
parameters in an acceptable range, proving this method to be highly recommended 
for the restoration of the Trimohoni area. 

15.2 Methodology 

15.2.1 Plant and Wastewater Sampling 

Water hyacinth, selected for phytoremediation, was sampled from Trimohoni’s 
middle part using 15 × 18-in. polyethylene bags and visually inspected for young 
plants with fresh leaves and healthy roots. Algae in the root system were removed
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using water flow and lab forceps after careful cleaning. The plants were then adapted 
in a lab container with fresh water and sunlight for a week before being introduced 
into the experimental setup with 3–4 leaves and weighing 120 gm each. Wastew-
ater was collected from Trimohoni Middle, after being assessed as highly polluted 
based on water quality parameters DO, BOD, COD, EC, turbidity, NH3-N, TDS, and 
H2S, compared to other water collection zones (Rampura Canal, Norai River, Jirani 
Canal, Trimohoni Middle). This water receives effluent from various industries like 
paints, glass, textiles, and the Dasherkandi Sewage Treatment Plant (DSTP). A 300 
L capacity PVC container tank transported the 180 L wastewater sample to the lab. 

15.2.2 Experimental Design 

The experiment conducted was a case-controlled experiment with three treatments. 
The treatments consisted of (i) Natural Aeration (T1), (ii) Submerged Aeration (T2), 
and (iii) Submerged Aeration with water hyacinth (T3). For each experimental obser-
vation (T1, T2, and T3), three separate identical plastic containers with an 80-L 
capacity, 3168 cm2 surface area, and 37.5 cm depth each were filled with wastew-
ater. Each tub contained 50 L of wastewater, placed under natural sunlight with a 
water temperature of between 25 and 30 °C during a 7-day observation period to 
ensure the proper sunlight necessary for hyacinths and simulate the natural envi-
ronmental conditions. Submerged aeration in the T2 and T3 setups used three 5W 
aerators per setup, each connected to two 15 cm diameter, 90 gm air stone bubble 
diffusers producing coarse bubbles. Each tub had six diffusers, totalling 12 diffusers 
and six aerators, operating 24/7 for five days. The physical water qualities such 
as temperature, turbidity, EC, TSS, TDS, and chemical water quality parameters 
such as pH, DO, BOD, COD, NO3–N and NH3–N were experimented using stan-
dard methods for each tub at 0, 3, 6, 24, 48, 72, and 120 h until the water quality 
parameters improved to a significant value (Table 15.2).

15.2.3 Statistical Analysis 

All statistical analysis were performed using OriginPro 2024 for Windows. Data 
are presented as mean ± 1 SD from repeated experiments. Polynomial regression 
fit lines were plotted to show the relationship between mean concentrations and 
time. Removal efficiency for each treatment unit was calculated using the formula: 
Removal Efficiency = (1 − Cf/Ci) × 100%, where Cf and Ci are the final and initial 
concentrations, respectively.
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15.3 Results and Discussions 

15.3.1 Water Quality Parameters 

The wastewater under observation in the tubs was tested for the water quality param-
eters after 0, 3, 6, 24, 48, 72, and 120 h, and a significant amount of change in the 
value of parameters was observed. The initial BOD was as high as 37 ± 1.96 mg/ 
L, which did not meet the permissible limit of 4.5 mg/L [16]. T3 performed best in 
reducing the BOD by increasing DO. For each of the parameters BOD, COD, EC, and 
ammonia nitrogen; T3 containing water hyacinth performed better reaching a final 
concentration of 1.17 ± 0.12 mg/L, 6.23 ± 1.07 mg/L, 404 ± 1.29 µS, and 0.085 ± 
0.1 mg/L, respectively, which meets the limit for drinking purposes (Table 15.1). 

The initial concentration of nitrate was significantly lower than the acceptable 
limit of 50 mg/L. A study found that water hyacinth can directly consume nitrate 
from wastewater, converting it primarily to N2 [15]. Thus, nitrate within permissible 
limits will not impact water quality for various purposes. Water hyacinth’s exten-
sive root system and surface area effectively remove water contaminants. It is also 
observed by a study that the negatively charged roots adsorb cations and accumu-
late solids, reducing water turbidity [14]. The T2 tub’s turbidity wasn’t significantly 
reduced due to continuous mixing from bubble flow, whereas the T1 tub with natural 
aeration allowed smaller particles to settle. T2 had higher TDS levels. However, 
Water hyacinth’s sorption, sedimentation, and chemical transformation were key in 
reducing TDS to 270 < 300 NTU and turbidity to 1.85 ± 0.93 < 5 NTU. 

15.3.2 Ammonia Nitrogen Conversion 

Among the many studies conducted for ammonia–nitrogen removal, the AN removal 
in T3 for this study was as high as 93.9% within only 2 days. Only 45.6 ± 1.3% TKN 
removal and 23.3 ± 1.4% nitrate removal were observed in one study by Kumari 
and Tripathi [9]. In the T3 setup, aeration increased DO, boosting the nitrification 
rate. High ammonia–nitrogen levels are toxic to aquatic life as they can cross epithe-
lial membranes. The nitrification process requires microorganisms (mainly Nitro-
somonas and Nitrobacter bacteria) to convert the AN to nitrate. T1 and T2 setups lack 
the conditions for high-rate AN to nitrate conversion. T2 provides oxygen through 
aeration, but T3 performs best, as water hyacinth roots host beneficial microor-
ganisms and ample oxygen supports their activity. Plants also directly assimilate 
ammonium. In phytoremediation, AN is converted in several steps. Water hyacinth 
and root microorganisms, aided by aerator-supplied oxygen, convert AN to nitrate. 
As stated by Mayo et al. [10], the plant consumes much nitrate, while microorgan-
isms convert some to organic N, which cycles back to AN. Excess nitrate undergoes 
denitrification. So, the primary focus is converting AN to nitrate, as nitrate levels are
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already well below toxicity limits and gradually transform into stable compounds 
over time. 

In this study, initial ammonia nitrogen concentration exceeded the acceptable 
limit at 1.5 mg/L, rising to 3.2 mg/L within hours across all setups, likely due to 
organic N mineralization [10]. In T3, AN rapidly converted to nitrate, reaching near 
0.2 mg/L at 1.8 mg/L/day within 2 days, maintaining this level for 3 days (Fig. 15.3). 
Nitrate gradually increased from 0.27 to 2.75 mg/L over 2 days, indicating effec-
tive nitrification. However, subsequent nitrate decline suggests denitrification and 
microorganism uptake. The 2nd order polynomial lines plotted for AN and nitrate 
concentrations having R2 values 0.65 and 0.81 represent ‘moderate’ and ‘good’ fits 
accordingly, indicating the acceptability of the AN conversion observation method 
and data collection. More repetition of the method followed is recommended for 
getting more statistically significant outcomes. In T1 and T2, gradual AN reduction 
occurred the 5 days but failed to reach permissible limits. A longer observation period 
can solve this problem. T3 successfully met the study’s goal for rapid water quality 
recovery, especially AN conversion to nitrate. There is also scope for this study to 
accelerate the AN conversion using fine bubble aerators, though cost efficiency will 
still be a concern. Nitrate concentration slightly increased to 0.75 mg/L, suggesting 
incomplete nitrification, possibly due to lacking plant microorganisms and nitrifica-
tion bacteria. These limitations can be addressed in further studies. AN reduction 
implies microorganism uptake and conversion to organic N, with conversion rates in 
T1 and T2 at 0.46 mg/L/day and 0.5 mg/L/day, respectively (Figs. 15.1 and 15.2). 

Fig. 15.1 Conversion of ammonia nitrogen in T1: natural aeration
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Fig. 15.2 Conversion of ammonia nitrogen in T2: submerged aeration 

Fig. 15.3 Conversion of ammonia nitrogen in T3: submerged aeration with water hyacinth
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Fig. 15.4 Removal Efficiency (%) in T1, T2, and T3 setup 

15.3.3 Removal Efficiency 

T3 consistently outperformed T1 and T2 in removing BOD, COD, turbidity, and 
NH3-N. BOD removal rates were 92%, 70.52%, and 96.84% for T1, T2, and T3, 
respectively (Fig. 15.4). Natural aeration surpassed submerged aeration in increasing 
DO due to the mixing effect in T2. This increase in DO was further supported by the 
photosynthetic activity of water hyacinth, which, as noted by Reddy [13], reduces 
dissolved CO2 and promotes aerobic bacterial activity, ultimately leading to a greater 
reduction in BOD and COD. 

Qin et al. [12] demonstrated that water hyacinth has a root surface area of 0.97– 
1.10 m2/g fresh weight, an active absorption area, an active leaf area, higher root 
activity, and a higher net photosynthetic rate. These factors contribute to its high 
efficiency in removing turbidity (93.9%) and ammonia nitrogen (NH3–N) (91.6%) 
in T3. Thus, WH in T3 proves highly efficient in rapidly improving water quality, 
including BOD and COD within 5 days, and ammonia nitrogen (NH3–N), TDS, 
and turbidity within just 2 days. Water hyacinth plants should be monitored and 
removed when they begin to degenerate. Rapidly growing bushy leaves can block 
sunlight, and degraded plants can complicate the process. Cultivating WH within 
defined boundaries is recommended for real-world applications. Thus, this study 
underscores the significant potential of integrating water hyacinth and submerged 
aerators to swiftly enhance water quality and achieve rapid ammonia conversion 
within 2 days.
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15.4 Conclusion 

This study successfully demonstrated the removal of organic and inorganic pollu-
tants from Trimohoni. While the primary focus was on AN conversion and removal 
efficiency using an eco-friendly, sustainable, low-cost remediation process, improve-
ments in other physical and chemical parameters were also noted. Managing pollution 
from different point and non-point sources across water branches poses challenges. 
Initial nutrient levels highlighted the cause of high algal bloom, necessitating nutrient 
reduction in the water body. The purposes were accomplished by using water hyacinth 
along with submerged aeration. The following conclusions can be drawn from the 
study conducted: (i) only aeration cannot improve the AN conversion, whereas 
adding water hyacinth to a particular amount can convert 93.9% ammonia nitrogen 
to nitrate within 2 days; (ii) water hyacinth enhanced the removal of organic (BOD: 
96.84%, COD: 92.4%), and inorganic (turbidity: 91.6%, TDS: 15.6%) pollutants; 
(iii) the incorporated use of water hyacinth and submerged aeration outperformed by 
showing an ammonia–nitrogen conversion rate of 1.8 mg/L/day; (iv) incorporation of 
water hyacinth and submerged aeration can improve water quality to an acceptable 
limit for water pollution load similar to Trimohoni within just 5 days. This study 
addresses Trimohoni’s low-to-medium pollutant concentration. Similar setups can 
treat wastewater with comparable pollution levels. As population grows, increased 
ammonia–nitrogen production may lead to further study on conversion efficiency for 
complex nitrogen pollutants. Exploring various aerators and additional phytoreme-
diation plants can offer cost-effective, sustainable solutions for water quality issues 
in Bangladesh and globally. 
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Chapter 16 
A Sustainable Waste Management Model 
for Passenger Ships in Bangladesh: 
A Step Towards Climate Change 
Adaptation 

Md. Mahmudul Hasan Akib, Zobair Ibn Awal, 
and Mohammad Tanvir Hossain 

Abstract Bangladesh’s river network of almost 230 rivers, serves as crucial trans-
portation routes for millions of passengers annually. Despite ratifying international 
conventions on marine pollution, Bangladesh lacks a National Marine-Environmental 
Protection Policy. Therefore, dumping untreated waste into water bodies has become 
habitual due to the absence of monitoring of effluent-releasing standards. This 
research aligns with the urgent need for a sustainable waste management model 
in the maritime sector, considering the inadequate waste management practices 
and the country’s vulnerability to climate change. The proposed model integrates a 
biogas-composting plant within a passenger ship and a plastic segregation chamber. 
This innovative solution addresses organic waste from ships, generating biogas for 
cooking, a sustainable alternative to LPG. The plastic segregation chamber facilitates 
the proper storage and sale of plastic waste for recycling, fostering a circular economy 
and reducing the demand for new plastic production. Aligned with multiple Sustain-
able Development Goals (SDGs), the research promotes environmental protection, 
energy independence through biogas, and a more resilient infrastructure. It aims 
to reduce greenhouse gas (GHG) emissions and improve air and water quality by 
solving the longstanding waste management challenges in the maritime sector of 
Bangladesh.
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Keywords Sustainable waste management ·Marine pollution ·Water 
management · GHG reduction · Biogas 

16.1 Introduction 

According to the recent report [1], climate change manifests in rising global temper-
atures, sea level rise, and increased extreme climatic conditions such as drought, 
floods, and rain patterns. The Intergovernmental Panel on Climate Change (IPCC) 
identifies Bangladesh as highly vulnerable to climate change, with tropical cyclones 
costing about $1 billion annually [2]. Climate variability will likely reduce agricul-
tural GDP by one-third by 2050 and displace 13.3 million people. Bangladesh’s river 
network, vital for transportation, faces rising marine pollution, threatening human 
health and biodiversity. Annually, ferries and coastal cargo services transport 225 
million passengers and 25 million vehicles through these waterways, contributing to 
marine pollution [3]. The study found that [4] in Dhaka, only 20% of the city has a 
sewerage network, with 1250 million liters of sewage entering rivers daily. Rivers 
carry millions of tons of plastic waste into the Bay of Bengal [5], with the Padma, 
Meghna, and Jamuna rivers carrying 73,000 tons daily [6]. According to the report 
[7], the World Bank highlights the need for 29 projects to combat river pollution, 
and the government has committed $20 billion over seven years to the “Umbrella 
Investment Plan—Dhaka Rivers”. 

Figure 16.1 illustrates waste management practices and types of waste generated 
in passenger ships, highlighting the deficiency in monitoring and enforcement of 
effluent-releasing standards, leading to untreated waste being dumped directly into 
water bodies, significantly harming the environment and public health. Despite rati-
fying international conventions on marine pollution, Bangladesh lacks a National 
Marine-Environmental Protection Policy [8]. 

Organic waste, including kitchen and fecal matter, depletes dissolved oxygen in 
water bodies, potentially causing fish deaths and ecosystem disruption. One kilogram 
of untreated sewage is estimated to contaminate 10 kg of groundwater and 5 kg of

Fig. 16.1 Passenger density and waste management practices, including waste types generated on 
passenger ships (location: Sadarghat) 
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surface water [9]. Besides, according to the [10], organic waste produces biogas, with 
methane being 28 times more potent than carbon dioxide, contributing significantly 
to climate change. Passenger ships also generate inorganic waste like plastic and 
aluminium. As stated in a report [11], the “Plastic Pandemic” in Bangladesh is 
concerning as plastic waste takes hundreds of years to degrade, harming aquatic life. 
This research fills a critical gap in Bangladesh’s maritime waste management, paving 
the way for a greener industry, cleaner waterways and providing a strategic pathway 
towards resilient development and sustainable water management. 

16.2 Methodology 

A blend of methods was adapted for this study due to the lack of local research in 
Bangladesh. The unique environmental, economic, and cultural context necessitated 
a tailored approach to accurately assess waste generation on Bangladeshi passenger 
ships. This research focuses on implementing a biogas composting plant with a 
plastic segregation chamber, featuring an anaerobic digester and a water treatment 
facility for safe river discharge (Fig. 16.2). 

16.2.1 Waste Collection and Digestion Tank 

The ship will have two storage and digestion tanks positioned transversely below 
the main deck along the centreline, alternating operation every six months. These 
insulated tanks will hold sludge, capturing solids with a geotextile fabric lining while 
allowing water to pass. Anaerobic digestion of sewage and kitchen waste will produce 
biogas, with an agitator to maximize production and prevent foam formation. The 
tanks will feature a pressure indicator and relief valve [12]. The tanks will feature a 
pressure indicator and relief valve.

Fig. 16.2 Schematic diagram of ship-generated waste management 
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16.2.2 Biogas Production, Treatment, and Storage 

Biogas will be released from the digestion tank in batches, and treated via water 
scrubbing to remove impurities, followed by Iron (III) Oxide treatment to elimi-
nate hydrogen sulphide [13]. Iron (III) oxide, known for its simplicity and cost-
effectiveness, removes hydrogen sulphide with an efficiency of up to 99.98%, 
reducing levels from thousands of ppm to as low as one ppm. However, the treated 
gas will be stored in a storage bag for end users. This process involves gas entering 
from the bottom while water enters from the top of a tower filled with packing mate-
rial. The treated gas exits from the top, and the water, discharged from the bottom, 
is reused after spraying to separate gaseous elements [12]. 

16.2.3 Wastewater Treatment and Discharge to the River 

Wastewater treatment involves storing water from the digestion tank in a reserve 
tank below the main deck and pumping it to a treatment plant on the main deck. It 
will pass through a trickling filter with a grated diffuser plate and a Slow Sand Filter 
(SSF) [14]. This filter removes 40–65% of BOD5 [15]. Next, the water will pass 
through a ventilated Slow Sand Filter (SSF) with a Schmutzdecke layer, reducing E. 
Coli by 3.23 logarithmic units, total coliforms by 2.98 logarithmic units, turbidity 
by 60–95%, and apparent colour by 50–90% in 30–40 days [16]. An SSF consists of 
layers of fine sand, coarse sand, fine gravel, coarse gravel, and large pebbles. Multiple 
SSFs in series can remove 79–92% of BOD5, 50–67% of COD [17], and 45–67.5% of 
nitrogen [18]. They can also remove over 90% of heavy metals. Biochar can enhance 
SSF efficiency [19]. SSFs will have a backwashing mechanism to prevent clogging. 
Chlorination may be added for disinfection, ensuring the water meets freshwater 
standards. 

16.2.4 Digestate Management Through Composting 

Each digestion tank will function as a dry composting pit for six months, producing 
biogas. Afterward, the tank will undergo anaerobic digestion, converting into an 
aerobic digestion chamber with thermophilic aerobic microbes decomposing organic 
matter. Temperatures inside the tank may rise to 50–70 °C due to biological activity, 
gradually decreasing to ambient temperature. A curing phase of at least four months 
will follow, producing homogeneous, biologically inactive compost, ready for use 
or sale [12]. The details of the proposed model are illustrated in Fig. 16.3.
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Fig. 16.3 Detailed diagram of the proposed model 

16.3 Development of Mathematical Model: Results 
and Analysis 

The model depends on parameters such as Passenger Number (P), Average Fecal 
Waste per capita (AFeWPC), Percentage of fecal waste discharging people (PFe ), Food 
Waste Generated per capita (AFdWPC), Percentage of food waste-producing people 
(PFd), and others. These parameters predict CO2eq (equivalent) emission reduction 
and the corresponding biogas production. Therefore, the mathematical expression of 
the model can be formulated as a function of the following variables (unit = kg): 

Amount of CO2eq reduction (ton/year) from Organic Waste, 

CO2 Red−OW = f (P, AFeWPC , PFe , AFd WPC , PFd

)

Biogas Production
(
m3

)
, BP = f (PCH4 , PCO2 , GWPCH4,CO2 , BPC

)

where, PCH4 , PCO2 = Component Ratio of Methene and Carbon dioxide, GWP = 
Global Warming Potential, BPC = Biogas Production Capacity (m3/kg). 

Likewise, in the context of plastic recycling, the process is contingent upon specific 
input parameters and factors, including Recycled Plastic’s GHG emissions reduction 
capacity (PGHG-Red), CO2 emission from Producing and Burning 1 kg of New Plastic
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(NPCO2), Percentage of Plastic Waste Producing People (PPW), Average weight of 
Empty Plastic Bottle (AWP). The mathematical model can thus be articulated as a 
function of the following variables (unit = kg): 

Amount of CO2eq reduction from Plastic Waste Recycling (ton/year), 

CO2 Red−PR = f (PGHG−Red , NPCO2 , PPW , AWP
)

Essential data, such as passenger numbers and voyage durations, are collected 
from the Bangladesh Inland Water Transport Authority (BIWTA). Dhaka is 
connected through 47 river routes and has the highest traffic and passenger density, 
contributing significantly to river pollution due to the existing conventional waste 
management practices. The Dhaka–Barisal route is chosen as a standard due to its 
highest daily passenger count and voyage frequency. 

16.3.1 Estimation of the Potential Reduction of CO2eq 
Emissions from Organic Waste 

Firstly, the passenger ships that run between Dhaka and Barisal are given in 
Table 16.1. The table shows the names of the ships and corresponding passenger 
numbers for Day (D) and Night (N) travel. 

Assuming a ship travels daily from Dhaka to Barisal with an average of 800 
passengers. The relevant factors and parameters for this calculation are detailed in 
Table 16.2.

Using the data and factors from Table 16.2, the proposed model calculates the 
potential reduction in carbon emissions. The results show an annual reduction of

Table 16.1 List of passenger ships on the Dhaka–Barisal route 

No. Ship’s name Passenger 
number (D/N) 

No. Ship’s name Passenger 
number (D/N) 

1 MV Surbhi-7 742 999 11 MV Parabat-12 944 1350 

2 MV Surbhi-8 890 12 MV Subhraj-9 481 807 

3 MV Surbhi-9 1274 13 MV Parabat-10 925 

4 MV Sundarban-10 921 1309 14 MV Kirtankhola-2 1120 1410 

5 MV Sundarban-11 727 1091 15 MV Parabat-11 751 1025 

6 MV Parabat-18 774 1255 16 MV P. Awlad-10 782 1019 

7 MV Parabat-9 534 910 17 MV Ketankhola-10 1020 1550 

8 MV Adventure-1 736 863 18 MV Kuakata-2 705 921 

9 MV Adventure-9 972 1350 19 MV Sundarban-16 890 1106 

10 MV Manami 914 

Source BIWTA 
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Table 16.2 Important factors and parameters to estimate CO2eq emissions from organic waste 

Avg. number of passenger travel per ship (day) 800 

Voyage duration (h) 08 

Avg. fecal waste per capita (kg) 0.20 [20] 

Percentage of faecal waste discharging people (factor) 25% 

Food waste generated per capita (kg) 0.22 [21] 

Percentage of food waste-producing people (factor) 75% 

Proportions of major components CH4 = (60%) CO2 = (35%) 

Density (kg/m3) 0.656 1.98 

Global warming potential (GWP) 28 [10] 1 

Biogas production capacity (m3/kg) 0.05 

1 m3 biogas equivalent to 0.46 kg LPG [22]

Fig. 16.4 CO2eq reduction (kg), total biogas produced (m3) and total replaceable LPG (kg) versus 
number of passenger travels (per day) 

34.59 tons of CO2eq emissions per ship, equating to a daily reduction of approximately 
94.78 kg of CO2eq. Figure 16.4 illustrates a daily production of 8.6 m3 of biogas, 
which can replace 4 kg of LPG for onboard cooking, saving energy costs. 

Table 16.3 details the impact of varying the percentages of individuals contributing 
to fecal waste (25%) and food waste (75%) on daily and annual CO2eq reduction.

The findings demonstrate the proposed waste management model’s potential for 
CO2eq emissions reduction, pollution mitigation, and biogas production, benefiting 
Bangladesh’s marine sector. While specific to a particular route, Fig. 16.5 shows the 
model’s applicability to other routes throughout Dhaka Port and beyond, detailing 
the total number of voyages and corresponding daily carbon emission reductions 
(kg).
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Table 16.3 Sensitivity analysis by varying the percentage of fecal waste discharging people and 
percentage of food waste producing people 

Considering 800 passengers onboard per day (Dhaka-Barisal route) 

Fecal waste Food waste (kitchen waste and food residue) 

Percentage 
of 
population 
discharging 
fecal waste 
(%) 

CO2eq reduction 
(kg)/day 

CO2eq reduction/ 
year (ton) 

Percentage 
of 
population 
producing 
food waste 
(%) 

CO2eq reduction 
(kg)/day 

CO2eq reduction/ 
year (ton) 

20 17.63 6.44 65 63.04 23.01 

25 22.04 8.05 70 67.89 24.78 

30 26.45 9.65 75 72.74 26.55 

Bold values represent the reference scenario selected for calculating the final carbon emission reduction 
outcomes, based on 25% of passengers discharging fecal waste and 75% producing food waste

Fig. 16.5 Total CO2eq reduction/day (kg) and passenger number at different routes of Dhaka Port 
(at least 08-h Voyage) 

16.3.2 Estimation of the Potential Reduction of CO2eq 
Emissions from Inorganic Waste 

In Bangladesh, passenger ships generate plastic waste from PET and HDPE bottles. 
Producing a 1-L PET bottle requires 2 L of water, 4 million joules of energy, and 
emits 3 tons of CO2. According to a statistical report [23], producing and burning 
1 kg of PET plastic releases 6 kg of CO2. And recycling PET, however, reduces 
greenhouse gas emissions by 30–70% [24]. Recycling aluminium uses only 5% of 
the energy needed to produce new aluminium, significantly cutting emissions and 
costs [25]. The average plastic bottle weighs 30 g (Fig. 16.6).

Based on these references, the Estimation of the Potential Reduction of CO2eq 

Emissions from Plastic Recycling is given in Table 16.4. Hence, the proposed
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Fig. 16.6 Weight of different plastic bottles. Source Author Md. Mahmudul Hasan Akib

Table 16.4 Important factors and estimation of CO2eq emissions from plastic recycling 

Recycled PET can reduce GHG emissions 30% 

CO2 emission from producing and burning 1 kg of new PET 6 kg  

Avg. number of passenger travel per ship/day 800 

Percentage of plastic waste producing people (factor) 30% 

Avg. weight of empty plastic bottle 0.03 kg 

CO2 emission from producing new PET 43 kg 

Potential reduction of CO2 emissions from plastic recycling 13 kg 

Potential reduction of CO2 emissions per year 1.8 tons 

Bold value highlights the final estimated potential reduction of CO2eq emissions per year through 
plastic recycling, derived from the preceding input parameters 

waste management model offers significant annual CO2eq emission reductions per 
ship. Implementing this model across all navigational routes in Bangladesh could 
potentially reduce thousands of tons of greenhouse gas emissions annually. 

16.4 Discussion 

This research proposes a waste management model for passenger ships on 
Bangladesh’s rivers. The model uses anaerobic digestion to reduce carbon emis-
sions, promote biogas for cooking, and lower costs compared to LPG, which has 
safety advantages. It can be applied across Bangladesh’s waterways, supporting envi-
ronmental protection, climate adaptation, and generating revenue from compost and 
recycled plastic, aligning with UN sustainability goals for 2030. However, there are 
some limitations to this research like the assumption of optimal operating conditions, 
which may not reflect real-world variations that could impact the efficiency of the 
model. Additionally, significant initial investment, regular monitoring, and variable 
waste composition could affect the results.
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16.5 Conclusion 

This research proposes a comprehensive waste management model for passenger 
ships navigating Bangladesh’s river network. This model leverages anaerobic diges-
tion and recycling to address both organic and inorganic waste streams. It offers 
significant potential for CO2eq emission reduction, with estimates indicating an 
annual decrease of 34.59 tons per ship solely in a specific route from organic waste 
processing. Furthermore, plastic recycling provides additional reductions. This dual 
approach not only mitigates pollution but also generates valuable resources: biogas 
for fuel and compost for soil enhancement. While initial investment costs and varia-
tions in waste composition present implementation challenges, widespread adoption 
across Bangladesh’s waterways could lead to substantial greenhouse gas reductions, 
significantly contributing to the nation’s sustainability objectives. 
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