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RIVERS PROVIDE A CRITICAL water resource
to support a country’s population, agricul-
ture and industry, alongside its precious
natural environment. As demand for this finite
resource rapidly grows across the planet,

it is becoming increasingly vital to address
growing pollution problems. Suitable water
quality monitoring techniques and new
technologies, alongside the latest data inter-
pretation tools and modelling, can provide
key information on the sources of pollution to
provide the knowledge base to ensure sustain-
able management in the future. This chapter
introduces some useful source apportion-
ment tools and new chemical and biological
monitoring techniques, and how they were
recently applied to the upper Ganga catch-
ment of India

Effective water quality monitoring of our
rivers to quantify pollution sources and

identify effective mitigation measures
can improve access to clean water for
humans and nature.

5.1 The need for monitoring

People have always been attracted to living by
rivers, lakes and coasts, as they provide vital
resources, such as drinking water, food, irriga-
tion, pollutant disposal, transport and recreation
(Carpenter et al 1998). Human development,
particularly since the industrial and agricultural
revolutions, has led to mounting pressures on
these precious water resources. This has resulted
in deteriorating water quality in most of the world’s
rivers, as the range of polluting compounds and
their loadings rapidly increased. The pollution
and over-exploitation of our rivers has resulted

in issues of water scarcity, human health conse-
quences, decreased amenity value, degradation
of aquatic ecosystems, and the loss of the vital
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ecosystem services they provide. These problems
are particularly acute in India, where rapidly
increasing human population, urbanisation, indus-
trialisation and agricultural intensification, are
resulting in declining water quality and ecologi-
cal status, and serious impacts on human health
(Lewis 2007). An issue compounded by a relative
lack of pollution regulation and monitoring activ-
ities for industry, sewage works and on individual
farmers, in terms of water abstraction rates, pesti-
cide and fertiliser use (Simon & Joshi 2022).

The most common water impairment across much
of the world's rivers is eutrophication, caused
primarily by the increase in phosphorus and
nitrogen inputs from fertiliser runoff and sewage
discharges. The resulting increase in nutrient
concentrations can cause proliferation of algae,
loss of aquatic plants and invertebrates, low
oxygen concentrations, and fish kills. Eutrophica-
tion also has major financial implications related to
providing safe drinking water, loss of recreational
activities, and water-front property values.

In addition, industrialisation, agricultural inten-
sification and the increasing use of medicines
and personal care products have resulted in an
ever-widening range of pollutants entering our
rivers. These include metals, pharmaceuticals,
pesticides, plasticisers, and nanoparticles, and
they can have major impacts on aquatic biodiver-
sity and ecosystem functioning (Johnson 2019).

The Indian population are some of the largest
producers and consumers of unregulated pharma-
ceuticals and antibiotics, which is leading to high
concentrations of antibiotic-resistant bacteria in
its rivers (Chaturvedi et al 2020). The impacts of
these increasing pollution loads on the human
population are further increased by the close
relationship between the Indian people and their
rivers. Their spiritual importance result in people
taking part in regular ritual bathing, especially in
sites of religious significance where large gather-
ings take place on special occasions, such as the
Kumbh (Fouz et al 2020). Rivers are also often
used directly for washing and laundry, bringing
people into direct contact with the pollution.
Water quality of rivers in many areas of the world
has improved over recent decades, or is being
improved, including in India. The major drivers for
this improvement have been the introduction of
enhanced sewage treatment processes, such as
the Sewage Treatment Works (STW) construction
underway in India, as well as improved farming

practises and greater government regulation. In
India, however, there is still work to be done as the
capacity of many of the STW cannot cope with the
rapidly increasing city populations (Central Pollu-
tion Control Board 2013), which results in untreat-
ed wastewater still being discharged directly

into the river (See Figure 5.1). However, where
improvements to infrastructure, practice, and
regulations have been made in step with needs,
for instance, in many major European rivers,

they have led to more than an 80% reduction in
phosphate concentrations (Foy 2007).

The cornerstone of water quality improvements
has been greater water quality monitoring, which
has enabled specific pollution effluent sources
(from STW and industrial sources) to be directly
measured, allowing authorities to check adher-
ence to discharge consents. The monitoring of
rivers themselves has allowed governments and
catchment managers to evaluate the current
state of water quality, and to set water quality
targets that provide the desired chemical status.
The European Union's (EU) Urban Wastewater
Treatment Directive instructed all member States
to employ secondary sewage treatment for any
village greater than 2,000 people, and higher-level
treatment for any town with a population of over
10,000 people. The EU's Water Framework Direc-
tive introduced legislation to deliver both good
chemical and ecological status in European rivers,
and introduced the concept of using the ecolog-
ical biodiversity of aquatic diatoms, invertebrates
and plants, as an indicator of river health and
long-term water quality.

5.2 River water quality monitoring

Across the developed world, countries routinely
monitor a wide range (often hundreds) of organic,
nutrient and metal pollutants, alongside an exten-
sive range of physical, chemical and biological
parameters. They particularly focus monitoring

on the key parameters that are known to have the
greatest impact on river ecology, i.e. phosphate,
ammonium, nitrate, pH and dissolved oxygen
concentration. This provides the framework to
determine whether rivers are meeting their water
quality and ecological targets. All this chemical
and biological monitoring data, alongside flow
gauging data, are often freely available through
data portals.
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683 Million

1210 Million

62,000 megalitres

23,277 megalitres

60%

60,000 megatonnes per year

2,667 megalitres per day*

FIGURE 5.1 Ganga Basin water quality in numbers. Information sourced from Central Pollution Control Board (2013 & 2015);

Simon & Joshi (2022).

This in-depth monitoring of multiple parame-
ters allows the scientific community to identify
trends in pollution loadings and to identify newly
emerging contaminants. This can be compared
with biological monitoring results to assess how
pollution loads are impacting the aquatic ecology.
Conversely, the assemblages of diatom algae or
macroinvertebrate species can be used to deter-
mine the long-term nutrient status and ecological
state of the monitoring site (Clarke et al 2003;
Kelly 1998). The academic community has signif-
icantly increased the depth of river monitoring,
both in detecting emerging contaminants, and
developing new techniques and instrumentation
to increase the spatial and temporal resolution of
chemical monitoring.

The spatial coverage and data quality of India’s
regulatory monitoring of water quality has
improved in recent years. The principal parame-
ters are biological oxygen demand, conductivity,
pH, dissolved oxygen and faecal coliform concen-
trations, which are used for classifying designated
use standards'. This is appropriate for determining

1 https://cpcb.nic.in/water-quality-criteria-2

river reaches and catchments with gross-pollution
loading, but gives little insight into the sources

of pollution and internal, within-river processes
that are occurring. In addition, these parameters
are used for sewage effluent monitoring in other
countries, rather than for river water quality evalu-
ation. The lack of phosphorus data, in particular,

is @ major gap in river water quality monitoring in
India, as it omits the large agricultural runoff inputs
being added to the river.

Government and academic water quality data is
also often difficult to obtain, and usually presented
as an annual mean, with maximum and minimum
values, rather than the more-frequent raw data,
which reduces the value of publicly available data.
Raw data from the Central Pollution Control Board
are becoming available for academic purposes,
which will increase our understanding of pollu-
tion sources and impacts of seasonality, and

help advance our knowledge of how to improve
water quality in Indian rivers. However, one of the
greatest barriers to using some of the latest data
interpretation tools and models in India is the lack
of availability of river flow data for trans-national
rivers.

47
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5.3 New monitoring techniques and
practices

There are several new monitoring approaches and
data interpretation techniques developed in the
UK in recent years that could benefit Indian rivers
research and management, especially if river flow
or, at least river height, data is available.

Nutrient speciation analysis

Analysing water samples for a full range of the
chemical forms of nutrients, provides invaluable
information about pollution sources, potential
impacts on river ecology, and insights into the
within-river chemical and biological processing
that is occurring (Bowes et al 2003). UKCEH
and UK regulators routinely monitor phosphorus
species (total P, total dissolved P, soluble reactive
P), nitrogen species (total dissolved N, nitrate,
nitrite and ammonium), as well as carbon (total
and dissolved organic carbon, alkalinity) and
dissolved silicon.

Load apportionment modelling

Carrying out water quality monitoring at flow
gauging sites increases the value of the data. It
allows for the calculation of pollution loads and to
run widely used river water quality models.

One simple but very useful tool is the Load
Apportionment Model (LAM; Bowes et al 2008).
It is based on the observation that catchments
that are dominated by continuous (usually point
source) pollution inputs (such as sewage effluent)
are diluted when river flow increases, and so
highest pollution concentrations occur at low
flows. In contrast, catchments that are dominat-
ed by diffuse, rain-related inputs have increasing
concentrations/loads as river flows increase.
The model uses this simple nutrient concentra-
tion/flow relationship to determine the relative
amounts of phosphorus coming from continuous
and rain-related sources. LAM can be applied

to long-term data sets to determine the causes
of water quality changes (Chen et al 2015) and
to predict how river nutrient concentrations will
decrease following sewage treatment works
(STW) upgrades (Bowes et al 2010).

Use of pollution marker compounds

The monitoring of a wide range of chemical
parameters allows researchers to quantify certain
pollution sources and the rates of within-riv-

er processes. For instance, dissolved boron (a

constituent of detergents) and artificial sweeteners
can be used as sewage tracers (Neal et al 2005;
Richards et al 2017). Certain metal tracers can be
used to quantify industrial pollution. Conservative
unreactive elements such as chloride can be used
alongside load apportionment modelling to deter-
mine the rates of nutrient uptake and processing
(Jarvie et al 2012).

High frequency water quality monitoring

The reliability of in-situ water quality probes

have greatly increased in recent years, and

they are being increasingly used by monitoring
agencies in the UK as an early warning tool for
pollution incidents and subsequent investiga-
tions. Measured parameters include temperature,
pH, conductivity, turbidity, dissolved oxygen,
ammonium and chlorophyll concentrations,
monitored at hourly intervals. Importantly, this
data is made available to the academic commu-
nity. Research organisations such as UKCEH and
UK Universities are also deploying phosphorus
auto-analysers and nitrate probes to capture
hourly nutrient concentrations. Full descriptions of
typical monitoring station set-ups, telemetry and
instrumentation can be found elsewhere (Rode et
al 2016).

The high-frequency water quality, nutrient and
flow data that these automatic monitoring stations
(Figure 5.2) produce, have been used to identify
nutrient pollution sources within the catchment
(Bowes et al 2015; Mellander et al 2014), impacts
of individual storms on pollutant delivery (Outram
et al 2014), and to determine the cause of algal
blooms (Bowes et al 2016).

FIGURE 5.2 Automatic water quality monitoring station,
Lower River Thames, UK. Photo credit: Mike Bowes.
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The Central Pollution Control Board have also
started to deploy these in-situ probes in Indian
rivers and wastewater drains, covering a wide
range of parameters, including biological

oxygen demand, dissolved oxygen, conductivity,
ammonium and nitrate. This will hopefully provide
a platform for further monitoring and research at
these sites.

Algal analysis by flow cytometry

Eutrophication can result in excessive algal growth
and deterioration of river ecology (see for example,
Figure 5.3). Chlorophyll concentration can be
monitored using in-river probes or by laboratory
analysis. However, this only provides information
on diatom and large green algal density and omits
the prevalence of small green algae and cyano-
bacteria (blue-green algae) which often dominate
river phytoplankton communities when water
temperatures are high. Identification and quantifi-
cation of these microorganisms is very skilled and
time-consuming, and hence expensive. UKCEH
has developed a new rapid technique using flow
cytometry (Read et al 2014), which can not only
count algal cells in river water samples but also
determine the size and pigment content of each
individual cell. This enables researchers to charac-
terise the algal community into ten algal groups
within a few minutes, at low cost. This can provide
an early warning of high (and potentially toxic)
cyanobacterial concentrations. The combined

algal and water quality data sets can also help
determine the physical and chemical parameters
that trigger blooms in each algal group.

DNA-based approaches

Traditional approaches to assess the microbio-
logical risk of water are based on culturing and
counting faecal coliforms or Escherichia coli.
These can be time-consuming and expensive, and
due to the low stability of samples after collection,
difficult to implement in remote areas. Techniques
based on the analysis of DNA can enable micro-
bial communities to be characterised in great
detail, characterising entire bacterial communities
to determine bacterial ecology and biodiversity,
and to identify pollution sources (Read et al 2015).
Bacterial species that are associated with sewage
or faecal matter can be identified and used as
indicators of water quality, as well as potentially
identifying their sources. DNA sequencing is also
increasingly being used as a tool to characterise
freshwater biodiversity via the analysis of environ-
mental DNA (eDNA), where traces of DNA that
animals shed into the environment are used to
identify the upstream presence of rare animals.
Although these approaches have traditionally
been available only to specialised and well-re-
sourced laboratories, increasingly sequencing
technology is becoming more widely available,
including through the use of miniaturised and
handheld DNA sequencers. There is potential for

FIGURE 5.3 Algal bloom along the margins of the Ramganga River in March 2018. Photo credit: Mike Bowes.
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these approaches to contribute significantly to
water quality monitoring in the future.

Remote sensing for water quality mapping
Remote sensing-based mapping of water quality
offers exciting new opportunities in India, as it is
particularly suited to application in large rivers
where regular water sampling is laborious and
expensive. Remotely sensed imagery provides the
high spatial and temporal scale data not easily
achieved by traditional, in situ techniques (Haji
Gholizadeh et al 2016). They can identify pollution
plumes and how they are affected by dispersion
generated by inflows to rivers, lakes and wetlands
(Figure 5.4). These methods range from mapping
water quality parameters such as turbidity, algal
blooms, and Coloured Dissolved Organic Matter
(CDOM) using various spectral indices to thermal
and hyperspectral cameras mounted on an
airborne or drone platform.

5.4 Application of new techniques to
upper Ganga River: A case study

Some of the monitoring and interpretation
techniques detailed above were successfully
applied during a survey of the upper Ganga River
in April 2018, as part of the SUNRISE programme
(Bowes et al 2020). Samples were taken from nine
sites along the Ganga River (from upstream of
Rishikesh to Kanpur), from three sites along both
the Yamuna and Ramganga Rivers, the upper and
lower Ganga Canal, and from eight other major
tributaries (Figure 5.5) and a range of chemical
and biological parameters assessed (Table 5.1).

FIGURE 5.4 Mapping of the pollution plume in the
Ganga River around Kanpur using a multispectral
camera mounted on an aircraft. Photo credit: Rajiv
Sinha

anga Canal

]

Ul
* Ganga monitoring site
* Tributary monitoring site I 100 km

FIGURE 5.5 Study sites sampled during the Ganga
Basin Survey, March 2018.

The key findings are illustrated with the aid of
Figure 5.6. Water quality was relatively good in
the upper Ganga, but declined rapidly around
Kannauj, due to major nutrient pollution inputs
from the Ramganga and Kali tributaries. Phospho-
rus and nitrogen loads in these two tributaries
and the Yamuna in New Delhi were dominated

by soluble reactive P and ammonium, which are
major constituents of raw sewage. High chloride
and pathogen concentrations also indicated that
the pollution at these sites was from urban waste-
waters.

The high nutrient loadings in the Ramganga and
Kali Rivers resulted in major algal blooms, which
affected the Ganga River between Kannauj and
Kanpur (Figure 5.3; Figure 5.6).

The results from this study provided some clear
recommendations to protect and improve water
quality in the upper Ganga. Urban and industrial
effluents from the cities along the Kali, Ramganga
and Yamuna Rivers need to be targeted. This
would be the best approach to improving water
quality and reducing eutrophication risk in the
Ganga River itself. The study has demonstrated
that excessive nutrient pollution is coming from
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Parameters

Phosphorus (total P, total dissolved P, soluble reactive P), Nitrogen (total

Nutrient speciation
silicon

Water chemistry

dissolved N, nitrate, nitrite, ammonium), dissolved organic carbon, dissolved

Chloride, fluoride, sulphide, conductivity

Algal community structure Diatoms, meso-chlorophytes, pico-chlorophytes, cryptophytes,

(Flow cytometry) cyanobacteria

Bacterial community

Bacterioplankton phyla and potential pathogens and faecal indicators

TABLE 5.1 Chemical and biological parameters measured during the Ganga Basin Survey, March 2018.

urban wastewater sources rather than agriculture.

Hence, raw sewage discharges, as shown by the
high reactive P and ammonium loads, need to be
intercepted and treated in these sub-catchments
(for more about in situ and alternate treatment
technologies, see Chapter 7)]. Regulation and
monitoring of effluents needs to be introduced
or increased, and a system of pollution consents
and/or fines introduced. Finally, the potential for
flow augmentation from river barrages to reduce
pollution levels and end damaging algal blooms
needs to be investigated.

5.5 Towards cleaner rivers

Many countries have successfully faced the
challenge of mitigating against the environmental

pressures of rapid population growth, industri-
alisation and agricultural intensification. Using
this collective experience from around the world,
alongside the latest monitoring technologies,
modelling and data interpretation techniques,
can lead to much greater system understanding,
enabling better management of India's precious
environmental and water resources.

An important first step towards this goal would
be to refocus river water quality monitoring on
the key elements that impact on aquatic ecology,
including nutrients, chlorophyll, and dissolved
oxygen. Pollutants that are impacting on human
health or causing specific problems in particu-
lar Indian regions, such as organic pollutants,
heavy metals and arsenic/fluoride, should also be
included. Integrating multi-pollutant surveys with

Ganga upstream of Rishikesh. Photo credit - Mike Bowes.
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@ 401 Ramganga and Kali ecological monitoring would allow changes in

E River Inputs water quality to be assessed in terms of changes
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FIGURE 5.6 Changes in water quality and microbial tion of major hotspots of pollution, drone-based

cell counts along the upper Ganga River in March 2018, mapping using hyperspectral sensors may provide
demonstrating impact of inputs from Ramganga and the added benefits of not only identifying specific

Kali tributaries. pollutants but also tracing their sources upstream
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and dispersion downstream. This could help to
reduce unregulated effluent releases.
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