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Summary
Rivers often contain more than one pollutant, causing multiple impacts such as eutrophication
and fish kills. The Bay of Bengal receives various pollutants from the rivers. However, many
pollutants have common sources. For example, nutrients, plastics and chemicals are pollutants
that can enter rivers of Bay of Bengal from point sources such as sewage systems. Open
defecation is another important point source of river pollution with nutrients and pathogens.
The Ganges River and most of the Indian rivers are more sensitive to water stress as these river
basins experience water pollution by point sources. However, past (2000-2010) and future (up
to 2050) trends in river export of multiple pollutants from point sources to the Bay of Bengal
are still not studied well. A reason for this is that existing studies often focus on individual
pollutants. Furthermore, a better spatial analysis for the largest river, Ganges, is needed to
understand the impacts of upstream activities on downstream water pollution. The objective of
this study is, therefore, to analyse past and future trends in river export of multiple pollutants
to the Bay of Bengal from point sources at the sub-basin scale. In my thesis, I focus on the
following multiple pollutants: dissolved inorganic nitrogen (DIN), dissolved inorganic
phosphorus (DIP), triclosan (TCS), micro-plastics (MP) and cryptosporidium (crypto). I
formulated four research questions (RQ) to meet the main objective:
-

RQ-1: Which rivers draining to the Bay of Bengal should be selected for the research?
RQ-2: What are the available modelling approaches to quantify the river export of
multiple pollutants to the Bay of Bengal from point sources at the sub-basin scale?
RQ-3: What are the past trends in river exports of multiple pollutants to the Bay of
Bengal from point sources at the sub-basin scale?
RQ-4: What are the future trends in river exports of multiple pollutants to the Bay of
Bengal from point sources at the sub-basin?

I selected 81 rivers that drain into the Bay of Bengal (RQ-1). I modelled river export of DIN,
DIP, triclosan and micro-plastic for 2000, 2010 and 2050 by sub-basin (RQ-2). For
cryptosporidium, I limited to inputs to the rivers. River export of the pollutants is modelled by
integrating existing modelling approaches for the individual pollutants with the sub-basin
modelling approach of the MARINA model including the VIC hydrology. The MARINA model
(Model to Assess River Inputs of Nutrients to seAs) has been extended to other pollutants for
the world. In this modified MARINA version, the drainage area of the largest Ganges River is
divided into four sub-basins. The Ganges River covers two-thirds of the total drainage area of
the river basins draining into the Bay of Bengal. The other river basins are considered as
individual sub-basins. In total, the study area includes 81 sub-basins of the Bay of Bengal (77
rivers are included as individual sub-basins and 1 river (Ganges River) is divided into 4 subbasins). The drainages areas of the 81 sub-basins were delineated previously based on the VIC
river network and its routing scheme. I applied the sub-basin approach based on the MARINA
model on the largest river basin of the study area. The drainage basin of largest river basin such
as Ganges River has been divided into sub-basins. It is done to better understand the spatial
variations in human activities within this largest river basin and the impact of human activities
on coastal water pollution by multiple pollutants. It has provided the insight new insights in
effective sub-basin management to reduce coastal water pollution of the Bay of Bengal.
Modelling of the river export of the pollutants is done in three steps according to the MARINA
modelling approach (RQ-2). The first step is to quantify inputs of the pollutants to rivers from
point sources: sewage systems (DIN, DIP, triclosan, micro-plastic cryptosporidium) and open
8

defecation (DIN, DIP, cryptosporidium). Inputs of the pollutants to rivers sewage systems are
quantified as a function of human population, the connection rate to sewage systems and
treatment efficiencies. Inputs of the pollutants from open defecation are quantified based on the
population experiencing open defecation. The second step is to quantify export of the pollutants
to the sub-basin outlets. And, the third step is to quantify export of the pollutants to the river
mouths (coastal waters). During exports, some pollutants are lost (e.g., denitrification for DIN)
or retained (e.g., in reservoirs) before reaching the outlets or river mouths. Most model inputs
were available from existing studies. Estimates of open defecation were improved. Retentions
of the pollutants in reservoirs were based using information from the Global Reservoir and Dam
(GRanD) database.
In the past, River export of DIN and DIP from point sources increased by a factor of 1.2-1.6
between 2000 and 2010 (RQ-3). River export of triclosan and micro-plastic from point sources
increased by a factor of 1-1.3 during this period. These increases are associated with increased
inputs of the pollutants to rivers from point sources. In 2000, almost all rivers received DIN and
DIP from open defecation. Triclosan and micro-plastic were from sewage. In 2010, most rivers
of India received DIN, DIP, triclosan and micro-plastic from sewage systems whereas the rivers
of Bangladesh and Myanmar continued receiving DIN and DIP from open defecation. This
indicates that India improved sanitation by introducing sewage systems to avoid open
defecation. However, the treatment efficiency of removing pollutants in wastewater treatment
plants was not sufficient enough to avoid an increase in inputs of the pollutants to rivers. Point
sources were the dominant sources for the Ganges River and some Indian rivers such as
Damodar and Cauweri. Among the sub-basins of Ganges river, downstream sub-basin exported
more pollutants to the Bay of Bengal.
In the future, the river export of the pollutants may further increase or decrease depending on
the sanitation and treatment efficiencies in sewage systems in 2050 (RQ-4). Future trends are
based on a SSP1 scenario (Shared Socio-economic Pathway). SSP1 assumes a future with more
sustainable development by improving education and sanitation systems. Two alternative
scenarios are developed based on SSP1 for 2050: with poor (S1) and improved (S2) treatment
of pollutants in sewage. In both alternative scenarios, open defecation are assumed to be zero
and at least 75% of the population will be connected to sewage systems. River export of DIN,
DIP, triclosan and micro-plastic is projected to increase by a factor of 1.5-9 between 2010 and
2050 in S1. In S2, rivers export of DIN and DIP is 70% lower in 2050 than in 2010. However,
river export of micro-plastic and triclosan is still higher in 2050 than in 2010 despite an
improved treatment in S2.
This is the first study that integrates several pollutants in modelling river export by sub-basin
using the VIC hydrology, improved estimates of open defecation and updated information for
reservoirs from the GRanD database. Such integration gives an opportunity to better understand
sources of water pollution by various pollutants. This information is essential in formulating
effective policies to increase water quality in rivers of the Bay of Bengal. Future studies could
improve the data used in the analysis. This study opens an opportunity to include other
pollutants (e.g. metals) and other water pollution sources (e.g. non-point sources).
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Chapter 1: Introduction
1.1.Background
Surface waters worldwide may suffer from pollution caused by, for example, nutrients,
pathogens, plastics and chemicals. This holds for rivers and coastal waters. Rivers transport
pollutants from land to sea (Kroeze et al. 2016). Once in a river, pollutants can be transported
over long distances to end up in coastal seas. Environment is severely affected by these
pollutants (see Table 3.1). Human activities are often important sources of river inputs of
nutrients (Mayorga et al. 2010), chemicals e.g. triclosan (van Wijnen et al. 2017), pathogens
e.g. Cryptosporidium (Hofstra et al. 2013) and micro-plastic (Siegfried et al. 2017). Point
sources such as sewage systems are reported to be important causes of river pollution in
urbanized areas. Surface waters often suffer from the combined impact of multiple pollutants.
The Bay of Bengal may receive various pollutants from the rivers. It is known that rivers export
increasing amounts of nutrients (e.g., nitrogen, phosphorus) to the Bay of Bengal, causing
blooms of harmful algae (Nurul et al. 2017). And point sources such as sewage systems and
open defecation are main reasons for this (Nurul et al. 2017). Sewage may discharge other
pollutants to rivers. This holds for pathogens such as cryptosporidium in the study area
(Vermeulen et al. 2015). However, it is less known about other pollutants such as micro-plastic
and chemicals (e.g., triclosan from personal take care products) that may result in rivers from
sewage systems.
I focus on nutrients, triclosan, micro-plastics and cryptosporidium as multiple pollutants to
quantify their export by rivers to the Bay of Bengal (Figure 1.1). Models may help to understand
pollution problems and their causes in data-poor regions like the drainage area of the Bay of
Bengal. River pollution models exist, for nutrients (Global NEWS: Nutrient Export from
WaterSheds), Mayorga et al. 2010) and pathogens (GloWPa: Global Waterborne pathogen),
Hofstra et al. 2013), but hardly for chemicals, although first modelling exercises are starting for
triclosan and micro-plastic (Siegfried et al. 2017; van Wijnen et al. 2017).
I applied sub-basin scale approach in this study for the largest river, Ganges River. This subbasin modelling approach was developed for China and incorporated in the MARINA model
(Strokal et al. 2016; Figure 1.1). The sub-basin modelling approach has been recently
incorporated in the first global, multi-pollutant model for nutrients, micro-plastic, triclosan and
cryptosporidium (Strokal et al. 2018). It is a joint effort of the many experts who have developed
global and/or continental models for individual pollutants. This approach is useful to estimate
relative share of sub-basins in the total river export of largest basin and for better modelling of
spatial variability in the source of pollutants (Strokal et al. 2018). The spatial scale often
mismatches between the models. Examples are gridded scale models (e.g., 0.5 by 0.5 degree
cell in GloWPa (Hofstra et al. 2015) and IMAGE-GNM (Mayorga et al. 2010)) versus basin
scale models (e.g., Global NEWS (Mayorga et al. 2010)). Gridded models are better here, but
may challenge formulation of effective environmental solutions based on the results by grid.
And, gridded models are often data and time demanding. Sub-basin scale analysis can be helpful
to understand the spatial variability in water pollution and its causes within large basins.
Studies that focus on multiple pollutants are limited (UNEP 2016) including the Bay of Bengal.
Existing studies are often focusing on individual pollutants in their analyses. Examples are
studies for nutrients such as Sattar et al. 2014 who analysed trends in river export of nutrients.
Naeema and Kroeze (2014) combined trends in river export of nutrients with analysis of
10

Bangladeshi citizens’ expectations of future trends and how citizens with different worldviews
would experience environmental changes (i.e., their lived experience). Pedde et al. 2017
performed a scenario analysis for nutrient export by rivers. Nurul et al. 2017 analysed effects
of open defecation on nutrient export to the Bay of Bengal. Vermeulen et al. 2015 analysed
inputs of pathogens (e.g., cryptosporidium) to surface waters of India and Bangladesh that cover
the drainage area of the Bay of Bengal. However, quantitative information on river export of
other pollutants from point sources to the Bay of Bengal is lacking. This makes it difficult to
formulate effective environmental policies as multiple pollutants often have common sources.
1.2.My contribution
-

Quantifying river export of multiple pollutants into the Bay of Bengal

The first version of the multi-pollutant model quantifies inputs of nutrients, micro-plastic,
triclosan, and cryptosporidium to the world rivers from sewage systems at the sub-basin scale
(Strokal et al. 2018). This version builds up on the modelling approach of the MARINA model
for sub-basins (Strokal et al. 2016) and integrates existing modelling approaches of individual
pollutants such as nutrients (Mayorga et al. 2010; Strokal et al. 2016), triclosan (van Wijnen et
al. 2017), micro-plastic (Siegfried et al. 2017) and cryptosporidium (Hofstra et al. 2013). This
model runs for 2000 and 2010. The sub-basins are delineated based on the river network of the
VIC (Variable Infiltration Capacity) model (Strokal et al. 2016a). The quantification of river
export of multiple pollutants in this research include the past (2000 and 2010) and future trend
(up to 2050). The quantification for 2010 is an added aspect for the study area in this research
as not all existing studies (Nurul et al. 2017; Kroeze et al. 2016; Sattar et al. 2014) include the
calculation for 2010.
-

Estimating open defecation as a point source of nutrients and cryptosporidium in rivers
at the sub-basin scale

The first multi-pollutant model is applied to around 10 thousands river sub-basins worldwide
including the rivers of the Bay of Bengal (Strokal et al. 2018). However, this model does not
include open defecation as point source of nutrients and pathogens. This is where my research
will contribute. Some studies included open defecation as point source of nutrients into the
rivers draining into the Bay of Bengal by using the country statistical data (Nurul et al. 2017;
Naeema et al. 2015). However, in this study, the country data of people practicing open
defecation for 2000 and 2010 are downscaled to river sub-basins by using ArcGIS (see Table
3.3 for steps of calculation). The calculation of open defecation at sub-basin scale provides
better estimate of multiple pollutants inputs into the river sub-basins by source (See figure 1.1).
The values of fraction of people practicing open defecation in river sub-basins are provided in
Table A2 in Annex.
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Figure 1.1: River export of multiple pollutants at sub-basin scale. The figure shows the river
export of multiple pollutants from point sources (sewage and open defecation) to the Bay of
Bengal (coastal waters). The largest river, Ganges river, has been divided into upstream,
middlestream and downstream sub-basins. During the river export, pollutants are removed
from and retained in the river systems that are calculated in this research. See Chapter 3 for
detail on the methodology.
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-

Quantifying river retentions for nutrients, micro-plastic and triclosan in rivers at the
sub-basin scale

The MARINA model quantifies river export of nutrients at the sub-basin scale for China. Thus,
retentions of pollutants in rivers of the Bay of Bengal at the sub-basin scale need to be quantified
(See Figure 1.1). This research has included the retention of pollutants using the VIC (Variable
Infiltration Capacity) hydrology (Liang et al. 1994; Lohmann et al. 1998). I updated retention
of pollutants in reservoirs by using datasets from the Global Reservoir and Dam Database
(GRanD) (Lehner et al. 2011a ; Lehner et al. 2011a) for 2000 and 2010. The recent version of
Global Reservoir and Dam Database contains 6.862 spatially explicit records of reservoirs with
their respected dams and gives information on their storage volume (Lehner et al. 2011a).
-

Quantifying future trends (up to 2050) based on the SSP (Shared Socioeconomic
Pathway) scenario

I made future estimate of river export of nutrients, micro-plastic and triclosan to the Bay of
Bengal based SSP scenario 1 (O’Neill et al. 2014). It is the first study that incorporated SSPS
scenarios. Most of the existing studies of the study area included the future estimates based on
the MEA (Millennium ecosystem assessment) scenarios. SSPS scenarios give better estimates
as compared to MEA in many ways. I used the SSP1 that assumes a future with more sustainable
development by improving the education, sanitation system and the environmental conditions.
The future trend of river export of multiple pollutants up to 2050 has been estimated in this
research.
1.3.Purpose and research questions
The objective of this thesis is to analyse past and future trends in river export of multiple
pollutants to the Bay of Bengal from point sources at the sub-basin scale. I formulated four
research questions to meet the main objective:
-

RQ-1: Which rivers draining to the Bay of Bengal should be selected for the research?
RQ-2: What are the available modelling approaches to quantify the river export of
multiple pollutants to the Bay of Bengal from point sources at the sub-basin scale ?
RQ-3: What are the past trends in river exports of multiple pollutants to the Bay of
Bengal from point sources at the sub-basin scale?
RQ-4: What are the future trends in river exports of multiple pollutants to the Bay of
Bengal from point sources at the sub-basin?

The next chapters in this report answer the research questions. The first step is to identify the
river basins draining into the Bay of Bengal. I will select sub-basins from more than 10
thousands sub-basins of the first version of the multi-pollutant model (Strokal et al. 2018) by
using their IDs (codes of river sub-basins in the VIC (Variable Infiltration Capacity). Next, I
will integrate the existing modelling approaches for river export of multiple pollutants to the
Bay of Bengal from sewage system and open defecation. Finally, I will perform the
quantification to assess past (from 2000-2010) and future trends (up to 2050) of river export of
multiple pollutants to the Bay of Bengal.
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Chapter 2: Rivers draining into the Bay of Bengal
2.1. Introduction
This chapter answers the first research question: “Which rivers of the Bay of Bengal should be
selected for the research?” The database of VIC model and literature studies are used to answer
this first research question.
This chapter has four sections. In section 2.2, I provide the selected rivers of the Bay of Bengal
for the research. The section 2.2 is further divided into three sub-sections. In sub-section 2.2.1,
I describe the ddm30 (The global drainage direction map with a spatial resolution of 30’
longitude by 30’ latitude) delineated river network. In sub-section 2.2.2, the selected rivers are
mentioned. In sub-section, 2.2.3, there is description of division of one of the largest river,
Ganges River, into its sub basins. In section 2.4, I summarize the main answers to the research
question.
2.2 Rivers of the Bay of Bengal
First, I introduce the global delineated river basins, sub-basins and networks based on ddm30
(Section 2.2.1). Then, I focus on river basins for the Bay of Bengal (Section 2.2.2). Finally, I
describe the sub-basins of the largest river flowing into the Bay of Bengal: Ganges (Section
2.2.3).
2.2.1 Description of ddm30 (global drainage Direction) river delineated network
The variable infiltration capacity (VIC) model (Liang et al. 1994; Lohmann et al. 1998) is large
scale, semi-distributed hydrological model that shares several basic features with Global
circulation model (GCM). In various studies, the VIC model has been applied to a wide variety
of basins (Wang et al. 2012; Bao et al. 2012). It divides a river basin into many grid cells. The
grid cells of the river basins have flexible cell size (normally 0.2O 0.25 or 0.5O 0.5 for climate
change studies), and runs at each grid cell (Zhang and Wang, 2014). The delineated river
network in this research is based on Global drainage direction map (ddm30) of VIC model (see
Figure 2.1).
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Figure 2.1: The study area (Bay of Bengal) and the selected rivers draining into the Bay of
Bengal. Blue areas (top left map) indicate river basins and yellow areas (top right map without
arrows) indicate river sub-basins. Sub-basins were generated in the previous study (Strokal et
al in prep) based on the river basins of VIC ddm30 (Liang et al,. 1994; Lohmann et al,. 1998).
Map with arrows shows the river network direction and it is based on the delineated river
network of VIC model. The colourful map with the river IDs indicates the 81 rivers that are
selected in this research (See table A1 in Annex for names of the selected rivers).
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2.2.2. Rivers draining into the Bay of Bengal
The Bay of Bengal is located on the north eastern part of the Indian Ocean. It is bordered by Sri
Lanka and India on the west, Bangladesh on the north and Myanmar on the east. The Bay
receives inflows from many large rivers, often passing through large cities before discharging
into the Bay. A quarter of the world’s population resides in the countries bordering the Bay of
Bengal. Approximately 400 million people live in the Bay’s catchment area, with a large
proportion living in the large coastal cities. The surface area of the Bay of Bengal is
approximately 2 million km2 and the average depth is 2,600 m with a maximum depth of
5,258m. It may receive various pollutants from various rivers.
I selected the delineated river basins draining to the Bay of Bengal from the first version of the
multi-pollutants model (Strokal et al. 2018). I selected 81 rivers (see Figure 2.1) draining into
the Bay of Bengal for this study. I did this by using their IDs (codes of river sub-basins in the
VIC (Variable Infiltration Capacity) model that are implemented in the multi-pollutant model.
Not all rivers have names in the datasets to the multi-pollutants model. Thus, I tried to identify
the names of the rivers draining into the Bay of Bengal using literature and datasets of Global
NEWS model. Most of the selected rivers belong to India. These Indian rivers are located in
northern (i.e. Ganges River) and southern parts (i.e. Krishna, Cauweri, Penner) of the drainage
area. The eastern part of the drainage area covers the rivers from Myanmar (i.e. Irrawaddy).
The name and area of each sub-basin is indicated in the Appendix A1.
2.2.3. Sub-basins of the Ganges River
I used the Ganges River for sub-basin scale modelling approach because it is the largest river
that covers two-thirds of the total drainage area of the river basins drain into the Bay of Bengal.
For large basins such as Ganges in the Bay of Bengal, basin scale model cannot provide insights
into the spatial variability.

Figure 2.2: Division of largest river, Ganges River, into the sub-basins. The Ganges River has
been divided into the four sub-basins (indicated by different colours in the figure). Sub-basins
were generated in the previous study (Strokal et al in prep) based on the river basins of VIC
ddm30 (Liang et al,. 1994; Lohmann et al,. 1998)
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2.3 Conclusions
81 river basins that drain into the Bay of Bengal are selected by using the ddm30 delineated
river network of VIC model and literature studies to answer this research question. It is done
by using the IDs (codes of river sub-basins in the VIC (Variable Infiltration Capacity) model)
that are implemented in the multi-pollutant model. The dataset of Global NEWS model has
been used to identify the names of the river basins. The names of some river basins (such as
Palar and Penner rivers) were identified from literature studies. The Ganges River has been
selected for the sub-basin scale modelling approach because of its highest drainage area as
compared to other river basins. The largest river, Ganges River, covers approximately 80% of
the total drainage area. In the next chapters, I explain the modelling approaches for river export
of multiple pollutants and show results for the selected 81 rivers.
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Chapter 3 Modelling river export of the multiple
pollutants to the Bay of Bengal from point sources
3.1.Introduction
This chapter is performed to answer the second research question: “What are the available
modelling approaches to quantify the river export of multiple pollutants to the Bay of Bengal
from point sources at the sub-basin scale ?”
I use the first version of multi-pollutant model (Strokal et al. 2018) to answer this research
question. This model is available for 2000 and 2010 with all needed model inputs for the rivers
of the Bay of Bengal. I modify the model by including the direct source of multiple pollutants
(e.g. open defecation). This chapter is structured as follows: Section 3.2 describes the existing
models for individual pollutants. Section 3.3 focuses on integration of the existing modelling
approaches to quantify river export of nutrients, micro-plastic and triclosan from open sources
at the sub-basin scale for Bay of Bengal. I limit analysis for cryptosporidium for its inputs to
rivers. Section 3.4 describes the model inputs that are needed to quantify river export of the
pollutants for 81 rivers draining into the Bay of Bengal. Section 3.5 summarizes the main
outcomes of this chapter.
3.2.Existing models for individual pollutants
In this research, the modelling approaches to calculate inputs of nutrients, micro-plastic,
triclosan and cryptosporidium to rivers from sewage systems at the sub-basin scale is based on
the first version of a multi-pollutant model (Strokal et al. 2018). The first version of the multipollutant model integrates modelling approaches of the MARINA (Model to Assess River
Inputs of Nutrients to seAs) and Global NEWS (Nutrient Export from WaterSheds) models for
nutrients, a micro-plastic model, a triclosan model and the GloWPa model (Global Waterborne
Pathogen model) for cryptosporidium. It quantifies river export of pollutants to the world rivers
from sewage systems for 2000 and 2010 (Strokal et al. 2018).
Below, I describe the existing models for nutrients (Global NEWS, MARINA), micro-plastic,
triclosan and cryptosporidium (GloWPa). Their modelling approaches are integrated to quantify
river export of the pollutants at the sub-basins scale for the Bay of Bengal (section 3.3). I have
provided the information about pollutants and model for individual pollutants in Table 3.1 and
the main characteristics of model for individual pollutant in Table 3.2.
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Table 3.1: Multiple pollutants included in this research and related available models. The table
briefly shows the major impacts of these pollutants on the marine environment. The description
of each model has been provided in section 3.2 of chapter 3.
Pollutants

Indicators

Impacts on marine
environment

Model

Sources

Nutrients

Dissolved inorganic nitrogen
(DIN)
and
dissolved
inorganic phosphorus (DIP)

Eutrophication (Harmful
algal bloom, anoxia,
Biodiversity loss)

Global NEWS
and MARINA
Model

Mayorga et al. 2010
Strokal et al. 2016

Chemicals

Triclosan (TCS)

toxic to different types of
algae

Triclosan
Model

van Wijnen et al. 2017

Pathogens

Cryptosporidium (Crypto)

Microbial
(Diarrhea)

GloWPa
Model

Hofstra et al. 2013; Hofstra
&
Vermeulen
2016;
Vermeulen et al. 2015a;
Vermeulen et al. 2015b

Plastic

Micro-plastic (MP)

Biodiversity loss (Plastic
ingestion by organisms)

Micro-plastic
model

Siegfried et al. 2016

disease

Table 3.2: Summarized characteristics of individual pollutant models. The table shows the
input sources of the pollutant into the rivers and the export from pollutant sources to the sea
and spatial and temporal characteristic of each model.
Models

Pollutants
included

Global
NEWS

Nitrogen
and
Phosphorus

MARINA
model

Nitrogen
and
Phosphorus

GloWPa
Model

Cryptosporidium

Triclosan
Model

Triclosan

Microplastic
model

Micro-plastic

Sources

Pollutant
flow in the
model

Spatial features

Temporal
features

Point
(e.g.
Sewage
system)

Diffuse (e.g.
agriculture)

From
source
to
river

From
river
to sea

Extent

Resolution

Extent

Resolution

X

X

X

X

Global

Basin

1970–
2050

Annual

X

X

X

X

Continent
(China)

Sub-Basin

X

X

X

Global

Grid

2010 and
scenarios

Basin

2000–
2050

Annual

Basin

1970–
2050

Annual

X

X

X

X

X

X

Global

Continent
(Europe)

1970–
2050

Annual

Annual

X = Included in the model
= Not included in the mode
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-

The nutrient models

The river export of nutrients in the first version of multi-pollutant model (Strokal et al. 2018)
is based on the Global NEWS model (Mayorga et al. 2010) and MARINA model (Strokal et al.
2016).
Global NEWS is a global, spatially explicit model to calculate nutrient export from land to sea
for over 6000 rivers for the past (1970, 2000) and future (2030, 2050) (see Table 3.2). This
model gives annual values of river export of different forms of nutrients e.g. dissolved inorganic
forms, dissolved organic forms and particulate forms of nitrogen (N), phosphorus (P) and
carbon (C). It includes gridded datasets (at 0.5x0.5 degree longitude by latitude) as model input.
The model provides output at basin scale for more than 6000 rivers basins worldwide as a
function of human activities on land (i.e. agriculture and urbanization) and basin characteristics
(i.e. hydrology). River export is quantified by diffuse and point source. According to Global
NEWS model, the nutrient elements are in steady-state which means that they do not
accumulate on land and in the rivers; retained nutrients are lost or sequestered permanently.
Global NEWS model has been widely used for river export at global level, but also at regional
level to analyse river export of nutrients. Example of such regional analysis includes the
analysis of river export of nutrients to the Bay of Bengal (Sattar et al. 2014); Naeema and
Kroeze 2014; Nurul et al. 2017 and Vermeulen et al. 2015; see Chapter 1). Future trends in
Global NEWS are based on the Millennium Ecosystem Assessment scenarios (Seitzinger et al.
2010).
MARINA model calculates the river export of nutrients by source at the sub-basin scale for 1970,
2000 and 2050 as a function of human activities. The MARINA model calculates the river
export of nutrients by point (i.e. sewage system) and diffuse sources (i.e. human activities and
natural processes). Point sources include the emissions from human excrement and waste from
human activities. This model is updated and downscaled version of Global NEWS model. This
model has been applied widely for Chinese rivers for scenario analyses (Strokal et al., 2016).
Most model inputs were derived from the gridded datasets of 0.5 by 0.5 degree cell (Bouwman
et al. 2009; Mayorga et al. 2010; Van Drecht et al. 2009). The gridded datasets were aggregated
into the sub-basins by using ArcGIS.
-

The micro-plastic model

The river export of micro-plastic in the first version of multi-pollutant model is based on the
micro-plastic model (Siegfried et al. 2017) (See equation 17 and 18 of Table 3.3). The model
quantifies the river export of micro-plastic. The first spatially explicit micro-plastic model was
developed for Europe using the Global NEWS modelling approaches as inspiration. The model
has been implemented in European seas to quantify river export of micro-plastic for 2000 and
2050. It includes gridded datasets (at 0.5x0.5 degree longitude by latitude) as model input and
provides output at basin scale as function of people connected to sewage system, population
and sewage treatment types. Point sources of micro-plastic in the rivers are only accounted in
river exports (Siegfried et al. 2017). The micro-plastic inputs into rivers are divided into four
categories in micro-plastic model, namely personal care product (PCP), plastic from laundry;
tyre wears from vehicles and household dust (Siegfried et al. 2017). It will be a first step to
apply this model for 81 rivers drain into the Bay of Bengal as this model is not applied to these
rivers yet.
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-

The triclosan model

The modelling approaches in the triclosan model (van Wijnen et al. 2017) are based on the
Global NEWS model. The triclosan model quantifies annual river export of triclosan for basins
in the world using at most data at 0.5x0.5 degree for model inputs (see Table 3.2). It is the only
model that is related to the chemical (specifically triclosan) water pollution and river export of
chemical to sea. This model calculates the inputs of triclosan into rivers only from point sources
(e.g. sewage system) at global scale. Triclosan is released from the sewage of household and
industry. Mainly, releases from the personal care products and has severe effects on aquatic
ecosystem.
-

The GloWPa model

The river inputs of cryptosporidium in the first version of multi-pollutant model are based on
the GloWPa model (Hofstra et al. 2013). The GloWPa model calculates total annual emission
of cryptosporidium to surface waters at 0.5x0.5 degree grid for the year 2000 (see Table 3.2).
The human emission of cryptosporidium has been calculated for the year 2010 in the human
case study in India and Bangladesh (Vermeulen et al. 2015). These countries have high
population density and have been identified as hot-spot region for human pathogen emissions
in original GloWPa model. The GloWPa model does not include the river export of
cryptosporidium as it is being assumed that the pathogens have characteristic to die before
entering into the sea (Hofstra et al. 2013). The sources of pathogens in this model is both from
the point (e.g. sewage system) and non-point sources.
3.3.Integrating existing models for the Bay of Bengal
The multi-pollutant model for the Bay of Bengal is based on the first version of global multipollutant model (Strokal et al. 2017; Figure 3.1). Such multi-pollutant model integrates existing
modelling approaches for nutrients, micro-plastic; triclosan and cryptosporidium with the subbasin modelling approach of the MARINA model (see Section 3.2). In the model for the Bay
of Bengal, estimates for open defecation are improved, reservoir information is updated (Lehner
et al. 2011a ; Lehner et al. 2011a) and hydrology is taken from the VIC model (Liang et al,.
1994; Lohmann et al. 1998).
The quantification of river export of multiple pollutants is based on the three steps according to
the MARINA model. The first step is to quantify the inputs of multiple pollutants from the point
sources. The second step is to quantify the river export of multiple pollutants to the outlet of
each sub-basin. The third step is to quantify the export of multiple pollutants from sub-basin
outlet to river mouth.
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Figure 3.1: The multi-pollutant model for the Bay of Bengal. This figure shows the summarized
overview of the main inputs and outputs of the multi-pollutant model to quantify river export of
multiple pollutants to the Bay of Bengal at the sub-basin scale. The multi-pollutant model has
been under development. The first version has been recently developed to quantify inputs of
nutrients (dissolved inorganic nitrogen and dissolved inorganic phosphorus), triclosan, microplastic and cryptosporidium to the world rivers from sewage systems for 2000 and 2010
(Strokal et al. 2018). This is done at the sub-basin scale. The texts in red colour represent the
added aspects that has been modified in the MARINA model for this study. The first version of
the multi-pollutant model integrates modelling approaches of the MARINA (Strokal et al. 2016)
and Global NEWS models for nutrients (Mayorga et al. 2010), GloWPa model for
cryptosporidium (Hofstra et al. 2013), Triclosan model (van Wijnen et al. 2017) and microplastic model (Siegfried et al. 2017). The sub-basin scale modelling is inspired by the MARINA
model (Strokal et al. 2016a).
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3.3.1. Quantifying inputs of multiple pollutants to the rivers (RSF.y.j)
RSF.y.j is input of multiple pollutants in form F into the rivers from the point sources y in subbasin j (kg/km2/year). In this study, I focus on sewage systems and open defecation as point
sources. F refers to dissolved inorganic nitrogen (DIN), dissolved inorganic phosphorus (DIP),
micro-plastic (MP), triclosan (TSC) and cryptosporidium (Crypto). The river inputs of multiple
pollutants from sewage systems (sew) and open defecation (od) are based on equations 1 and
2. The formula to calculate fraction of people practicing open defecation in river sub-basins j
has been developed in this research (see equation 3; Table 3.3 for details).
RSF.sew.j = {[(1- hwF.sew.j) * Pconj * WShwcapF.j] * FEpntF.sew.j }/A

eq. 1

RSF.OD.j = [fOD.j * Pj* WShwcapF.j]* FEpntF.OD.j }/A

eq.2

fod.j = (odi / Pi) * Pj

eq.3

Where,
RSF.sew.j is the input of multiple pollutants in form F to rivers from sewage systems in sub-basin
j (kg/km2/year for DIN, DIP, MP; g/km2/year for TSC and 1016 oocysts/km2/year for Crypto).
hwF.sew.j is the removal fraction of pollutant F during treatment in sewage systems in sub-basin
j (0-1 for all pollutants); Pconj is the population connected to the sewage system in sub-basin j
(inhabitants/km2/year); WShwcapF.j is production or consumption rate of pollutant F in subbasin j (kg/capita/year for N and P excretion in human waste; kg/capita/year for MP
consumption rate; g/capita/year for TSC consumption rate and oocysts/capita/year for Crypto
excretion in ill people); FEpntF.sew.j is the fraction of element E (N or P) entering river subbasins from sewage system as form F (0-1 for DIN and DIP); A is the total area of river subbasin (km2); RSF.OD.j is the input of multiple pollutants in form F from open defecation
(kg/km2/year for DIN, DIP, MP; g/km2/year for TSC and 1016 oocysts/km2/year for Crypto);
FEpntF.OD.j is is the fraction of element E (N or P) entering river sub-basins from open
defecation as form F (0-1 for DIN and DIP); fOD.j is the fraction of total population practicing
open defecation by river sub basins (Fraction, 0-1); odi is fraction of population practicing open
defecation in countries i covering the selected river sub-basins (Fraction, 0-1); Pi is the total
population of country i covering the selected river sub-basins (people/year); Pj is the total
population of river sub-basins j (people/year)
RSF.sew.j is quantified for DIN, DIP, MP, TSC and Crypto. RSF.od.j is quantified for DIN, DIP
and Crypto. Detailed equations for the pollutants are provided in Table 3.4.
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Table 3.3: Formula and Steps to calculate fraction of people practicing open defecation at subbasin scale. To calculate the fraction of people practicing open defecation, the country
information for 2000 and 2010 has been downscaled to sub-basin scale in this research.
Source: WHO/UNICEF 2014; Mayorga et al. 2010
Formula to calculate fraction of people practicing open defecation at sub-basin scale

fod.j = (odi / Pi) * Pj
Where:
fod.j = fraction of population practicing open defecation in river sub-basin j (0-1)
odi = fraction of population practicing open defecation in countries i (0-1)
Pi = Total population of country i (people/year)
Pj = Total population of river sub-basins j (people/year)

Steps to calculate fraction of people practicing open defecation at sub-basin scale
Step1

I identified the countries (i) that cover the selected river sub-basins of this research
by using GIS (the identified countries are: India, Bangladesh, Myanmar, Nepal and
Bhutan). For this, I downloaded the shape files of boundaries of countries and
compared them with the ddm30 sub-basin shape files.

Step2

After identifying the courtiers covering the river sub-basins, I derived the data for
total population of these countries (Pi) for 2000 and 2010 from WHO/UNICEF
2014.

Step3

From the sanitation data of WHO/UNICEF 2014, I derived the percentage of total
population practicing open defecation (OD%) in the identified countries.

Step4

I converted the percentage of total population practicing open defecation in the
identified countries into the fraction (odi) (odi = OD%/100)

Step5

After this, I downscaled the information of open defecation for countries to the subbasins scale. The fraction of population practicing open defecation in the countries
was divided by the total population of country (odi / Pi) and then multiple by the
total population of the river sub-basins (Pj). (see above formula).

Step 5 Some of the river sub-basins were covered by more than one countries. It was most
of the case for the sub-basins of Ganges river (largest river of this study). For
instance, Brahmaputra sub-basin is covered by Bhutan and some part of India.
Thus, to solve this problem, I took average of both countries for fraction of
population practicing open defecation in countries i and total population of country
i (people/year).

24

-

Nutrients: DIN and DIP

The DIN and DIP inputs to the rivers from sewage system (RSDIN.sew.j and RSDIP.sew.j;
kg/km2/year) (see equation 3 and 4 of Table 3.4) are calculated from the total population
connected to the sewage system (Pconj, inhabitants/km2), emission of nitrogen (N) and
phosphorus (P) from human excrement (WShwcapN.j and WShwcapP.j, kg/capita/year), the
removal of N and P through the wastewater treatment plants (hwN and hwP Fraction, 0-1)) and
the fraction of DIN and DIP that enter into the rivers from point sources (FEpnt.DIN.j and
FEpnt.DIN.j Fraction, 0-1).
The open defecation practice of people contributes to the DIN and DIP inputs to the river subbasins (RSDIN.OD.j and RSDIN.OD.j (kg/km2/year)) (see equation 12 and 13 of Table 3.4). The
equation to calculate RSDIN.OD.j and RSDIN.OD.j includes the fraction of total population
practicing open defecation by sub-basins (fod.j, Fraction, 0-1), watershed human waste emission
of N from excrement (WShwcapN) and fraction of DIN (FEDIN.OD.j, Fraction, 0-1) and DIP
(FEDIP.OD.j, Fraction, 0-1) into the river sub-basins from open defecation. For FEDIN.OD.j, N and
P removal by treatment plants has not been taken into account as the inputs from open
defecation is directly discharges into the rivers. It might lead to uncertainty in the result that
needs to be improved. For RSDIP.OD.j, the standard value from Global NEWS (1.0) has been
applied. The fraction of population practicing open defecation by sub-basins (fod.j, Fraction, 01) includes total population of the country covering the river sub-basins (Pi, people/year), total
population of the river sub-basins (Pj, people/km2) and the fraction of total population of
country practicing open defecation (see equation 15 of Table 3.4) (see Table 3.3 for detail).
-

Micro-plastic: MP

The sewage system is main point source of micro-plastic inputs into the rivers. The microplastic (MP) inputs to rivers form sewage system (RSMP.sew.j, kg/km2/year) is provided in
equation 5 (Table 3.4). The variables in this equation includes the population connected to the
sewage system by sub-basins (Pconj, people/km2/year), the input of MP per person to watershed
(WShwcapMP, kg/capita/year) and the removal of MP from the wastewater treatment plant
(hwMP, Fraction, 0-1).
-

Triclosan: TSC

The inputs of triclosan (TCS) into the river sub-basins from sewage system (RSTCS.sew.j,
g/km2/year) in the first version of multi-pollutant model are based on the triclosan model
(Siegfried et al. 2017) (see equation 6 of Table 3.4). Variables that are accounted namely
population connected to the sewage system by sub-basin j (Pconj), the removal fraction of TCS
from the wastewater treatment plants (hwTCS, Fraction, 0-1) and the input of TCS from human
activities (WShwcapTCS, g/km2/year).
-

Cryptosporidium: Crypto

The inputs of crypto into the rivers in the first version of multi-pollutant model from sewage
system are based on the GloWPa model (Hofstra et al. 2013). The input of crypto to the rivers
is based on the same three factors as for the other pollutants (see equation 7 of Table 3.4),
namely people connected to the sewage system in river sub-basins (Pconj (people/km2/year)),
the removal fraction of crypto by sewage treatment (hwcyrpto.j) and human emission of crypto
(WShwcapcrypto, oocysts/km2/year). The river input of crypto from open defecation (see equation
14 of Table 3.4) include the fraction of population practicing open defecation (fod.j, Fraction, 025

1), the excretion of crypto into the watersheds (WShwcapcrypto.j) and fraction of crypto into the
rivers entering into the river sub-basins j from open defecation (FEpntcrypto.OD.j, Fraction, 0-1).
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Table 3.4: Summarized equations to quantify inputs of multiple pollutants from point sources
to rivers draining into the Bay of Bengal. Point sources are sewage (RSF.sew.j) and open
defecation (RSF.OD.j). DIN = dissolved inorganic nitrogen; DIP = dissolved inorganic
phosphorus; MP = micro-plastic; Crypto = cryptosporidium. Equations 1, 2 and 3 are given
in the text. Source: existing modelling approaches for individual pollutants (see Section 3.2).
DIN, DIP, MP, TCS, Crypto inputs to rivers from sewage systems (RSF.sew.j)
3

RSDIN.sew.j = {[(1- hwN.j) * Pconj * WShwcapN.j] * FEpnt.DIN.j}/A

kg/km2/year

4

RSDIP.sew.j = {[(1-hwP.j) * Pconj * WShwcapP.j] * FEpnt.DIP.j }/A

kg/km2/year

5

RSMP.sew.j = {(1-hwMP.j) * Pconj * WShwcapMP.j }/A

kg/km2/year

6

RSTCS.sew.j =[(1-hwTCS.j) * Pconj * WShwcapTCS.j ]/A

g/km2/year

7

RScrypto.sew.j = [(1-hwcrypto.j) * Pconj * WShwcapcrypto.j ]/A

oocysts/km2/year

8

WShwcapN.j = 0.365*Ihum.N.j

kg/person/year

9

Ihum.N.j =4+14 (GDPppp.j/33,000)0.3

g/person/day

10

WShwcapP.j = WShwcapN.j * fN/P

kg/person/year

11

FEpnt.DIN.j = (0.485+0.255)*( hwN.j / 0.8)

Fraction, 0-1

DIN, DIP and Crypto inputs to rivers from open defecation (RSF.OD.j)
12

RSDIN.OD.j= {[fod.j * P j * WShwcapN.j] * FEpntDIN.OD.j }/A

kg/km2/year

13

RSDIP.OD.j= {[fod.j * P j * WShwcapP.j] * FEpntDIP.OD.j }/A

kg/km2/year

14

RScrypto.OD.j= (fod.j * P j* WShwcapcrypto.j )/A

oocysts/km2/year

15

fod.j = (odi / Pi) * Pj

Fraction, 0-1

Table 3.5: Description of the abbreviations used in Table 3.4
Variables
Description
j = river sub-basins
i= country
sew= sewage system
Inputs of dissolved inorganic nitrogen (DIN) to
RSDIN.sew.j
rivers from sewage system (sew) in sub-basin j
Inputs of dissolved inorganic phosphorus (DIP) to
RSDIP.sew.j
rivers from sewage system (sew) in sub-basin j
Inputs of micro-plastic (MP) to rivers from sewage
RSMP.sew.j
system (sew) in sub-basin j
Inputs of triclosan (TCS) to rivers from sewage
RSTCS.sew.j
system (sew) in sub-basin j
Inputs of cryptosporidium (crypto) to rivers from
RScrypto.sew.j
sewage system (sew) in sub-basin j
Total area of the river-basin
A

Units

kg/km2/year
kg/km2/year
kg/km2/year
g/km2/year
oocysts/km2/year
km2
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FEsew.DIN.j
FEsew.DIP.j
hwN.j
hwP.j
hwMP.j
hwTCS.j
hwcrypto.j
Pconj
WShwcapN.j
WShwcapP.j
WShwcapMP.j
WShwcapTCS.j
WShwcapcrypto.j
IhumN.j
GDPppp.j
fN/P
RSDIN.OD.j
RSDIP.OD.j
fod.j
Pi
Pj
odi

The fraction of phosphorus entering the river from
sewage systems in form DIN in sub-basin j
The fraction of phosphorus entering the river from
sewage systems in form of DIP in sub-basin j
The removal fraction of nitrogen (N) during
treatment in sewage systems of sub-basin j
The removal fraction of phosphorus (P) during
treatment in sewage systems of sub-basin j
The removal fraction of micro-plastic from the
wastewater treatment plants
The removal fraction of triclosan from the
wastewater treatment plants
The removal fraction of cryptosporidium (crypto)
from the wastewater treatment plants
Total population connected to the sewage systems
in sub-basins
Excretion rate of nitrogen N from human waste in
sub-basins j
Excretion rate of phosphorus P from human waste
in sub-basins j
Consumption rate of micro-plastic MP in subbasins j
Consumption rate of triclosan TCS in sub-basins
j
Excretion rate of cryptosporidium crypto from
human waste in sub-basins j
Protein intake of Nitrogen (N)
Gross Domestic Product, at purchasing power
parity
Ratio of N to P in human emissions
Inputs of dissolved inorganic nitrogen (DIN) to
rivers from open defecation in sub-basin j
Inputs of dissolved inorganic phosphorus (DIP) to
rivers from open defecation (OD) in sub-basin j
Fraction of people practicing open defection by
sub-basin j
Total population of country i covering the river
sub-basins j
Total population of river sub-basin j
Fraction of total population practicing open
defecation by country i covering the river subbasin j

Fraction, 0-1
Fraction, 0-1
Fraction, 0-1
Fraction, 0-1
Fraction, 0-1
Fraction, 0-1
Fraction, 0-1
people/year
kg/capita/year
kg/capita/year
kg/capita/year
g/capita/year
oocysts/capita/year
g/person/day
1995
US
dollars/person/year
kg/kg
kg/km2/year
kg/km2/year
Fraction, 0-1
People/year
People/year
Fraction, 0-1
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3.3.2. Quantifying river export of multiple pollutants to the outlets of river sub-basins
(FEriv.F.outlet.j)
The overall equation to quantify the river export of multiple pollutants (F) to the Bay of Bengal
by source y from river sub-basin j is (Strokal et al. 2016, Strokal et al. 2018):
MF.y.j= RSF.y.j * FEriv.F.outlet.j * FEriv.F.mouth.j

eq. 16

Where,
MF.y.j is the fraction of river export of multiple pollutants (F) to the Bay of Bengal by source y
from river sub-basin j; RSF.y.j the inputs of multiple pollutants (F) to the rivers draining into the
Bay of Bengal by source y from river sub-basin j; FEriv.F.outlet.j is the fraction of RSF.y.j exported
to the outlet of each river sub-basin j (Fraction, 0-1). FEriv.F.mouth.j is the exported amount of
RSF.y.j * FEriv.F.outlet.j to the river mouth (coastal waters of the Bay of Bengal, Fraction, 0-1).
The fraction of multiple pollutant inputs to the rivers that are exported to the outlet of subbasins (FEriv.F.outlet.j ) is calculated following the MARINA model as (Strokal et al., 2016):
FEriv.F.outlet.j = (1- LF.j) * (1- DF.j) * (1- FQrem.j)

eq.17

Where,
FEriv.F.outlet.j is the fraction of RSF.y.j exported to the outlet of sub-basin j (Fraction, 0-1 for all
pollutants); LF.j is the fraction of multiple pollutant as form F retained in or/and lost from water
system in sub-basins j (For instance, denitrification for DIN and sedimentation for
DIP,MP,TCS) (Fraction, 0-1 for all pollutants); DF.j is the fraction of multiple pollutants as form
F retained in dammed reservoirs in sub-basin j (Fraction, 0-1 for all pollutants); FQrem.j is the
fraction of multiple pollutants as form F that is removed for human activities from sub-basin j
(Fraction, 0-1 for all pollutants).
-

Nutrients: DIN and DIP

FEriv.DIN.outlet.j and FEriv.DIP.outlet.j (Fraction, 0-1) is the fraction of RSDIN.sew.j and RSDIP.sew.j
(kg/km2/year) exported to the outlet of river sub-basins j (see equation 18 and 19 of Table 3.6).
Nutrients can be removed via processes in the river system (LDIN.j, LDIP.j (0-1)), retained in
dammed reservoirs (DDIN.j and DDIP.j (0-1)) and removed as a result of withdrawal for human
consumption (FQrem.j (0-1)).
The DDIN.j and DDIP.j is the retention process by dammed reservoirs in sub-basin j (0-1). For
2000 and 2010, the dammed reservoirs have been calculated based on the river water residence
time and depth (For DIN). Then retention of individual reservoirs is averaged for sub-basins
using actual water discharges at the outlet of river sub-basin j (see equation 24, 27 and 29 of
Table 3.6). LF.j varies from the nutrients forms. The calculation of LDIN.j includes two constants
in river systems (c and d) and natural logarithm of area of river sub-basins (ln (A)) (see equation
22 of Table 3.6). For DIP, it is the fraction that is removed via sedimentation process (see
equation 25, 28 and 29 of Table 3.6). FQrem.j is the fraction of nutrients removed from river subbasin for human consumption. This fraction is calculated as the ratio between the natural
(before) and actual (after) water discharges at the outlet of sub-basin j (see equation 33 of Table
3.6).

29

-

Micro-plastic: MP

The fraction of micro-plastic input (RSMP.sew.j, kg/km2/year) that is exported to the outlet of river
sub-basins j (FEriv.MP.outlet.j, Fraction 0-1) is calculated by the equation 20 of Table 3.6. The
micro-plastic retained into the rivers with the fraction that ranges from 0 to 1. This fraction is
based on different variables that have explained as follows. First is the removal of MP for
human consumption (FQrem.MP.j, Fraction 0-1). The data for FQrem.MP.j is taken from the dataset
of VIC model. Second variable is the retention factor of micro-plastic (RetMP, Fraction 0-1) that
depends on the density and particle size of each type of micro-plastic.
-

Triclosan: TSC

The export of TCS via rivers is calculated as given in equation 21 of Table 3.6. The retention
of TCS in the rivers are based on three factors, namely TCS fraction removed by reservoirs
(DTCS.j, Fraction, 0-1)) (see equation 26 of table 3.6), fraction retained within the rivers (LTCS.j,
Fraction, 0-1) (see equation 23 of table 3.6) and the fraction consumed for human activities
(FQrem.j, Fraction, 0-1). The fraction of TCS withdraws for human consumption (FQrem.j) is
available in Global NEWS datasets. The retention process of TCS is based on the residence
time (tres,TCS Fraction, 0-0.9) in each river sub-basin that is affected by the size of the subbasin.
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Table 3.6: Summarized equations to quantify fractions of dissolved inorganic nitrogen (DIN),
dissolved inorganic phosphorus (DIP), micro-plastic (MP) and triclosan (TSC) inputs that are
exported to the sub-basin outlets (FEriv.F.outlet.j). Equations 1-2 and 16 are given in the text of
Section 3.3. Equations 3-15 are given in Table 3.4. Source: existing modelling approaches for
individual pollutants (see Section 3.2)
FEriv.DIN.outlet.j = (1- LDIN.j) * (1- DDIN.j) * (1- FQrem.j)
Fraction, 0-1
18
19

FEriv.DIP.outlet.j = (1- LDIP.j) * (1- DDIP.j) * (1- FQrem.j)

Fraction, 0-1

20

FEriv.MP.outlet.j = (1- RetMP) * (1- FQrem.j)

Fraction, 0-1

21

FEriv.TCS.outlet.j = (1- LTCS.j) * (1- DTCS.j) * (1- FQrem.j)

Fraction, 0-1

22

LDIN.j = 0.0605* In (Aj)-0.0443

Fraction, 0-1

23

LTCS.j = e-k*tres.TCS.j

Fraction, 0-1

24

DDIN.j = (1/Qact.VIC.j)

i=1…n

(Qact,r.j · DDIN.r)

Fraction, 0-1

25

DDIP.j = (1/Qact.VIC.j)

i=1…n

(Qact.r.j · DDIP.r)

Fraction, 0-1

26

DTCS.j = 0.15 * DTSS.j

Fraction, 0-1

27

DDIN.r = 0.8845 * (hr.j / ΔτRr)-0.3677

Fraction, 0-0.9

28

DDIP.r = 0.85 * [1-exp (-0.087 * 365 * ΔτRr.j])

Fraction, 0-0.85

29

ΔτRr = Vr.j/ Qact.r.j

Years

30

Qact.VIC.j = (Qact.GN.j /Qnat.GN.j) * Qnat.VIC.j

Fraction, 0-1

31

tres,TCSj = (0.4+0.6*5000/arealandj) * tres,wj

Fraction, 0-0.9

32

tres,wj = (Arealandj/Areaavg) * 60 days

Fraction, 0-1

33

FQrem.j = 1- (Qact.GN.j /Qnat.GN.j)

Fraction, 0-1

Table 3.7: Description of the abbreviations used in Table 3.6
Variable/
Parameter

Description

Units

j = sub-basins
F = Multiple pollutants as from (DIN,DIP,MP,TCS)
r = Reservoir
of
DIN
exported
to
the Fraction, 0-1
FEriv.DIN.outlet.j Fraction
outlet of river sub-basins j
Fraction of DIN retained in or/and lost from water Fraction, 0-1
LDIN.j
systems in sub-basins j
Fraction of DIN retained in reservoirs in sub-basins j
Fraction, 0-1
DDIN.j
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FQrem.j

FEriv.DIP.outlet.j
LDIP.j
DDIP.j
FEriv.MP.outlet.j
RetMP

Fraction of nutrient from (generic for DIN and DIP)
removed from waters systems in sub-basins j via water
consumption
Fraction
of
DIP
exported
to
the
outlet of river sub-basins j
Fraction of DIP retained in or/and lost from water
systems in sub-basins j
Fraction of DIP retained in reservoirs k in sub-basins j
Fraction
of
MP
exported
outlet of river sub-basins
Fraction of MP retained in rivers

to

Fraction, 0-1

Fraction, 0-1
Fraction, 0-1
Fraction, 0-1

the Fraction, 0-1
Fraction, 0-1
Fraction, 0-1

DTCS.j

Fraction of MP removed from waters systems in subbasins j via water consumption
Fraction
of
TCS
exported
to
the
outlet of river sub-basins
Fraction of TCS retained in or/and lost from water
systems in sub-basins j
Fraction of TCS retained in reservoirs k in sub-basins j

DTSS.j

Fraction of TSS retained in reservoirs k in sub-basins j

Fraction, 0-1

FQrem.TCS.j

Fraction of TCS that is removed from rivers via human Fraction, 0-1
water consumption (0-1)
Total river basin area
km2

FQrem.MP.j
FEriv.TCS.outlet.j
LTCS.j

A
K
tres,TCS

Fraction, 0-1
Fraction, 0-1
Fraction, 0-1

A coefficient of loss rate caused by sedimentation and 1.7x 10-5/ s
degradation
Average time residence of water (days)

Qact.r

Actual water discharges at the outlet of sub-basins j after km3/year
water is removed for consumption based on VIC
hydrology
Actual water discharges for reservoirs r
km3/year

DDIN.r

The fraction of DIN retained in reservoirs r

km3/year

DDIP.r

The fraction of DIP retained in reservoirs r

km3/year

Hr

Depth of reservoir r

Meters

ΔτR.r

Water residence time for reservoir r

Years

Vr

Volume of reservoir r

km3/year

Qact.GN.j

actual water discharges at the outlet of sub-basins j after km3/year
water is removed for consumption based on datasets of
Global NEWS GN

Qact.VIC.j
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tres,TCSj

Natural water discharges at the outlet of sub-basins j after km3/year
water is removed for consumption based on datasets of
Global NEWS GN
natural water discharges at the outlet of sub-basins j km3/year
before water is removed for consumption based on VIC
hydrology
Average time residence of triclosan in river sub-basins Days

Arealand

Area land of river basins from Global NEWS

km2

tres,wj

Average time residence of water in river sub-basins

Days

Areaavg

The average of total area land from 50 largest rivers of km2
Global NEWS

Qnat.GN.j

Qnat.VIC.j

3.3.3. Quantifying export of multiple pollutants from sub-basin outlet to river mouth
(FEriv.F.mouth.j)
FEriv.F.mouth.j is quantified by taking into account retentions of the pollutants and their traveling
distance towards the river mouths. I did this by following the MARINA modelling approach as
a starting point (Strokal et al. 2016). This is done for the largest river basin, Ganges. This is
because this basin is divided into the sub-basins in the multi-pollutant model. Each sub-basin
may contribute differently to pollution in the Bay of Bengal. For example, pollutants from
upstream sub-basins travel longer towards the river mouth. During this travel, pollutants may
retain in river systems. Thus, not all pollutants may reach the river mouth from upstream subbasins. This story is different for downstream sub-basins. Here pollutants may retain less in
river systems because of the shorter distance towards the river mouth. For the other river basins
of the Bay of Bengal (selected in RQ1) that are not divided into sub-basins, FEriv.i.mouth.j is the
same as FEriv.i.outlet.j because their outlets discharge directly to the river mouth.
The equations to quantify the river export of multiple pollutants from the outlet of river subbasins to the river mouth according to the MARINA model are (Strokal et al. 2016):
FEriv.F.mouth.uj = ujFEriv.F.outlet.mj * ujFEriv.F.outlet.dj
FEriv.F.mouth.mj = mjFEriv.F.outlet.dj

eq. 34
eq. 35

FEriv.F.mouth.bj and FEriv.F.mouth.dj =1 (Because outlets of Brahmaputra and downstream subbasins discharge directly multiple pollutants to the river mouth)
eq. 36-38
ujFE
ujA ])*(1-[L
ujA ])*(1-[FQrem *ujA ])
FEriv.F.mouth.uj
=
(1-[D
*
*
riv.F.outlet.mj
mj
mj
mj
F.mj
F.mj
mj
ujFE
uj
uj
uj
riv.F.outlet.dj = (1-[DF.dj* Adj]) * (1-[LF..dj* Adj]) * (1-[FQremdj* Adj])
mjFE
mj
mj
mj
FEriv.F.mouth.mj
riv.F.outlet.dj = (1-[DF.dj* Adj])*(1-[LF.dj* Adj])*(1-[FQremdj* Adj])
Where,
FEriv.F.mouth.uj is the fraction of multiple pollutants as form (F) exported from the outlet of
upstream sub-basin to the river mouth; FEriv.F.mouth.mj is the fraction of multiple pollutants as
form (F) exported from the outlet of middlestream sub-basin to the river mouth; FEriv.F.mouth.bj
is the fraction of multiple pollutants form (F) exported from the outlet of Brahmaputra subbasin to the river mouth; FEriv.F.mouth.dj is the fraction of multiple pollutants as form (F) exported
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from the outlet of downstream sub-basins to the river mouth; ujFEriv.F.outlet.mj is the fraction of
multiple pollutant forms (F) exported from the outlet of upstream sub-basin (uppercase: uj) to
the outlets of middlestream sub-basin (lowercase: mj) ujFEriv.F.outlet.dj is the fraction of multiple
pollutant forms (F) exported from the outlet of upstream sub-basins (uppercase: uj) to the outlets
of downstream sub-basin (lowercase: dj). mjFEriv.F.outlet.dj is the fraction of multiple pollutant
form (F) exported from the outlet of middlestream sub-basin (uppercase: mj) to the outlet of
downstream sub-basin (lowercase: dj)
DF.mj and DF.dj is the fraction of multiple pollutant form retained in reservoir of middlestream
sub-basin (mj) and downstream sub-basin (dj); LF.mj and LF.dj is the fraction of multiple
pollutants that is lost from the river sub-basins of middlestream (mj) and downstream (dj);
FQremmj and FQremdj is the fraction of multiple pollutants form that is lost from the river subbasins of middlestream (mj) and downstream (dj) via human consumption. ujAmj and ujAdj is the
drainage area (A) of middlestream sub-basin (lowercase mj) and downstream sub-basins
(lowercase dj) that exports the multiple pollutants from the outlets of upstream sub-basin
(uppercase uj). This drainage area was calculated as the fraction of the total area of sub-basins’
mjA is the drainage area (A) of downstream sub-basin (lowercase
mj) that exports the multiple
dj
uj
pollutants from the outlets of upstream sub-basin (uppercase ).
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Table 3.8: Summarized equations to quantify fractions of multiple pollutants reaching the river
mouth from outlets of sub-basins (FEriv.F.mouth.j). Abbreviations are explained in Table 3.9.
Source: Strokal et al (in prep)
39

FEriv.DIN.mouth.uj = ujFEriv.DIN.outlet.mj * ujFEriv.DIN.outlet.dj

kg/km2/year

40

FEriv.DIP.mouth.uj = ujFEriv.DIP.outlet.mj * ujFEriv.DIP.outlet.dj

kg/km2/year

41

FEriv.MP.mouth.uj = ujFEriv.MP.outlet.mj * ujFEriv.MP.outlet.dj

kg/km2/year

42

FEriv.TCS.mouth.uj = ujFEriv.TCS.outlet.mj * ujFEriv.TCS.outlet.dj

g/km2/year

43

FEriv.DIN.mouth.mj = mjFEriv.DIN.outlet.dj

kg/km2/year

44

FEriv.DIP.mouth.mj = mjFEriv.DIP.outlet.dj

kg/km2/year

45

FEriv.MP.mouth.mj = mjFEriv.MP.outlet.dj

kg/km2/year

46

FEriv.TCS.mouth.mj = mjFEriv.TCS.outlet.dj

g/km2/year

47

uj

48
49
50
51
52
53
54
55
56
57
58

FEriv.DIN.outlet.mj = (1-[DDIN.mj*ujA mj]) * (1-[LDIN.mj*ujA mj]) *
[FQremmj*ujA mj])
uj
FEriv.DIP.outlet.mj = (1-[DDIP.mj*ujA mj]) * (1-[LDIP.mj*ujA mj]) *
[FQremmj*ujA mj])
uj
FEriv.MP.outlet.mj = (1-[DMP..mj*ujA mj]) * (1-[LMP.mj*ujA mj]) *
[FQremmj*ujA mj])
uj
FEriv.TCS.outlet.mj = (1-[DTCS..mj* ujA mj]) * (1-[LTCS.mj*ujA mj]) *
[FQremmj*ujA mj])
uj
FEriv.DIN.outlet.dj = (1-[DDIN.dj*ujAdj]) * (1-[LDIN..dj*ujAdj]) *
[FQremdj*ujAdj])
uj
FEriv.DIP.outlet.dj = (1-[DDIP.dj*ujA dj]) * (1-[LDIP..dj*ujA dj]) *
[FQremdj*ujA dj])
uj
FEriv.MP.outlet.dj = (1-[DMP.dj*ujA dj]) * (1-[LMP..dj*ujA dj]) *
[FQremdj*ujA dj])
uj
FEriv.TCS.outlet.dj = (1-[DTCS.dj*ujAdj]) * (1-[LTCS..dj*ujAdj]) *
[FQremdj*ujAdj])
mj
FEriv.DIN.outlet.dj = (1-[DDIN.dj*ujAdj]) * (1-[LDIN.dj*ujAdj]) *
[FQremdj*ujAdj])
mj
FEriv.DIP.outlet.dj = (1-[DDIP.dj*ujAdj]) * (1-[LDIP.dj*ujAdj]) *
[FQremdj*ujAdj])
mj
FEriv.MP.outlet.dj = (1-[DMP.dj*ujAdj]) * (1-[LMP.dj*ujAdj]) *
[FQremdj*ujAdj])
mj
FEriv.TCS.outlet.dj = (1-[DTCS.dj*ujAdj]) * (1-[LTCS.dj*ujAdj]) *
[FQremdj*ujAdj])

(1- kg/km2/year
(1- kg/km2/year
(1- kg/km2/year
(1- g/km2/year
(1- kg/km2/year
(1- kg/km2/year
(1- kg/km2/year
(1- g/km2/year
(1- kg/km2/year
(1- kg/km2/year
(1- kg/km2/year
(1- kg/km2/year
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Table 3.9: Description of abbreviations used in table 3.8
Variables
Description
uj = upstream sub-basins
mj = middlestream sub-basins
dj = downstream sub-basins
Fraction of DIN, DIP, MP and TCS exported from the outlet of upstream
FEriv.DIN.mouth.uj
sub-basin (uj) to the river mouth
FEriv.DIP.mouth.uj
FEriv.MP.mouth.uj
FEriv.TCS.mouth.uj
Fraction of DIN, DIP, MP and TCS exported from the outlet of
FEriv.DIN.mouth.mj
middlestream sub-basin (uj) to the river mouth
FEriv.DIP.mouth.mj
FEriv.MP.mouth.mj
FEriv.TCS.mouth.mj
ujFE
Fraction of DIN, DIP, MP and TCS exported from the outlet of upstream
riv.DIN.outlet.mj
ujFE
sub-basin (uppercase uj) to the outlet of middlestream sub-basin
riv.DIP.outlet.mj
ujFE
(lowercase mj)
riv.MP.outlet.mj
ujFE
riv.TCS.outlet.mj
ujFE
Fraction of DIN, DIP, MP and TCS exported from the outlet of upstream
riv.DIN.outlet.dj
ujFE
sub-basin (uppercase uj) to the outlet of downstream sub-basin (lowercase
riv.DIP.outlet.dj
ujFE
mj)
riv.MP.outlet.dj
ujFE
riv.TCS.outlet.dj
Fraction ofDIN, DIP, MP and TCS retained in the reservoir of
DDIN.mj
middlestream sub-basins (mj)
DDIP.mj
DMP.mj
DTCS.mj
Fraction of DIN, DIP, MP and TCS retained in the reservoir of
DDIN.dj
downstream sub-basins (dj)
DDIP.dj
DMP.dj
DTCS.dj
Fraction of DIN, DIP, MP and TCS that is lost from the middelstream subLDIN.mj
basins
LDIP.mj
LMP.mj
LTCS.mj
Fraction of DIN, DIP, MP and TCS that is lost from the downstream subLDIN.dj
basin
LDIP.dj
LMP.dj
LTCS.dj
ujA
The drainage area (A) of middlestream sub-basin (lowercase mj) that
mj
exports the multiple pollutants from the outlets of upstream sub-basin
(uppercase uj).
ujA
The drainage area (A) of downstream sub-basin (lowercase dj) that exports
dj
the multiple pollutants from the outlets of upstream sub-basin (uppercase
uj).
The fraction of multiple pollutants form (generic for all multiple
FQremmj
pollutants) that is lost from the river sub-basin of middlestream (mj) via
human consumption.
The fraction of multiple pollutants form (generic for all multiple pollutants) that
FQremdj
is lost from the river sub-basin of downstream (mj) via human consumption.
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3.4.Model inputs
Sources for model inputs are given in Table 3.10. Most of the model inputs were derived from
existing modelling studies. Details are in Strokal et al. 2018). Below, I describe sources of
model inputs to quantify inputs of the pollutants to rivers (RSF.y.j), their exports to the sub-basin
outlets (FEriv.F.outlet.j) and river mouth (FEriv.F.mouth.j); (see Section 3.3 for equations and the
description of the variables).
3.4.1. Quantifying inputs of multiple pollutants (eq. 1-2, Section 3.3.1)
A. Treatment removal rates (hwF.sew.j)
For 2000 and 2010, treatment removal rates were calculated as weighted averages over the
treatment types (differs between years and countries) and removal efficiencies (differs between
pollutants) as defined in Hofstra et al. 2013) and Hofstra & Vermeulen 2016). For
cryptosporidium, Hofstra et al. (2013) quantified hwF.sew using the country information on the
share of primary, secondary and tertiary treatment and the information from literature on the
removal efficiencies of cryptosporidium during these three types of treatment. Detailed
description and sources for the cryptosporidium information are given in Hofstra et al. 2013
and Hofstra & Vermeulen et al. 2016 for the GloWPa model. For the nitrogen (N) and
phosphorus (P), the same information was used on the share of primary, secondary and tertiary
treatment, but with the removal efficiencies of N and P during the three treatment types from
van Drecht et al. (2009). First, the country data were aggregated to grids and calculations were
done by grid. Gridded results were up-scaled to sub-basins using ArcGIS (details are in Strokal
et al. 2018). For micro-plastic, hwF.sew is quantified based on the calculated removal efficiencies
of P by sub-basin (Siegfried et al. 2017). The same holds for triclosan (van Wijnen et al. 2017).
Due to lack of information on the removal efficiencies of triclosan, the assumption has been
made using the data for phosphorus removal from the dataset of Global NEWS model.
B. Population with sewage connection (Pconj)
For 2000, the total population density and the population with sewage connections by 0.5 by
0.5 degree grid were available directly from the Global NEWS database (Mayorga et al. 2010).
For 2010, the total population density by 0.5 by 0.5 degree grid was given by Hofstra et al.
(2013) who derived the gridded map from the LandScan Global Population Database (Dobson
et al. 2000; Bright et al. 2010). The population with sewage connections by 0.5 by 0.5 degree
grid was calculated in ArcGIS using the country data for the fractions of the population with
sewage connections. The gridded values for 2000 and 2010 were aggregated to sub-basins and
used in further modelling.
C. Consumption rates or excretion of pollutants in human waste (WShwcapF.j)
The watershed human waste emission of nitrogen from excrement (WShwcapN) is based on the
protein N intake per person per day (Ihum.N, kg/person/day) which is assumed to be varied with
the income (Mayorga et al., 2010; Van Drecht et al. 2009). It is calculated by using the Gross
Domestic Product based on purchasing power parity (GDPppp , in 1995 US dollar/person/a)
and the annual protein intake by humans (per year =365 days) as written in equation 9 (Table
3.4). The watershed human waste emission of phosphorus from excrement (WShwcapP) is
dependent on the WShwcapN. The relation between WShwcapN and WShwcapP is shown in
equation 10 (Table 3.4) that includes the variable of ratio between N and P emissions (fN/P,
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fraction (0-1). The fN/P uses the standard value of 0.6 which is derived from an assessment of
27 wastewater treatment plants in Austria and used in Global NEWS (Van Drecht et al. 2009).
The input of micro-plastic to watersheds (WShwcapMP,) is based on the particle size and density
of micro-plastic. There is no data available for micro-plastic input for the Bay of Bengal. Thus,
the data used in this study is based on the available data for European countries. For triclosan,
the input to watersheds (WShwcapTCS) for 2000 and 2010, the standard value of 0.5g/capita/year
was used (van Wijnen et al., 2017; EPA-Denmark, 2016). This standard value has been
calculated by the Environmental Protection Agency (EPA) of Denmark. For cryptosporidium,
Hofstra et al. (2013) calculated the WShwcapcrypto based on the excretion rate of
cryptosporidium in developing and developed countries. This excretion rate depends on the
proportion of people infected by cryptosporidium and the number of oocysts emitted by infected
people. Detailed description and sources for the cryptosporidium information are given in
Hofstra et al. (2013) and Hofstra & Vermeulen et al. (2016) for the GloWPa model.
D. The fraction of pollutant form entering surface waters in river sub-basins j from sewage
system (FEpntF.sew)
FEpntF.sew is the fractions of nutrient form (DIN and DIP) that enter surface waters from sewage
system. The fraction of DIN and DIP entering into the rivers from sewage system was calculated
according to Global NEWS (Dumont et al., 2005; Mayorga et al., 2010; Van Drecht et al.,
2009). These fractions are set at 1.0 for DIP. For DIN this fraction was calculated by Global
NEWS based on the efficiency of N removal during treatment. The maximum value for the
efficiency of N removal during treatment has been set as 0.8.
E. Fraction of people practicing open defecation at sub-basin scale (fod.j)
For 2000 and 2010, the total population of country covering the river sub-basins (Pi) and
fraction of people practicing open defecation by country (Fod.i) were derived from the sanitation
data of World Health Organization/United Nations Children’s Fund for year 2000 and 2010
(WHO/UNICEF, 2014). The countries that cover the rivers sub-basins have been identified by
analysing the country based shape files datasets and datasets from Global NEWS into ArcGIS.
The total population density for 2000 was available directly from the Global NEWS database
(Mayorga et al. 2010). For 2010, the total population density by 0.5 by 0.5 degree grid was
given by Hofstra et al. (2013) who derived the gridded map from the LandScan Global
Population Database (Dobson et al. 2000; Bright et al. 2010). The fraction of population
practicing open defecation for 2000 and 2010 was calculated by downscaling the country data
to river sub-basins.
F. Fraction of pollutants entering into the rivers from open defecation (FEpntF.OD)
FEpntF.OD is the fractions of nutrient forms (DIN and DIP) that enter surface waters from open
defecation. The fraction of nutrient forms (DIN and DIP) that enter surface waters from sewage
system (FEpntF.sew) was calculated by Global NEWS based on the efficiency of N removal
during treatment. However, to calculate FEpntF.OD in this study, the calculation based on the
efficiency of N removal during treatment has been excluded as the pollutants from open
defecation directly drain into the rivers. It could lead to uncertainty in the model result of river
export of pollutants from open defecation into the Bay of Bengal.
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3.4.2. Quantifying export of multiple pollutants from sub-basin outlet to river mouth (eq.
17, Section 3.3.2)
G. Fraction of pollutants retained in river system (LF.j)
For river retention of DIN, Seitzinger et al. (2002) calibrated the approach for 16 US watersheds
with areas smaller than 70 thousand km2. To estimate 0.0605 and 0.0443 rivers with LDIN
smaller than 0.65 were considered. Thus, the maximum value of LDIN was set at 0.65 (Dumont
et al., 2005). For DIP, the standard value of 0.5 for the river sub-basins were used from Strokal
et al. (2016). For river retention of micro-plastic, the information of retention is not available
in Global NEWS model. The retention values of different forms of micro-plastic has been used
from the first version of multi-pollutants model (Strokal et al. in prep). For PCP, the retention
factor is 20% for all the river sub-basins. For dust and laundry, the retention fraction is 75% for
river basins that have the area of equal or smaller than 7500 km2 and the rest uses the fraction
of retention of 90% (Strokal et al. 2018). For tyres, the value for retention is assumed to be 0
for all river sub-basins. For triclosan, the average of residence time of water from 50 largest
river basins in the world are used to calculate residence time of TCS (tres,TCS) (van Wijnen et
al. 2017). This assumption provides residence time of maximum of 60 days (see equation 31
and 32 of Table 3.6). In the smaller river sub-basins (i.e. the boundary river sub-basins drain
into the Bay of Bengal), this assumption could lead to uncertainty. This type of uncertainty has
been corrected by van Wijnen et al. (2017) by using the data of area land of each sub-basin and
the average of total area land from 50 largest river basins of Global NEWS model. Degradation
and sedimentation are the main processes that undergo when TCS are retained in the rivers (van
Wijnen et al. 2017). As a result of dammed reservoirs of TCS (DTCS, Fraction, 0-1), and
sedimentation can takes place. The dataset of Global NEWS model lack the explicit value for
DTCS. Thus, the value of total suspended solid (TSS) is used here. Almost 15% of TCS is
suspended to be sediment in the river.
H. Fraction of pollutants retained in dammed reservoirs (DF.j)
The retention of pollutants into the rivers by dammed reservoirs DF.j for each reservoir r is based
on the changes in the annual water residence time, depth and volume. Volume refers to the
reservoir storage capacity according to Harrison et al. (2005b). The values of the storage
capacity are larger than 0.5 km3 and are multiplied by 0.67 to represent operation of the
reservoir according to Vörösmarty et al. (2003). For DIN and DIP, The fraction that retained
into the rivers from dammed reservoirs was calculated using the approach of Global NEWS
(Mayorga et al., 2010;). The method to calculate DDIN.i was developed by Seitzinger et al. (2002)
for lakes, rivers and reservoirs of the US, and applied in Global NEWS-2 (Mayorga et al., 2010).
The maximum value of DDIN.j was set at 0.965 because this is the maximum value of the basins
used to calibrate parameters. Depth, volumes and water discharges of the individual reservoirs
in the study area have been derived from the datasets of Global Reservoir and Dam Database
(GRanD) (Lehner et al., 2011a; Lehner et al., 2011b).

I. Fraction of pollutants retained in river via human consumption (FQrem.j)
The FQrem is the ratio between the actual water discharge (Qact.VIC) and the natural water
discharge (Qnat.VIC, km2/s). The FQrem is calculated using the natural water discharge from the
VIC model (Liang et al,. 1994; Lohmann et al,. 1998) and the estimated actual water discharge.
The actual water discharge by sub-basin is estimated using the values for Qact.GN and Qnat.GN
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from the Global NEWS datasets (Mayorga et al., 2010). The natural water discharge is
calculated from the hydrology of VIC model for 2000 and 2020 by taking the averages of the
water discharges for 15 years. To calculate the actual water discharges in VIC model (Qact.VIC),
the ratio of ratio between the actual water discharge (Qact.GN) and the natural water discharge
(Qnat.GN) from Global NEWS data have been multiplied by the actual water discharge (Qact.VIC).
3.4.3. Quantifying export of multiple pollutants from sub-basin outlet to river mouth (eq.
34-38, Section 3.3.3)
J. The fraction of multiple pollutants as form (F) exported from the outlet of upstream subbasin to the river mouth (FEriv.F.mouth.uj)
The calculation of fraction of multiple pollutants exported from the outlet of upstream subbasin to the river mouth is based on the MARINA model (Strokal et al. 2016). The drainage
area A of the upstream sub-basin has been set as 0.25 (25% of the total area of Ganges river;
see Table 3.8-3.9 for details). As the pollutants from upstream sub-basin travel longer to river
mouth, they are retained into the river systems. The inputs values for the retention fractions of
pollutants into the river system is same as described in previous section (see section 3.3.2 of
chapter 3).
K. The fraction of multiple pollutants as form (F) exported from the outlet of middlestream
sub-basin to the river mouth (FEriv.F.mouth.mj)
The calculation of fraction of multiple pollutants exported from the outlet of middlestream subbasin to the river mouth is based on the MARINA model (Strokal et al. 2016). The area of the
middle stream sub-basin has been set as 0.25 (25% of the total area of Ganges river). The inputs
val/ues for the retention fractions of pollutants into the river system is same as described in
previous section (see section 3.3.2 of chapter 3).
L. The fraction of multiple pollutants as form (F) exported from the outlet of downstream
river sub-basin to the river mouth (FEriv.F.mouth.dj)
The calculation of fraction of multiple pollutants exported from the outlet of middlestream subbasin to the river mouth is based on the MARINA model (Strokal et al. 2016). The travel
pollutants from downstream sub-basins retain less in river systems because of the shorter
distance towards the river mouth. Thus, the value for FEriv.F.mouth.dj has been set as 1.
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Table 3.10: Overview of the model inputs and their sources
Model inputs
Sources

For quantifying RSF.y.j (eq. 1-2, Sub-section 3.3.1)
Hofstra et al. (2013); Hofstra & Vermeulen (2016);
hwF.sew.j
Van Drecht et al. (2009); Siegfried et al. (2017); van
Wijnen et al. 2017; Strokal et al. (in prep)
Mayorga et al. (2010); Hofstra et al., (2013); Dobson et
Pconj
al., (2000); Bright et al. (2010)
Mayorga et al. (2010)
WShwcapF.j
Mayorga et al. (2010)
FEpntF.sew
Mayorga et al. (2010); WHO/UNICEF, 2014; Hofstra et
fOD.j
al. (2013); Dobson et al., (2000); Bright et al. (2010)
Mayorga et al. (2010); WHO/UNICEF, 2014
FEpntF.OD

Subsection in
the text

A

B
C
D
E
F

For quantifying FEriv.F.outlet.j (eq. 16, Sub-section 3.3.2)
LF.j
Strokal et al. (in prep); Strokal et al. (2016); van Wijnen et G
al. (2017)
DF.j
Strokal et al. (in prep); Vörösmarty et al. (2003); Dumont H
et al., 2005; Mayorga et al., 2010; Siegfried et al. (2017);
Lehner et al., (2011a); Lehner et al., (2011b)
FQrem.j
Strokal et al. (in prep); Lehner et al., 2011a; Lehner et al., I
2011b; Mayorga et al., 2010
For quantifying FEriv.F.mouth.j (eq. 33-36, Sub-section 3.3.3)
FEriv.F.mouth.uj Strokal et al. (2016); Strokal et al. (in prep) ; Mayorga et J
al., 2010
FEriv.F.mouth.mj Strokal et al. (2016); Strokal et al. (in prep) ; Mayorga et K
al., 2010
FEriv.F.mouth.dj Strokal et al. (2016); Strokal et al. (in prep)
L
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3.5.Conclusions
This chapter is aimed to answer the second research question: “What are the available
modelling approaches to quantify the river export of multiple pollutants to the Bay of Bengal
from point sources at the sub-basin scale?” Multiple pollutants are nutrients (dissolved
inorganic nitrogen (DIN) and dissolved inorganic phosphorus (DIP)), micro-plastics (MP),
triclosan (TCS) and cryptosporidium (Crypto). Point sources include mainly sewage and open
defecation. To answer the research questions, I used the first version of multi-pollutant model
(Strokal et al. in prep). The sub-basin scale approach in this study has been inspired by the
MARINA model.
I reviewed the existing models in details. This review included the Global NEWS (run 5) and
MARINA models for nutrients, micro-plastics model, triclosan Model and the GlowPa model
for cryptosporidium. River export of the pollutants is modelled by integrating existing
modelling approaches for the individual pollutants with the sub-basin modelling approach of
the MARINA model including the VIC hydrology. The MARINA model (Model to Assess
River Inputs of Nutrients to seAs) has been extended to other pollutants for the world. In this
modified MARINA version, the drainage area of the largest Ganges River is divided into four
sub-basins. Modelling of the river export of the pollutants is done in three steps according to
the MARINA modelling approach (RQ-2). The first step is to quantify inputs of the pollutants
to rivers from point sources: sewage systems (DIN, DIP, triclosan, micro-plastic
cryptosporidium) and open defecation (DIN, DIP, cryptosporidium). The second step is to
quantify export of the pollutants to the sub-basin outlets. And, the third step is to quantify export
of the pollutants to the river mouths (coastal waters). Most model inputs were available from
existing studies. Estimates of open defecation were improved. Retentions of the pollutants in
reservoirs were based using information from the Global Reservoir and Dam (GRanD)
database. The result of the multi-pollutant model for the Bay of Bengal has been represented in
the next chapter for past trends (2000-2010; see chapter 4).
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Chapter 4: Past trends in river export of multiple
pollutants at the sub-basin scale
This chapter answers the third research question: “What are the past trends in river exports of
multiple pollutants to the Bay of Bengal from point sources at the sub-basin scale?’
This chapter is structured as follows: Section 4.1 describes the characteristic of the sub-basins
of rivers draining into the Bay of Bengal. Section 4.2 includes results for inputs of multiple
pollutants to rivers and their exports to the Bay of Bengal. Section 4.3 shows that comparison
of modelled values with existing studies. Section 4.4 summarises main findings of this chapter.
4.1 Characteristics of the sub-basins
The urbanization and connection of people to sewage systems is strongly connected to the
increasing trend of multiple pollutants export by the rivers draining into the Bay of Bengal. The
total population in the selected river sub-basins increased from 0.99 billion in 2000 to 1.13
billion in 2010. There is an increase in the sewage connectivity of the people from 2000 to
2010. Only 10% of the total population in the study area was connected to sewage systems in
both 2000 and 2010.
Point sources, such as sewage and open defecation, are the dominant source contributing to the
river inputs of multiple pollutants in the selected river basins. The open defecation is an
important source of most of the pollutants in the selected river basins. By 2010, the people
practicing open defection has reduced to almost 60%. This is due to the improvement in the
sewage system connectivity of the people in 2010. According to a recent study, the population
defecating in the open areas are considered important source of direct nutrients into the study
area (Nurul et al. 2017). The information of open defecation is derived from the existing
literature. This information is by country for 2000 and 2010. For instance, 10-65% population
in Bangladesh, India and Myanmar were reported to practice open defecation in 2000 and 510% population were reported in 2010 (WHO/UNICEF 2014).
The removal of pollutants from the wastewater treatment plants is important factor that
influence the amounts of pollutants discharging to rivers and coastal seas. The higher removal
fraction of pollutants will lead to less input into the rivers. In the study area, the efficiencies of
the treatment plants improved from 2000 to 2010.
The drainage area of Ganges River covers approximately 70% of total drainage area of the
selected river basins. Hydrology of river basins, in-river processes, water consumption and
reservoir retentions influence the nutrients, micro-plastic and triclosan export by the rivers
draining into the Bay of Bengal. The travelling distance of pollutants to the river mouth also
influences river export. Generally, there is loss of pollutants during travelling from upstream
activities to the river mouth. This travelling distance is shorter for the downstream river basin.
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4.2 Inputs of multiple pollutants to rivers and their river export to the Bay of Bengal
4.2.1. Nutrients
a. Dissolved Inorganic Nitrogen (DIN)
Increasing trends in DIN pollution from point sources are calculated for the rivers of the Bay
of Bengal between 2000 and 2010 (Figures 4.1). Total inputs of DIN from point sources into
the rivers draining into the Bay of Bengal increased from 0.7 Tg in 2000 to 1 Tg in 2010 (Figure
4.1; Table A3 in Annex A). As a result, increasing trends are also calculated for river export of
DIN between 2000 and 2010. Rivers exported 0.09 Tg of DIN to the Bay of Bengal in 2000 and
0.14 Tg of DIN in 2010 (Figure 4.2; Table A4 in Annex A). This implies that around 60-70%
of DIN inputs reached the bay in 2000 and 2010, the other amount was retained (e.g., water
consumption, reservoir retentions) or lost (denitrification) in rivers during the transport. The
retention of DIN into the rivers by dammed reservoirs is dominant in 2010 (70% higher than in
2000) as compared to all other retention factors.
The Ganges River, which is the largest, exported generally the dominant amounts of DIN to the
Bay of Bengal (Figures 4.1 and 4.2). Middlestream and downstream sub-basins of the Ganges
River are more important exporters of DIN than upstream sub-basins. The rivers of Myanmar
country also important contributor of DIN to the Bay of Bengal. A few small rivers along the
Indian coastal areas are calculated to export more DIN especially from sewage than the other
Indian rivers for both years. These are likely the rivers with cities in deltas.
Among point sources, most DIN inputs to the rivers resulted from open defecation in 2000.
This is different for 2010. The share of sewage systems in the total DIN inputs to the rivers
(Figure 4.2) and thus in river export of DIN increased (Figure 4.2). Important reasons are the
growing population that are more connected to sewage systems in 2010 (Section 4.1).
However, there are large spatial variations in DIN pollution sources among the rivers for 2010
(Figures 4.1 and 4.2). In 2000, almost all rivers received DIN from open defecation. In 2010,
most rivers of India that are west to the Bay of Bengal received DIN from sewage systems
whereas the other rivers continued receiving DIN from open defecation. This indicates that river
sub-basins of India improved their sanitation by introducing sewage systems to avoid open
defecation. However, the treatment efficiency of removing nitrogen was not sufficient enough
to avoid DIN inputs to rivers.
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Figure 4.1 Total dissolved inorganic nitrogen (DIN) inputs from sewage systems and open
defecation to rivers of the Bay of Bengal in 2000 (left) and 2010 (right). Graphs show the total
DIN inputs to rivers. Maps without pies show DIN inputs to individual rivers from sewage and
open defecation (kg/km2/year). Maps with pies show the share of the point sources in DIN
inputs to rivers (0-1). Source: the multi-pollutant model for the Bay of Bengal (see Chapter 3).
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Figure 4.2: River export of total dissolved inorganic nitrogen (DIN) from sewage systems and
open defecation to the Bay of Bengal in 2000 (left) and 2010 (right). Graphs show the total
river export of DIN. Maps without pies show river export of DIN from sewage and open
defecation (kg/km2/year). Maps with pies show the share of the point sources in river export of
DIN (0-1). Source: the multi-pollutant model for the Bay of Bengal (see Chapter 3).
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b. Dissolved Inorganic Phosphorus (DIP)
Increasing trends in DIP pollution from point sources are calculated for the rivers of the Bay of
Bengal between 2000 and 2010. Total inputs of DIP into the rivers draining into the Bay of
Bengal increased from 0.23 Tg in 2000 to 0.32 Tg in 2010 (Figure 4.3; Table A3 in Annex A).
As a result, increasing trends are also calculated for river export of DIP: 0.039 Tg in 2000 to
0.042 Tg in 2010 (Figure 4.4; Table A3 in Annex A).
Total river input of DIP from the Ganges River is higher as compared to all other rivers in both
2000 and 2010. Among the sub-basins of Ganges River, the downstream sub-basin introduced
major amount of DIP from open defecation. The number of people practicing the open
defecation into the downstream sub-basin is higher as compared to other sub-basins of Ganges
River. However, Ganges River exported 50% of DIP in 2000 and 70 % in 2010. More DIP is
exported from the Ganges River because of the less retention of DIP into the dammed reservoirs
(in particular, the downstream river sub-basin that retained 70% less DIP as compared to other
sub-basins of Ganges river), increasing number of people with sewage connection and the poor
treatment efficiencies of wastewater treatment plants to remove the phosphorus. The same
increasing trend has been showed by the river export of DIP into the Bay of Bengal from 2000
to 2010. The river export of DIP from open defecation is dominant point source in both 2000
and 2010.
In 2000, one third of DIP into the rivers and sea resulted from sewage system. The rest was
from open defecation. In 2010, the situation was different in the rivers basins of Indian rivers
that are west to the Bay of Bengal, where the share of DIP increased. It is because of the reason
that more people become connected with the sewage system in 2010.
However, there are large spatial variations in DIP pollution sources among the rivers for 2010
(Figures 4.3 and 4.4). In 2000, almost all rivers received DIP from open defecation. In 2010,
most rivers of India and Bangladesh received DIP from sewage systems whereas the rivers of
Myanmar continued receiving DIP from open defecation. This indicates that river sub-basins
of India and Bangladesh improved their sanitation by introducing sewage systems to avoid open
defecation. However, the treatment efficiency of removing P was not sufficient enough to avoid
DIN inputs to rivers.
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Figure 4.3: Total dissolved inorganic phosphorus (DIP) inputs from sewage systems and open
defecation to rivers of the Bay of Bengal in 2000 and 2010. Graphs show the total DIP inputs
to rivers. Maps without pies show DIP inputs to individual rivers from sewage and open
defecation (kg/km2/year). Maps with pies show the share of the point sources in DIP inputs to
rivers (0-1). Source: the multi-pollutant model for the Bay of Bengal (see Chapter 3).
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Figure 4.4: River export of dissolved inorganic phosphorus (DIP) from sewage systems and
open defecation to the Bay of Bengal in 2000 and 2010. Graphs show the total river export of
DIP. Maps without pies show river export of DIP from sewage and open defecation
(kg/km2/year). Maps with pies show the share of the point sources in river export of DIP (0-1).
Source: the multi-pollutant model for the Bay of Bengal (see Chapter 3).
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4.2.2. Micro-plastic (MP)
Total inputs of MP into the rivers draining into the Bay of Bengal increased from 17 kton in
2000 to 24 kton in 2010 (see Figure 4.5; Table A3 in Annex A). Increasing trend is also
calculated for river export of MP: 0.03 kton in 2000 to 0.045 kton in 2010 (see Figure 4.6; Table
A4 in Annex A). The increasing trend in river export is larger than the increasing trends in the
river inputs as there is 20% increase in the river input of MP whereas river export increased by
almost 80% from 2000 to 2010.
The Damodar River (River of Bangladesh that lies north to the Bay of Bengal) is main
contributor on MP input into the river in 2000. The contribution of MP inputs into the rivers
increased in 2010. The Ganges River introduced 20% MP into the rivers in 2000 and 80% in
2010. The sewage connectivity in 2010 is dominant cause of this increase in the MP input from
the Ganges River. However, the wastewater treatments were not efficient to remove the
maximum amount of MP from the wastewater.
Among all sources, the river input from laundry textile is greater (9.8 kton in 2000 and 13 kton
in 2010) than dust (6.5 kton in 2000 and 8,5 kton in 2010), tyres (1.4 kton in 2000 and 1.9 kton
in 2010) and PCP (0.5 kton in 2000 and 0.9 kton in 2010).
However, there are large spatial variations in MP pollution sources among the rivers for 2010
(Figure 4.5 and Figure 4.6). The input of MP from different sources increased considerably in
2010. The river input of MP in most of the river basins in 2000 was 0 kton. The increasing river
export trend has also been calculated for micro-plastic from 2000 to 2010. The removal fraction
of MP from treatment plant is 70% in 2010 greater than the removal fraction in 2000. Most of
the river basins are polluted from micro-plastic pollution because of low efficiency of sewage
wastewater treatment plants.
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Figure 4.5: Micro-plastic (MP) inputs from sewage systems to rivers of the Bay of Bengal in
2000 (left) and 2010 (right). Graphs show the total MP inputs to rivers. Source: the multipollutant model for the Bay of Bengal (see Chapter 3).
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Figure 4.6: Micro-plastic (MP) export by the rivers to the Bay of Bengal in 2000 and 2010.
Point sources include sewage systems. Graphs show the total MP inputs to rivers (Tg/year).
Source: the multi-pollutant model for the Bay of Bengal (see Chapter 3).
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4.2.3. Triclosan (TCS)
Increasing trends in TCS pollution from point sources are calculated for the rivers of the Bay
of Bengal between 2000 and 2010. Total inputs of TCS into the rivers draining into the Bay of
Bengal increased from around 40 ton in 2000 to around 55 ton in 2010. Increasing trend is also
calculated for river export of TCS: 2.45 ton in 2000 to 2.51 ton in 2010 (see Figure 4.7; Table
A3 in Annex A). There is 20% increase in the river input of TCS whereas river export increased
by 60%. The discharge of TCS from the effluent of WWTP is an important source of TCS into
the selected rivers. The removal fraction of TCS from the WWTP is 0% in all river basins
because of poor efficiency of treatment plants. Very advanced treatment facilities, such as
Ozonation, are required to achieve the effective removal of TCS (van Wijnen et al. 2017).
The input of TCS from Ganges River increased by the factor of 3.5 from 2000 to 2010. The
upstream sub-basin of the Ganges River introduced more TCS than middlestream and
downstream sub-basins in 2000. However, there is increasing trend in the input of river from
all sub-basins of Ganges River in 2010. In additions to the Ganges River, there is also increasing
trend of TCS input from the Indian rivers that are west to the Bay of Bengal. The river export
of TCS was very low in 2000. It is because of the less input of TCS into the sub-basins of
Ganges river, in particular the Brahmaputra river that has 0 tg/year of TCS input.
More connection of people from the sewage system into the western part of the Bay of Bengal
is dominant reason of more contribution of TCS from this part. The river export is generally
low from most of the rivers. It is because of the more retention of TCS into the dammed
reservoirs. There is considerable difference between the river inputs of TCS and river export of
TCS by rivers in 2000 and 2010. For example, around 55 ton of TCS introduced into the rivers,
but only 2.5 ton exported to the Bay of Bengal in 2010. This implies that around 5 % of total
TCS is exported to the Bay of Bengal and 95% of TCS is retained in the dams and lost as a
result of sedimentation and degradation process along the river in 2010.
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Figure 4.7: Triclosan (TCS) inputs from point sources to rivers of the Bay of Bengal in 2000
and 2010. Point sources include sewage systems. Graphs show the total TCS inputs to rivers
(Tg/year). Source: the multi-pollutant model for the Bay of Bengal (see Chapter 3).

Figure 4.8: Triclosan (TCS) export by the rivers to the Bay of Bengal in 2000 and 2010. Point
sources include sewage systems. Graphs show the total TCS inputs to rivers (Tg/year). Source:
the multi-pollutant model for the Bay of Bengal (see Chapter 3).
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4.2.4. Cryptosporidium
Total inputs of cryptosporidium into the rivers draining into the Bay of Bengal increased from
4.01 E+16 oocysts in 2000 to 4.95 E+16 oocysts in 2010 (see Figure 4.9; Table A3 in Annex
A).
The Ganges River introduced more cryptosporidium from point sources as compared to all other
river basins. In 2000, the cryptosporidium input to the sub-basins of Ganges River from open
defecation is higher than from the sewage system. It is because the more people practicing open
defecation in the areas covered by the Ganges River. The people practicing open defecation is
more in the downstream sub-basin of Ganges River, contributing more inputs of
cryptosporidium.
The spatial comparison of river input of cryptosporidium showed that the open defecation is
dominant source in 2000. Due to more connection of people from sewage system, the input of
cryptosporidium increase in most of the river basins, in particular, in the Indian River basins
that showed improvement in sewage connectivity from 2000 to 2010. However, in Damodar
and Basin 13 (Indian river that lies west to the Bay of Bengal), the population connected to
sewage system decreased in 2010 leading to less input of cryptosporidium from sewage system.
There is negligible change in cryptosporidium input from open defecation in sub-basins of
Ganges River from 2000 to 2010 except middle stream sub-basin. The cryptosporidium input
from open defecation the middle stream sub-basin showed a slight increase because of increase
in the open defecation value: 0.27 in 2000 and 0.33 in 2010. The removal fraction of
cryptosporidium increased (0.04 in 2000 and 1.18 in 2010) because of improved efficiencies of
sewage treatment plant.
However, there are large spatial variations in cryptosporidium pollution sources among the
rivers for 2010 (Figures 4.9). In 2000, most of the rivers received cryptosporidium from open
defecation except some of the Indian rivers that are west to the Bay of Bengal. In 2010, most
rivers of India and Bangladesh received cryptosporidium from sewage systems whereas the
rivers of Myanmar continued receiving cryptosporidium from open defecation. However, the
very small contribution from open defecation still exists in some of the Indian rivers in 2010.
This indicates that river sub-basins of India and Bangladesh improved their sanitation by
introducing sewage systems to avoid open defecation. However, the treatment efficiency of
removing cryptosporidium was not sufficient enough to avoid cryptosporidium inputs to rivers.
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Figure 4.9: Cryptosporidium (crypto) inputs from point sources to rivers of the Bay of Bengal
in 2000 and 2010. Point sources include sewage systems and open defecation. Graphs show
the total crypto inputs to rivers (Tg/year). Maps without pies show crypto inputs to individual
rivers from sewage and open defecation (kg/km2/year). Maps with pies show the share of the
point sources in Crypto inputs to rivers (0-1). Source: the multi-pollutant model for the Bay of
Bengal (see Chapter 3).
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4.3 Conclusions
This chapter answers the third research question: “What are the past trends in river exports of
multiple pollutants to the Bay of Bengal from point sources at the sub-basin scale?” I focused
on the following pollutants: dissolved inorganic nitrogen (DIN), dissolved inorganic
phosphorus (DIP), micro-plastic, triclosan and cryptosporidium. I used the multi-pollutant
model for the Bay of Bengal to this end. The model is described in Chapter 3. Below, I
summarize the main findings.
The total inputs of multiple pollutants into the rivers draining into the Bay of Bengal increased
by almost 20% from 2000 to 2010. The river export of most pollutants showed increasing trends
of 20% from 2000 to 2010 except for triclosan. For triclosan, river export increased by 50%
from 2000 to 2010. There is a shift in contribution of pollutants from two point sources due to
spatial variability and change in sewage system connectivity of population in the river basins.
For instance, DIN, DIP and cryptosporidium mainly entered into the rivers from open
defecation in 2000. This situation changed in 2010 in which sewage systems contributed more
of these pollutants than open defecation. This is due to the reason that more people get
connected to sewage system in 2010 than 2000. The connectivity of people from sewage system
increased in most of the river basins from 2000 to 2010. However, some of the river basins such
as Damodar and some Indian rivers (such as Basin 13) showed decrease in the population
connected to sewage system from 2000 to 2010. Due to this reason, the river inputs of most of
the pollutants from sewage system decrease in these river basins.
The multiple pollutants inputs into the rivers from sewage systems in the sub-basins of largest
river, Ganges River, is generally higher than in the other river basins. Among sub-basins of the
Ganges River, downstream activities contribute more DIN and DIP to the Bay of Bengal
because of less removal of N and P from treatment plants than upstream and middle stream subbasins and more connection of people from the sewage system. Most of the rivers draining into
the Bay of Bengal transport less amount of triclosan than other pollutants because of their high
retentions in dammed reservoirs and poor efficiency of treatment plants to remove TCS. In
additions, I identified the most polluting sub-basins that contribute largely to multiple pollutants
in coastal water of Bay of Bengal. These are the river basins such as Ganges, Damodar and
Cauweri as these river basins are densely populated areas with the higher number of people
connected to sewage.
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Chapter 5: Future trends in river export of multiple
pollutants to the Bay of Bengal
5.1. Introduction
This chapter answers the fourth research question “What are the future trends in river export
of multiple pollutants from point sources to the Bay of Bengal?”. Future trends are quantified
by using the multi-pollutant model from Chapter 3 for dissolved inorganic nitrogen (DIN),
dissolved inorganic phosphorus (DIP), micro-plastic (MP) and triclosan (TSC) for 2050.
The storyline of SSP 1 (Shared Socioeconomic Pathways) scenario on the population growth
and economic developments is the basis for quantification of future trends in river export of the
multiple pollutants from point sources. SSP1 is selected because it assumes improvement in the
sanitation system and environmental condition in the future. Two alternative scenarios are
developed relative to SSP1 to predict the future trends in river export. Results are presented in
loads: Tg/year for DIN and DIP, kton/year for MP and ton/year for TSC. Results for past trends
are also presented to see the changes in the river export from 2000 to 2050. In this chapter, I
focus on the future trends in the total river export of the pollutants from 81 rivers draining into
the Bay of Bengal. The section 5.2 presents the scenario development. The section 5.3 focuses
on the river export of multiple pollutants to the Bay of Bengal in 2050 and section 5.4
summarizes the main findings of this chapter.
5.2. Scenario development
Future trends of the river export of DIN, DIP, MP and TSC to the Bay of Bengal are based on
SSP scenario 1 in this research (O’Neill et al. 2014) (See figure 5.1). SSP1 assumes a future
with more sustainable development by improving the education and sanitation system. It more
focuses on improving the environmental conditions. I developed two alternative scenarios to
SSP 1: scenario 1 with poor treatment (S1) and scenario 2 with improved treatment (S2; Table
5.1).
Both scenarios (S1 and S2) assume population growth and economic developments implying
that open defecation will be avoided in the future (Table 5.1). More people will be connected
to the sewage systems in 2050 compared to 2010. For example, the number of people connected
to the sewage systems in most of the river basins was zero in 2000 except in the basins of some
of the rivers such as Damodar, Gadilam, and Ganges. In 2050, the sewage connection is
assumed to be at least 75% in all river basins. The waste of people that is not collected by
sewage systems is assumed to be used as fertilizers in both scenarios (non-point source that is
outside of the research scope). In additions, the excretion fraction of nitrogen (N) and
phosphorus (P) is assumed to increase by 30% relative to 2010 because of assuming the
economic development in the future: more income will drive more meat-oriented diets leading
to higher N and P excretion in human waste (Van Drecht et al. 2009)
The scenarios differ in the treatment efficiencies for the pollutants (Table 5.1). In S1, the
treatment efficiencies will stay as in 2010. In S2, the efficiencies of removing the pollutants
during treatment are assumed to be at least 80% relative to 2010. This removal efficient of
wastewater treatment plants could be achieved by introducing more advances technologies such
as Ozonation.
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Table 5.1: Main assumptions for alternative scenarios 1 (S1) and 2 (S2) for 2050 relative to
2010. Assumptions are applied to all river basins draining into the Bay of Bengal
Main aspects

S1: poor treatment

S2: improved treatment

Population growth

SSP1*

SSP1*

Point sources

Only sewage systems
No open defecation

Only sewage systems
No open defecation

Population connected
sewage systems

to At least 75 %

At least 75 %

Efficiency
of
removing No improvement, same as in At least 80%
pollutants during treatment
2010
Excretion rates of nutrients Increased by 30 %
multiple pollutants

Increased by 30 %

Consumption rates of micro- As in 2010
plastic and triclosan

As in 2010

*O’Neill et al. (2014)
5.3. Future river export of multiple pollutants to the Bay of Bengal
Scenario 1: poor treatment
The Bay of Bengal is projected to receive a factor of 1.5-9 more pollutants from sewage systems
in 2050 than in 2010 (see Figure 5.1). An important reason is the connection of people to the
sewage systems will increase largely. However, the efficiency of treatment plants will not be
good enough to avoid discharge of the pollutants. The river export of DIN and DIP is projected
to increase by a factor of 1.8 and 2.2, respectively. The major point source of DIN and DIP in
rivers will be sewage systems in 2050 whereas open defecation was the major source in 2000
and 2010. River export of MP and TCS is projected to increase dramatically by a factor of 7-9
between 2010 and 2050 because of increased connections to sewage systems with poor
treatment.
Scenario 2: improved treatment
The Bay of Bengal is projected to receive by a factor of 3.5-5 less pollutants in this scenario
compared to scenario 1. This is because the efficiency of removing pollutants during treatment
in sewage systems is assumed to be at least 80% in this scenario, leading to lower exports of
multiple pollutants in scenario 2 than in scenario 1. River export of DIN and DIP is projected
to decrease by around 70% between 2010 and 2050 in scenario 2. However, reducing river
export of MP and TCS to the level of 2010 or lower will be difficult even with improved
treatment efficiencies.
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Figure 5.1: SSPs Scenarios as model input to estimate future trends of river export of multiple
pollutants. The figures summarized the model inputs derived from the SSPs (O’Neill et al. 2014)
and VIC hydrology (Liang et al. 1994; Lohmann et al. 1998). The text in the red colours shows
the added points in the first version of multi-pollutant model.
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Figure 5.2: The past (2000 and 2010) and future (2050) trends in the river export of dissolved
inorganic nitrogen (DIN), dissolved inorganic phosphorus (DIP), triclosan (TSC) and microplastic (MP) to the Bay of Bengal. 2050 is based on the storyline of the SSP (Shared
Socioeconomic Pathways) scenario 1 on the population growth and economic developments
(see Section 5.2). Source: the Multi-pollutant model for the Bay of Bengal (Chapter 3).
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5.4. Conclusion
This chapter answers the fourth research question: “What are the future trends in river exports
of multiple pollutants to the Bay of Bengal from point sources at the sub-basin?” To this end, I
used the multi-pollutant model for the Bay of Bengal from Chapter 3 to quantify future river
export of the dissolved inorganic nitrogen (DIN), dissolved inorganic phosphorus (DIP), microplastic (MP) and triclosan (TCS) for 2050. I focus on the total river export of the pollutants that
result from the 81 rivers draining into the Bay of Bengal. 2050 is based on the storyline of the
SSP 1 scenario (Shared Socio-economic Pathway) for the population and economy. I developed
two alternative scenarios of SSP1 with at least 75% of population connected to sewage systems:
Scenario 1 (S1) with poor treatment (as in 2010) and Scenario 2 (S2) with improved treatment
(at least 80% removal efficiencies). The contribution of pollutants from open defecation is
assumed to be zero in both scenarios. This implies increases in the number of people connected
to sewage systems by 2050.
Results show that river export of DIN, DIP, MP and TSC is projected to increase considerably
by a factor of 1.5-9 between 2010 and 2050 in S1. This is a net-effect of increased population
with sewage connections and poor treatment. However, this is different in S2 with improved
treatment. In S2, rivers may bring 70% less DIN and DIP to the Bay of Bengal in 2050 than in
2010. However, reducing river export of MP and TCS may still be difficult to the level of 2010
even in S2. The results highlight the importance of improving treatment efficiencies in sewage
systems. This is needed to avoid river pollution by point sources in the coming years.
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Chapter 6: Discussion and Conclusions
6.1. Introduction
Many pollutants have common point sources. Sewage systems discharge dissolved inorganic
nitrogen (DIN) and phosphorus (DIP), micro-plastic (MP), triclosan (TCS) and
cryptosporidium (Crypto). Open defecation is an important point source of DIN, DIP and
Crypto in the rivers of the Bay of Bengal. However, existing studies focus often on individual
pollutants (Strokal et al. 2016; Mayorga et al. 2010; Nurul et al. 2017; Kroeze et al. 2016; Sattar
et al. 2014; Siegfried et al. 2017; van Wijnen et al., 2017; Hofstra et al. 2013). Therefore, this
thesis aims to analyse past and future trends in river export of multiple pollutants to the Bay
of Bengal from point sources at the sub-basin scale.
In this chapter, I provide the general discussion of the research. Section 6.2 focuses on the
strengths and weaknesses of the study, especially models that are used for the Bay of Bengal.
Section 6.3 shows the comparison of results of the models with other studies. The main
conclusions are provided in terms of the findings in Section 6.4. I finish this chapter by
summarizing the main recommendations for future research on modelling multiple pollutant
exports by rivers draining into the Bay of Bengal in Section 6.5.
6.2. Strengths and weaknesses
6.2.1. Strong points
-

The first multi-pollutant model for the Bay of Bengal

The multi-pollutant model is the first to integrate the hydrology of the VIC (Variable infiltration
capacity) model with the sub-basin scale modelling approach of the MARINA model (Model
to Assess River Inputs of Nutrients to seAs) (Strokal et al. 2016). In this model, the information
on open defecation is spatially updated and reservoir information is updated based on the
GRanD database (Strokal et al. 2018) for 2000 and 2010. I selected several pollutants (DIN,
DIP, MP, TCS ) in the multi-pollutant model for the Bay of Bengal. This opens an opportunity
to add more pollutants and to apply the model at other regions. I integrated existing modelling
approaches of the individual pollutants (DIN, DIP, MP, TCS) to quantity the river export into
the rivers draining into the Bay of Bengal. The integration is needed to better address water
quality issues and to formulate effective environmental policies. This model has potential to be
applied to other large river basins to analyse the causes and solution of marine pollution. Thus,
this model is transparent and easy to understand by other users.
-

Sub-basin scale

The sub-basin scale approach is the most novel aspect of multi-pollutant model for the Bay of
Bengal. This approach has been inspired by the MARINA model. Basin scale models are too
coarse to account for the spatial variability in human activities within the basin. The drainage
basin of largest river basin of the study area such as Ganges River has been divided into subbasins. It is done to better understand the spatial variations in human activities within this largest
river basin and the impact of human activities on coastal water pollution by multiple pollutants.
It has provided the new insights in effective sub-basin management to reduce coastal water
pollution of the Bay of Bengal.
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-

Improved open defecation and updated reservoirs in a spatial explicit way

This research has quantified inputs of pollutants (DIN, DIP and Crypto) from point sources to
rivers while considering open defecation as main point source in addition to input from
sewerage systems. A few studies have been conducted to include open defection as point source
in the study area at basin scale (Amin et al. 2007; Naeema et al. 2015). However, this study is
different in a way to quantify river export by including open defecation at sub-basin scale.
-

Updated model with delineated river basins and hydrology from the VIC (Variable
Infiltration Capacity) model

In this study, I implemented the model to the river sub-basins that were delineated based on the
ddm30 of VIC model. The variable infiltration capacity (VIC) model (Liang et al. 1994;
Lohmann et al. 1998) is large scale, semi-distributed hydrological model that shares several
basic features with Global circulation model (GCM). The delineated river network in this
research is based on Global drainage direction map (ddm30) of VIC model. The ddm30 has
been implemented in this study for analysis of drainage basin at macro scale level. It represents
the directions of surface water drainage at 30-min spatial resolution. It shows the largest river
more clearly by increasing the line thickness with increasing upstream areas.
- Future scenarios based on SSP (Shared Socioeconomic Pathways)
For future analysis of river export of multiple pollutants to the Bay of Bengal, I have developed
scenarios based on storylines of SSP1. Scenario analysis has already been made in some studies
based on Millennium ecosystem assessment (Suwarno et al. 2014) but in this study, I have
focused on SSP1 scenario that represent plausible future based on population growth, economic
development and environment. SSP scenarios are more recently developed as compared to
MEA.
6.2.2. Weak points
-

Model evaluation

The multi-pollutant model is based on existing models for nutrients (improved version of
Global NEWS with open defecation; Nurul et al. 2017), triclosan (van Wijnen et al. 2017) and
micro-plastic (Siegfried et al. 2017) and cryptosporidium (Hofstra et al. 2013) that have been
evaluated in earlier studies. Their validation results indicate that the models can be used to
analyse the water pollution problems and their trends. The models for micro-plastic and
triclosan are evaluated for individual rivers in the world (for triclosan) and in Europe (for microplastic). Global NEWS was validated for rivers worldwide including the rivers draining into
the Bay of Bengal. The study of Nurul et al. 2016 evaluated the model for the rivers of the Bay
of Bengal. This gives trust in applying the model to the rivers draining into the Bay of Bengal.
I realize that the multi-pollutants model for Bay of Bengal needs further evaluation especially
for triclosan and micro-plastic for which measured data are hardly available. Nevertheless, I
believe that the first version of the model can provide useful information on the point sources
of the pollutants in the rivers draining into the Bay of Bengal in a spatial explicit way. My
results show how important the sewage connectivity of the population and treatment are for
water pollution especially in the drainage areas of the Indian rivers. The Ganges River is highly
polluted river as it is highly densely populated area. Most of the rivers of the Myanmar are not
polluted yet as compared to other rivers of study area, but may be in the future. Thus, the
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insights of my study can help to explore solutions reduce future river pollution in different parts
of rivers draining into the Bay of Bengal.
-

Model assumptions

In the multi-pollutants model for the Bay of Bengal, the assumption is made for modelling
micro-plastic (MP) export by the rivers draining into the Bay of Bengal. Consumption of MP
products (e.g., PCP, household dust) in the model is based on per capita information for Europe.
This is because this information is easily available for European regions in the developed microplastic model for Europe (Siegfried et al. 2017). However, data of micro-plastics for the Bay of
Bengal or Asia is not easily available. This may generate uncertainties in the model result for
river export of micro-plastics in the rivers draining into the Bay of Bengal. Further research is
needed to evaluate the implication of the assumption on the final results and to get information
for the micro-plastic consumption into the rivers draining into the Bay of Bengal.
In this study, the assumption to calculate future river export of multiple pollutants is based on
RCP 2.6 scenario (Representative Concentration Pathways). The number 2.6 represents
radiative forcing (global energy imbalances), measured in watts per square metre, by the year
2100. RCP 2.6 assumes the higher emission rate of global annual GHG between 2010 and 2020,
with emissions declining substantially thereafter (Van et al. 2011). By excluding other RCP
scenarios, might generate uncertainty in the model result of future trend of river export of
multiple pollutants to the Bay of Bengal.
Another assumption is made for triclosan (TCS) export by rivers draining into the Bay of
Bengal is modelled based on a global rate of TCS consumption per capita (500 mg TSC/cap/yr).
This information is taken from the global TCS model (van Wijnen et al. 2017). It could lead to
uncertainty in the model result because of region specific consumption of TCS. Thus, there is
an opportunity for improving the multi-pollutants model for the Bay of Bengal with regionspecific information.
-

Other sources of pollutants in rivers and processes of pollutants in rivers

The multi-pollutants model for the Bay of Bengal does not account for diffuse sources of
multiple pollutants into rivers draining into the Bay of Bengal. There are, for example,
aquacultures, fertilizers, manure and industry. Aquaculture can be an important source of
nutrients, in particular, for the rivers of Bangladesh where the fish demands has been increased
from last few decades. Thus, pollution may occur by fish ponds from aquaculture. Missing this
source may underestimate the water pollution with nutrients. Agriculture can contribute
different pollutants (e.g., nutrients, micro-plastic, and pathogens). This source needs to be
included in further research. In addition, this study does not account the contribution of
dissolved inorganic nitrogen (DIN) from laundry detergents. I excluded this point sources of
DIN as people do not commonly use detergents in their daily life. Thus, the main conclusion
will not be affected.
In addition, many processes during the river export of multiple pollutants take place that has
been ignored in this research such the atmospheric N deposition into the Bay, in particular,
close to urban areas. There are many important pollutants to be included, such as trace metals.
This is another aspect to account for in the future studies.
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4.4. Comparison with other studies
I compared results of the multi-pollutant model for Bay of Bengal with existing modelling
studies.
For nutrients
Global NEWS calculated 4.1 Tg of DIN exported by the rivers into the Bay of Bengal in 2000.
For the Bengal Gulf in 2000, Global NEWS calculates that 23% of the DIP exported by rivers
originated from human waste. After including open defecation, human waste was responsible
for around 80% river export to the Bay of Bengal. The Global NEWS model quantifies around
0.01 Tg of DIN and DIP export by the Ganges River in 2000 (Mayorga et al. 2010). In my
study, this value is 0.08 Tg for DIN and 0.02 Tg for DIP. Clearly, values of Global NEWS are
lower than in my study. This is because I account for open defecation, which is an important
polluter of N and P in rivers. The large contribution of open defecation to river pollution is also
confirmed by Nurul et al. 2017.
For micro-plastic
I compared the result of multi-pollutant model for the Bay of Bengal with the reported trend in
micro-plastic export by the rivers (Siegfried et al. 2017). In general, I estimate high levels of
micro-plastic pollution because of low treatment efficiencies of wastewater treatment plants.
The model results are generally in line with the existing studies (Siegfried et al. 2017) indicating
the highly polluted seas due to low efficiency of sewage plants .
For cryptosporidium
About cryptosporidium inputs to rivers, my results are comparable with the results of
Vermeulen et al. 2015 for Bangladesh and India. My results show a higher contribution of
sewage systems in cryptosporidium inputs to rivers of India compared to rivers of Bangladesh
in 2010. In Bangladesh, open defecation is responsible for over two-thirds of cryptosporidium
in its rivers. This all is in line with findings of Vermeulen et al. 2015.
Comparison of open defecation values with existing studies
I also compared my estimates for open defecation rates in the river sub-basins with estimates
of Vermeulen et al. 2015. This is because open defecation rates are an important variable in the
model, determining largely the level of river pollution by nutrients and cryptosporidium.
Vermeulen et al. 2015 provide open defecation rates by country: India and Bangladesh. My
estimates for open defecation differ among the sub-basins. According to Vermeulen et al.
(2015), India has an open defecation rate of 0.05. I estimate comparable values of 0.07 in 2000
and 0.05 in 2010 for the Damodar River that covers India. My estimates are also comparable
with Vermeulen et al. 2015 for the Ganges downstream sub-basins. These similarities are
associated with the fact I sued the country statistics as Vermeulen et al. 2015 did too, but I
aggregated the country statistics to the river sub-basins. These aggregations can also explain
why for some river sub-basins my estimates differ from the country values of Vermeulen et al.
2015. The difference between my estimates and Vermeulen et al. 2015 in open defecation
values for some river basins can be associated with the uncertainty of modelling open defecation
value of total population that has been divided in urban and rural population in most of the
studies (Vermeulen et al. 2015).
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6.4. Conclusion
-

6.4.1. Main lessons for multi-pollutant modelling

This is the first study integrating existing models for four individual pollutants into a multipollutants model for 81 rivers draining into the Bay of Bengal. These four pollutants are of
nutrients (DIN and DIP), micro-plastic (MP), triclosan (TCS) and cryptosporidium (crypto).
These pollutants have different impacts on ecosystem and human health. For instance, nutrients
mainly cause eutrophication (Mayorga et al. 2010 and Suwarno et al. 2014). The chemical such
as triclosan and plastic may be harmful to marine organisms, causing biodiversity loss (van
Wijnen et al. 2017 and Allsopp et al. 2006). The pathogens spread microbial diseases such as
Diarrhoea that has severely affected health of people, especially in developing countries
(Hofstra et al. 2013; Hofstra & Vermeulen 2016).
The modelling approaches to calculate inputs of nutrients, micro-plastic, triclosan and
cryptosporidium to rivers from sewage systems at the sub-basin scale is based on the first
version of the multi-pollutant model (Strokal et al. 2018). The first version of the multi-pollutant
model integrates modelling approaches of the MARINA (Model to Assess River Inputs of
Nutrients to seAs) and Global NEWS (Nutrient Export from WaterSheds) models for nutrients,
micro-plastic model, triclosan model and GloWPa model (Global Waterborne Pathogen model)
for cryptosporidium. It quantifies river export of nutrients to the world rivers from sewage
systems for 2000 and 2010 (Strokal et al. 2018).
From my thesis, I can draw the main lessons for the multi-pollutant modelling at the sub-basin
scale.
Lesson 1: The multi-pollutants model for the Bay of Bengal can help to better understand the
sources of pollutants in rivers and explore solutions for reducing water stress associated with
pollution
Lesson 2: The sub-basin scale approach is a useful tool to better understand the spatial
variations in human activities within this largest river basin and the impact of human activities
on coastal water pollution
Lesson 3: Updated information on open defecation at sub-basin scale provides better
understanding of the spatial variability in the impact of open defecation on coastal water
pollution
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6.4.2 Main research findings
My study has five main findings. Below, I summarize these findings that together provide
answers to the four research questions (RQ).
-

Finding 1: In the past, river export of the multiple pollutants from point sources
increased by a factor of 1-5 between 2000 and 2010 (range for the pollutants; RQ3)

-

Finding 2: Open defecation was responsible for 60-80% of the multiple pollutants in
all studied rivers of the Bay of Bengal in 2000; this was different for 2010 where most
pollutants in Indian rivers came from sewage systems (RQ3)

Among point sources, most pollutants in the Bay of Bengal resulted from open defecation in
2000. This is different for 2010. The share of sewage systems in the total inputs of multiple
pollutants to rivers and thus in river export of these pollutants increased. Important reasons are
the growing population that are more connected to sewage systems in 2010. However, there are
large spatial variations in sources of multiple pollutants among the rivers for 2010. In 2000,
almost all rivers received multiple pollutants from open defecation. In 2010, most rivers of India
received pollutants from sewage systems whereas the other rivers continued receiving
pollutants from open defecation. This indicates that river sub-basins of India improved their
sanitation by introducing sewage systems to avoid open defecation. However, the treatment
efficiency of removing pollutants, in particular, micro-plastic and triclosan was not sufficient
enough to avoid pollutants inputs to rivers. The largest river basins such as Ganges and most
of the Indian rivers that are west to the Bay of Bengal such as Damodar and Cauweri are more
polluted from multiple pollutants as these river basins are densely populated areas with the
higher number of people connected to sewage.
-

Finding 4: The Ganges River is a dominant exporter of the multiple pollutants to the
Bay of Bengal; most pollutants are from downstream human activities in the Ganges
river basin

The river export of multiple pollutants by Ganges River increased by the factor of 1-9 from
2000 to 2010. The 80% of DIP and DIN are exported by the Ganges River into the Bay of
Bengal in both 2000 and 2010. However, micro-plastic and triclosan were less exported by the
Ganges River (almost 20%) in 2000 because of their fewer inputs from the point sources in
2000. Among the sub-basins of the Ganges River, the downstream sub-basin has more human
activities.
-

Finding 5: In the future, river export of multiple pollutants from point sources may
further increase depending on the effectiveness of sewage treatment (RQ4).

The river export of DIN, DIP, micro-plastic and triclosan is projected to increase considerably
by a factor of 1.5-9 between 2010 and 2050 in scenario 1. This is a net-effect of increased
population with sewage connections and poor treatment. However, this is different in scenario
2 with improved treatment. In scenario 2, rivers may bring 70% less DIN and DIP to the Bay
of Bengal in 2050 than in 2010. However, reducing river export of micro-plastic and triclosan
may still be difficult to the level of 2010 even in scenario 2.

68

6.5. Recommendations
Below, I list the recommendations to improve the model, build trust in the model with some
practical aspects.
Improve model
-

Including diffuse sources for multiple pollutants
Include other pollutants that are relevant to the study area such as metals, pesticides
Improve the dammed reservoir retentions information for the multiple pollutants

Build Trust in the result of the models
-

Calibration and validation of the model result
Sensitive analysis

More practical recommendation
-

Improve the wastewater treatment plants efficiency to increase the removal fraction of
multiple pollutants
Improve policy for the effective management of the multiple pollutants
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Annex A
Table A1: Selected river basins draining into the Bay of Bengal from first version of the multipollutant model (Strokal et al. in prep).
River IDs (Based on
this research)
1

River IDs (Based on
Global NEWS)
2101

River Name (Based on
Global NEWS)
Basin149561

Alternative River Names
(Based on this research)
Basin_01

2

2151

Basin151001

Basin_02

3

2176

Basin151721

Basin_03

4

2290

Basin154634

Basin_04

5

2374

Basin156049

Basin_05

6

2438

Basin157490

Basin_06

7

2482

Basin158228

Basin_07

8

2509

Basin158947

Basin_08

9

2664

Basin161824

Basin_09

10

1938

Basin145960

Basin_10

11

2209

Basin152470

Basin_11

12

26

Brahmani

Brahmani

13

30

Cauweri

Cauweri

14

50

Damodar

Damodar

15*
16

1971

Basin146680

Gadilam

85

Brahmaputra_sub-basin

Ganges_ Brahmaputra

17

87

Downstream_sub-basin

Ganges_ Downstream

18

84

Ganges_ Middlestream

19

86

Middlestream_stem_subbasi
Upstream_sub-basin

20

93

Godavari

Godavari

21
22
23
24

111
114
126
148
2043
220
241
2008
2075
2206
2207
2208
2210
2233
2234
2235
2290
2438
2734
2236
2237

Irrawaddy
Kaladan
Krishna
Mahanadi
Basin148121
Penner
Subamarekha
Basin147400
Basin148841
Basin152441
Basin152443
Basin152469
Basin152472
Basin153163
Basin153165
Basin153189
Basin154634
Basin157490
Basin163579
Basin153192
Basin153193

Irrawaddy
Kaladan
Krishna
Mahanadi
Palar
Penner
Subamarekha
Basin_12
Basin_13
Basin_14
Basin_15
Basin_16
Basin_17
Basin_18
Basin_19
Basin_20
Basin_21
Basin_22
Basin_23
Basin_24
Basin_25

25**
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

Ganges_ Upstream
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42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81

2263
2264
2288
2289
2319
2320
2373
2374
2375
2391
2394
2410
2411
2412
2413
2439
2440
2478
2479
2480
2481
2545
2579
2580
2618
2619
2620
2621
2622
2661
2662
2663
2700
2372
2617
88
89
90
3120
2009

Basin153885
Basin153909
Basin154606
Basin154630
Basin155327
Basin155350
Basin156048
Basin156049
Basin156069
Basin156417
Basin156425
Basin156769
Basin156770
Basin156788
Basin156789
Basin157491
Basin157508
Basin158211
Basin158212
Basin158213
Basin158227
Basin159665
Basin160374
Basin160385
Basin161098
Basin161099
Basin161100
Basin161101
Basin161104
Basin161821
Basin161822
Basin161823
Basin162543
Basin156047
Basin161096
land
land
land
Basin172612

Basin_26
Basin_27
Basin_28
Basin_29
Basin_30
Basin_31
Basin_32
Basin_33
Basin_34
Basin_35
Basin_36
Basin_37
Basin_38
Basin_39
Basin_40
Basin_41
Basin_42
Basin_43
Basin_44
Basin_45
Basin_46
Basin_47
Basin_48
Basin_49
Basin_50
Basin_51
Basin_52
Basin_53
Basin_54
Basin_55
Basin_56
Basin_57
Basin_58
Basin_59
Basin_60
Basin_61
Basin_62
Basin_63
Basin_64
Basin_65

*= Based on literature, this river lies nearby to the Penner river
**= Based on literature, this river has been given name as Palar river and it lies in between Penner and Cauweri
river. This river has its river mouth in the Bay of Bengal
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Table A2: Open defection value for selected river sub-basins in 2000 and 2010: The modeled
value for open defecation has been derived from the sanitation data of WHO/UNICEF Joint
Monitoring Programme ( JMP ) for Water Supply and Sanitation (wssinfo.org) for the countries
(India, Bangladesh, Myanmar, Nepal, Bhutan) consisting of rivers draining into the Bay of
Bengal. To calculate the open defecation value for individual sub-basin, total population of
each country has been divided by the total population of sub-basin and then multiple by the
open defecation rate of each country. Source: WHO/UNICEF (2014)
River ID (Based on Alternative
this research)
(Based
on
research)
1
Basin_01
2
Basin_02
3
Basin_03
4
Basin_04
5
Basin_05
6
Basin_06
7
Basin_07
8
Basin_08
9
Basin_09
10
Basin_10
11
Basin_11
12
Brahmani
13
Cauweri
14
Damodar
15
Gadilam
16
Ganges
17
Ganges
18
Ganges
19
Ganges
20
Godavari
21
Irrawaddy
22
Kaladan
23
Krishna
24
Mahanadi
25
Palar
26
Penner
27
Subamarekha
28
Basin_12
29
Basin_13
30
Basin_14
31
Basin_15
32
Basin_16
33
Basin_17
34
Basin_18
35
Basin_19

Name Open defecation value Open defecation value
this in 2000 (0-1)
in 2010 (0-1)
0.002
0.002
0.001
0.07
0.001
0.003
0.006
0.013
0.094
0.004
0.043
0.017
0.028
0.072
0.016
0.032
1.585
0.275
0.181
0.071
0.602
0.029
0.07
0.029
0.01
0.011
0.011
0.001
0.011
0.002
0
0.001
0.001
0.001
0

0.002
0.001
0.001
0.081
0.001
0.003
0.002
0.015
0.059
0.004
0.023
0.012
0.028
0.055
0.013
0.026
1.514
0.33
0.164
0.063
0.64
0.026
0.069
0.029
0.009
0.01
0.009
0.002
0.007
0.002
0
0
0.001
0.001
0
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36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81

Basin_20
Basin_21
Basin_22
Basin_23
Basin_24
Basin_25
Basin_26
Basin_27
Basin_28
Basin_29
Basin_30
Basin_31
Basin_32
Basin_33
Basin_34
Basin_35
Basin_36
Basin_37
Basin_38
Basin_39
Basin_40
Basin_41
Basin_42
Basin_43
Basin_44
Basin_45
Basin_46
Basin_47
Basin_48
Basin_49
Basin_50
Basin_51
Basin_52
Basin_53
Basin_54
Basin_55
Basin_56
Basin_57
Basin_58
Basin_59
Basin_60
Basin_61
Basin_62
Basin_63
Basin_64

0.003
0.003
0.003
0
0.006
0.133
0.002
0.001
0.001
0.005
0.003
0.002
0.002
0.001
0.003
0
0
0.001
0
0.002
0.003
0
0.008
0
0.001
0
0
0.001
0.003
0.007
0.043
0.064
0.001
0.007
0.026
0.003
0.001
0.026
0.065
0.004
0.005
0
0
0
0

0.001
0.003
0.003
0
0.014
0.104
0.002
0
0.001
0.005
0.002
0.001
0.002
0.001
0.002
0
0
0.001
0
0.003
0.003
0
0.006
0
0
0
0
0.002
0.002
0.005
0.093
0.047
0.053
0.002
0.013
0.04
0.011
0.004
0.023
0.009
0.011
0
0
0
0
73

82

Basin_65

0.001

0.001

Table A3: Increasing factor of river inputs of multiple pollutants into the rivers that drain in to
the Bay of Bengal at sub-basin scale from 2000 to 2010
Multiple pollutants
DIN
DIP
Triclosan
Micro-plastic
Cryptosporidium

River inputs
2000
0.7 tg
0.023 tg
40 ton
17 kton
4.01

in River inputs
2010
1 tg
0.32 tg
44 ton
24 kton
4.95

in Increasing factor
1.43
1.39
1.10
1.41
1.23

Table A4: Increasing factor of river export of multiple pollutants to the Bay of Bengal at subbasin scale from 2000 to 2010
Multiple pollutants
DIN
DIP
Triclosan
Micro-plastic

River export in 2000
0.09 tg
0.039 tg
2.45 ton
0.03 kton

River export in 2010
0.14 tg
0.042 tg
2.51 ton
0.045 kton

Increasing factor
1.75
1.45
1.02
1.45
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