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Résumé
Rationale
Increasing pollution of freshwater as a result of rapid economic growth and urbanization in developing
countries, and sustained, chronic pollution including long-term legacies in developed countries poses
a growing risk to public health, food security, biodiversity and other ecosystem services. The goal of
the World Water Quality Assessment is to review the state of freshwater quality and its potential
impacts on ecosystems health, human health and food security, in conjunction with pressures and key
drivers to overcome the global water crisis in a targeted way.
The UN Environment Assembly Resolution from 2017, UNEP/EA.3/RES.10, ‘Addressing water pollution
to protect and restore water-related ecosystems’ called for an assessment of global water quality. This
current document provides a first global display of a water quality baseline as the pilot draft
Assessment report to be delivered for UNEA-5 (2021/2022). It results from a networking activity
mirroring the competences, interests and resources of the contributors, and does not claim
completeness. This Assessment of global water quality will be continued to address the current
challenges in terms of gaps in data and to arrive at a comprehensive baseline that can be updated in a
more continuous way. It will further require more time to thoroughly address methodological issues
facing a global water quality assessment. The innovative pathway chosen builds on experiences made
in the Snapshot report (UNEP 2016) and the resulting Analytical Brief (UN-Water 2016) setting out key
requirements towards a global assessment. The working groups involved and principal investigators
representing several World Water Quality Alliance (WWQA) working groups will continue to achieve
best possible alignment of available in-situ, modelling and remote sensing data date to provide a best
possible global baseline and scenarios in early 2023 for presentation to UNEA 6 and to feed into the
comprehensive mid-term review of the International Decade for Action on Water for Sustainable
Development 2018-2028.

Key findings
This first global display of water quality gives a versatile picture of the baseline state of global water
quality and its impacts on ecosystems health, human health and food security. The results can be used
to identify water quality hotspots and help to identify some of the key drivers. The outcome of the
Assessment already at this initial demonstration state can provide context in support of the evaluation
of reaching the Sustainable Development Goal SDG 6 target 6.3 by focusing on the specific indicator
on ambient water quality 6.3.2 and its interlinkages with other targets and goals.
The key findings from the analysis presented include:
Chapter 2 ‘Methods’
-

-

The Assessment core of innovation, the triangulation approach, aiming to combine in-situ,
modelling and remote sensing data can help to overcome the implicit limitations of each data
source alone. So far, however, the implementation has been successful on case-by-case only;
The DPSIR (Drivers-Pressures-States-Impacts-Responses) causal chain conceptual framework
connecting the drivers to pressures and responses opens new horizons of data collection from
the three data sources, namely, in-situ monitoring, remote sensing and modelling.

Chapter 3.1 ‘Water quality impacts on ecosystem health’
-

In 2020, anthropogenic nutrient sources contribute more than 70% to river nutrient loading;
Most of the increase of river nutrient loading has been in Asia;
Harmful algae blooms are now spreading in many river basins;
Curbing global nutrient cycles requires paradigm shifts in food and waste systems;
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-

-

Two large scale European assessments on ca. 2,000 chemicals report chronic effects of (a mixture
of) chemicals on aquatic species to be expected at 42%-85% of the studied sites, while 14%-43%
of the sites are likely to experience some degree of species loss;
Assessments as for Europe cannot be made on a global scale. Neither the measured data nor the
information to generate predicted concentrations are available yet;
The Human Impact and Water Availability Indicator (HIWAI) can be used to extrapolate results
obtained for Europe. This proxy was found to correlate well with the expected loss of aquatic
species in European surface waters.

Chapter 3.2 ‘Water quality impacts on human health’
-

-

Modelling has been a prominent approach to derive estimates on human health impacts from
contaminated water, the water quality state and the contamination sources;
First estimates of human health impacts originating from the pathogen Cryptosporidium (single
cell parasite) shows hotspots in areas where surface water is still regularly used for drinking
directly and for arsenic hotspots are located in Asia. For most other contaminants to-date still no
impact studies are available at the large scale;
Concentration hotspots are, for most contaminants, densely populated areas, in particular where
wastewater treatment is limited. For groundwater arsenic and surface water salinity
concentrations, hotspot areas include India, China and Mongolia.

Chapter 3.3 ‘Water quality impacts on food security’
-

-

-

First estimates of water quality impacts on food security show hotspots in north-eastern China,
India, the Middle East, parts of South America, Africa, Mexico, United States and the
Mediterranean;
Estimates of water quality impacts on food security reveal that over 200,000 km² of agricultural
land in South Asia may be irrigated with saline water exceeding the FAO guideline of 450 mg/l
and over 154,000 km² show a high probability of groundwater having arsenic concentrations that
exceed the WHO guideline value of 10 µg/l, respectively;
Aquaculture and mariculture production are important to produce high-quality protein, but both
can be at risk because of water pollution such as increased nutrient concentrations;
Wastewater reuse in irrigation is an option to overcome water shortages and to close the
nutrient cycle, however, the food may become contaminated by pathogens (and faecal coliform
bacteria), Antimicrobial Resistant (AMR) microorganisms and chemicals in wastewater that has
not been sufficiently treated.

Chapter 4 ‘World Water Quality Alliance - Africa Use Cases’ (case studies contributing to the
Assessment and stakeholder engagement)
-

-

-

Cape Town’s groundwater is vulnerable to water quality impacts from urban development in an
area with various land-use activities, posing a risk to the planned potable water supply; hence
aquifer protection zones were co-designed;
Implications of water quality and its disturbance at Lake Victoria provide data to the Assessment
and led to co-design of information products for the water food nexus with local fisheries
stakeholders including a coastal eutrophication assessment, water temperature and stratification
dynamics, and sediment chemistry;
Water quality related information product options for the Volta basin are initially being explored
with local partners including tools to determine the percentage of population vulnerable to poor
water quality, and a remote sensing-based groundwater quality assessment.
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Chapter 5 ‘Digital water quality platforms’
-

-

A gap exists between the general availability of data, their level of coherent aggregation and
synthesis which is required to provide useful information for different policy or management
purposes. Appropriately designed platforms can help to overcome this gap;
The key to engage platform users is their involvement already early on in the development
phases of the platform in a co-design process;
Multiple water quality platforms co-exist and target various water quality issues such as arsenic
in groundwater or pathogens in African rivers. They should ideally reinforce each other by
providing standardized data products to enable cross-platform sharing.

Water quality hotspots frequently overlap for many of the pollutants under consideration (namely,
when natural sources of contamination are far less important than anthropogenic pollution) and
located in densely populated areas. For a fully comprehensive global view, however, this Assessment
is still in a preliminary stage, facing considerable lack of input data, on state and on impacts for all
relevant water types, especially on contaminants/pollutants. Also for many contaminants relevant for
human health, estimates of their current state are still unavailable at the large scale. Response options
most often focus on reduction of sources. But, their impact has not yet been widely assessed. Also,
data that quantitatively link water quality impacts to food security is often lacking at the large spatial
scale, leaving efforts towards quantification of impacts at this large dimension difficult.
It is also evident that the emphasis of this Assessment, that is to encompass large- to global-scale water
quality studies, still is on surface waters and data retrieved from modelling. The prospects of the
Assessment triangulation approach, speaking to the joint use of data from in-situ monitoring, remote
sensing and modelling have been shown exemplarily in Chapter 3 for each of the water quality impact
themes. While this is opening promising perspectives to address data scarcity there are still technical,
practical and conceptual challenges to be addressed concerning for example inconsistencies in spatial
and temporal delineation and variables covered by each method.

Major Challenges
To assess water quality in the environment globally data is required with scientifically rigorous
coverage across time and space and reflecting a meaningful share of all waterbodies under
consideration. As in the past in this requirement still reside the most significant challenges the
Assessment aims to address over time.
Major data and knowledge gaps identified to-date include:
-

-

-

still an urgent need for regularly monitored up-to-date and readily available data to do a
thorough evaluation;
the further development of methods for integrating different data sources (including in-situ
monitoring, water quality models and remote sensing) for a comprehensive water quality
evaluation is required;
knowledge gaps on the importance of the environmental fate and transport pathways and which
need to be closed, also to test model assumptions on these;
that reporting should encompass the state, impacts (also indirect impacts), main sources and
response options for all contaminants causing environmental and health risks;
that the assessment of water quality impacts in quantitative terms remains difficult as in-situ
data and modelling data are lacking (for example to capture the impacts of harmful algal blooms,
HABs and hypoxia on fisheries, aquaculture and mariculture as well as pathogen contamination
impacts on leafy crops and food safety or on diarrhoeal diseases);
a continued and urgent requirement for innovative regulatory solutions, which include
awareness raising among policy makers and all societal actors worldwide;
5

-

an intrinsic need for better translation of response options to various target audiences by means
of strong institutional collaboration across key water quality nexus dimensions and including the
integration across water and health/food/ecosystem disciplines to implement effective
measures.

In the next Assessment phase, the baseline water quality state and impact will be further elaborated.
What especially requires improving is better integration of all sources of information: in-situ data,
models and remote sensing, across the DPSIR framework. For this, the Assessment team needs
strengthening in particular concerning competences in the fields of in-situ monitoring and remote
sensing but also regarding the water bodies less visible in this report, i.e. groundwater and estuaries.
Concerning modelling, the versatile contribution so far lacks especially large-scale results for many
pollutants but also the basis required for scenario runs needs attention, as modelling is the only means
to perform scenario studies.
Selected case studies will be carried on to develop in-country partnerships and collaboration,
especially with water resource decision-makers in order to continue the co-design of water quality
products and services using the World Water Quality Assessment triangulation approach needed e.g.
to address mitigation options. Here attention will be paid to groups at risk like women because of their
frequent usage of water from rivers and lakes for cleaning clothes and collecting water for cooking and
drinking in the household, and children because of their play activities in local surface waters and also
because they often have the task of collecting water for the household.
The triangulation approach will trigger new thinking in the scientific community and provide eventually
new results to be included in the Assessment. To provide resilient and future-proof response options
to decision-makers, the basis must be established for conducting scenario analysis of future
development pathways of water quality in the freshwater system in response to future climate change,
socio-economic development and response options. For complex new products beyond a pure
community effort, such as a comprehensive scenario assessment across all modelling teams, different
linked impacts models, or multi-pollutant approaches, additional resources would be required.
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1 Introduction
1.1 Background
Increasing pollution of freshwater as a result of rapid economic growth and urbanization in developing
countries, and sustained, chronic pollution including long-term legacies in developed countries poses
a growing risk to public health, food security, biodiversity and other ecosystem services.
A prerequisite for the implementation of measures to improve water quality – e.g. to monitor progress
reaching the Sustainable Development Goal 6 target 6.3. on water quality and wastewater – is the
availability of information on the current state of water quality as well as the key drivers of water
quality changes. A preliminary Snapshot of the World’s Water Quality: Towards a Global Assessment
(UNEP 2016) revealed the lack of in-situ monitoring data which refer to measurements taken on the
ground in the water directly particularly in developing countries, rendering the sole reliance on
measured data impossible, both on continental and global and frequently also on national scales. The
challenge to generate this information and transform it to actionable knowledge not only consists of a
pure lack of data but also of making data accessible and providing them in a format that creates usable
and understandable information for the various actors involved.

1.2 Objectives and approach of the World Water Quality Assessment
The goal of the global Assessment is to review the state of freshwater quality and its potential impacts
on ecosystem health, human health and food security, in conjunction with its pressures and key drivers
to overcome the global water crisis in a targeted way. Embedded in the World Water Quality Alliance,
WWQA, a global community of practice comprising UN and external members world-wide and
representing a wealth of expertise in the field of water quality, the Assessment also aims at raising
awareness of the importance of water quality degradation for sustainable development and enabling
countries to better assess the state of the water resources and aquatic environment as a prerequisite
to effectively protect, maintain or restore water quality at sustainable levels. The Assessment is a key
element in UNEP’s long-term objective to foster a rolling global water quality appraisal including
Services and Innovation concepts and to be supported by an advanced global environment monitoring
system for freshwater (Figure 1.1).

Figure 1.1 A global water quality appraisal, services and innovation concept matching demand and supply of information
towards reaching good environmental quality and achieving SDG 6 and its interlinked goals at large.
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The major components of the Assessment as identified in the Analytical Brief Towards a Worldwide
Assessment of Freshwater Quality (UN-Water 2016) are: 1) Baseline Assessment of global water
quality in surface and groundwater bodies, 2) Scenario Analysis of future pathways of water quality in
the freshwater system and its compartments, and 3) Mitigation Options, reflecting information on
pathways towards effectively protecting or restoring water quality at different scales.
Due to the inherent limitation of in-situ monitoring data which have been generated by direct
measurements at source (see Chapter 2.1.2), it is not possible to undertake a comprehensive
assessment of the state of global freshwater quality and related impacts from such sampling data
alone. Therefore, the central methodological challenge in the World Water Quality Assessment is to
innovatively consolidate the information basis by synthesizing data from in-situ monitoring, water
quality modelling and remote sensing-based Earth Observation (the so-called triangulation approach,
Figure 2.1B). Resulting data products and derived assessment information will provide consistent
images of the current state of freshwater quality (baseline) and illustrate causal chains from drivers to
impacts and response options using the DPSIR framework.
The ambition of the Assessment is to work at different scales: 1) the global scale to provide a consistent
context on the state of water quality regarding key pollutants and to identify the impaired water bodies
posing risks to human health, food security and ecosystem health; 2) the water body to river basin
scale with the engagement of stakeholders where possible in respective case studies to synthesize
information collectively and to achieve their management needs relevant in their respective water
system context including the implementation of the 2030 Agenda for Sustainable Development at
relevant scales (the concept of a localized 2030 Agenda).
As said above, embedding is provided by the World Water Quality Alliance, WWQA – currently
comprising more than 50 organizations globally – which represents a voluntary and flexible global UN
and external expert, practitioner and policy network, advocating the central role of freshwater quality
in achieving prosperity and sustainability. It brings together diverse disciplines and actors (including
science, private sector and civil society) and forms the expert community of practice behind the author
team of this document. As a product of this networking activity the present document mirrors the
competences and interests of the participants and does not claim completeness.

1.3 This document
The mandate is reflected in Resolution UNEP/EA.3/RES.10, adopted by the United Nations
Environment Assembly 3rd session end of 2017 on ‘Addressing water pollution to protect and restore
water-related ecosystems’, which called for an assessment of global water quality and draw on and
establish the necessary partnerships. This document is a first step towards the full World Water Quality
Assessment requested. It demonstrates the achievable interim results to-date in acknowledging the
complexity of meeting data scarcity and methodological challenges in combining data from various
sources in a scientifically rigorous reliable and reproducible way. It provides already today a first global
display of a water quality baseline as the pilot draft Assessment report to be delivered for UNEA-5
(2021/2022).
The core of the document is Chapter 3 ‘Water quality impacts’ that is structured along the three crucial
water quality impacts on ecosystem health, human health and food security. This chapter is based on
readily available, published materials on the three themes that have been compiled as a state-of-theart. The approaches applied (Assessment data-source triangle and the DPSIR framework) and the tools
behind the results are introduced in Chapter 2 ‘Methods’. The full World Water Quality Assessment
aims at stakeholder engagement and making data and actionable information accessible. These two
aspects are introduced and illustrated in Chapter 4 which displays first efforts made to this effect by
the World Water Quality Alliance (‘WWQA Use Cases – Stakeholder engagement and product/service
co-design’) in three pilot locations across Africa and which feed into and supplement the Assessment
and in Chapter 5 ‘Digital water quality platforms’.
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2 Methods
The integrated use of the triangulation approach combined with the DPSIR framework is an
innovative approach to fill the data and knowledge gaps to better assess water quality at the
global scale:
- The triangulation approach combines in-situ, modelling and remote sensing data through novel
links, which can help to overcome the implicit limitations of each data source.
- A combination of data from the cornerstones of the triangle contributes to a better
understanding of uncertainties in simulated water quality variables and helps consolidate the
water quality assessment, especially in data-scarce regions with limited in-situ water quality
monitoring data.
- The triangulation approach has the potential to maximise the information gained from in-situ
data, modelling knowledge and remote sensing products, and identify focal regions to improve
water quality monitoring and modelling and develop strategies towards sustainable water
quality management.
- The DPSIR framework as a causal chain connecting the drivers to pressures and responses
opens new horizons of data collection from in-situ monitoring, remote sensing and water
quality modelling.

2.1 Approach
2.1.1 The DPSIR framework
The DPSIR (Drivers-Pressures-States-Impacts-Responses, Figure 2.1A) framework was developed in the
early 1990s. It was adopted by the European Environmental Agency (EEA) in 1995 as a conceptual
framework illustrating the cause-effect relationships for environmental problems (Smeets and
Weterings 1999). Since its development, the use of the DPSIR framework, alongside with indicator
development in a meaningful manner for decision-makers (OECD 2003), has been further extended,
for structuring information (Kristensen 2003). It allows the integration of knowledge from multiple
disciplines, and explains and visualizes the interactions between the environmental and socioeconomic dynamics (Lundberg 2005). Therefore, the DPSIR framework was used by multidisciplinary
studies (Tscherning et al. 2012), such as dealing with air quality (Relvas and Miranda 2018), and naturebased tourism development (Mandić 2020). The framework was also used in water quality studies and
land-coast assessments, such as linking water pollution with human health (e.g., Boelee et al. 2019)
and nutrient load management in hinterland catchments and in coastal and marine environments and
their interactions (Salomons et al. 2005; Dolbeth et al. 2016). Hence, the DPSIR framework has shown
capability across different spatial scales, ranging from case study (Carr et al. 2007), and regional
(Hamidov et al. 2018), to the global scale (Odermatt 2004). Besides, a large body of research on
sustainable development has broadened the use of the DPSIR framework as a beneficial assessment
tool connecting the drivers to impacts and intervention priorities as well as a communication tool
between multidisciplinary researchers, policymakers, and key stakeholders for problem
understanding, participatory scenario analysis and for supporting decision making. In the current
report, the DPSIR framework is used as an overarching structure for the water quality assessment at
regional and global scales (see e.g., Table 3.1 on human health).
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2.1.2 The triangulation approach
Water quality monitoring, evaluation, and prediction are increasingly recognised as priority research
topics to improve the science base for water quality management. The most common water quality
evaluation methods are i) in-situ data analysis based on data generated from direct measurements in
the water systems and laboratory analysis, ii) water quality modelling, and iii) remote sensing.
Generally, these methods are used separately and bilaterally, but rarely integrative. In-situ data is of
fundamental importance because it provides the ground truth as the basis for water quality
assessment and management on its own, especially at the local and regional scales. Moreover, it is
irreplaceable when it comes to the validation and testing of modelling and remote sensing results. The
in-situ data analysis is well recognised as a data-dependent approach and in-situ data collection is often
costly, labour-intensive, and time-consuming. Its applicability mainly depends on in-situ data
availability in terms of parameters, temporal and spatial coverage. For the model-driven analysis, often
mathematical models and methods are developed and/or validated using in-situ data in specific
regional or local case studies. The transferability and spatial validation of these approaches to other
regions - characterised by different physiographical features - are usually uncertain, in part due to lack
of publicly available data for model evaluation and inconsistent monitoring standards and units.
Modelling is the only method, out of the three, that can assess future projections and alternative
mitigation options. The remote sensing analysis has more capabilities regarding its consistent
spatiotemporal coverage compared to in-situ data and modelling analyses. Additionally, the satellitebased remote sensing can reconstruct measurements into the past based on historical satellite images
up to 40 years back in time. The competence of remote sensing to reconstruct the past environmental
status together with its spatiotemporal scanning capability makes it an innovative tool for water quality
assessment across different spatiotemporal scales. Also, remote sensing analysis is subject to natural
limits such as the presence of clouds and only limited water quality properties that can be directly
obtained or inferred by optical-spectral imaging.

A)

B)

Figure 2.1 A) The DPSIR assessment framework, illustrating the flow of cause-effect relationships for a given environmental
problem (modified from Tscherning 2012; Carr et al. 2007). B) The World Water Quality Assessment triangle suggested as
an innovative approach combining the in-situ data, modelling data and remote sensing data for better water quality
assessment across different scales (Source: GlobeWQ project).
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To overcome the limitations of each data source, an appropriate combination of in-situ, modelling and
remote sensing data is proposed as innovative triangulation approach to better assess water quality
at local, regional and global scales (Figure 2.1B). The triangulation approach strengthens the available
information and data from in-situ, modelling and remote sensing (see for example Chapter 3.1 on
nutrient pollution) and overcomes their implicit limitations through novel links. The three data sources
can be integrated to give a robust assessment of the baseline or status quo conditions through
adequate validation of models and remote sensing products. A robust baseline assessment including
the identification of hotspots over time and location (geospatial) is a prerequisite for making reliable
projections using future scenarios considering participatory management options co-designed with
stakeholders. The World Water Quality Assessment triangle in principle is able to address the whole
causal chain reflected in the DPSIR framework including feedback loops (Figure 2.1.A). Data from insitu and remote sensing sources provide information on the status and in some cases impact aspects
of the DPSIR framework. Combining the two with models, the Assessment triangle can reliably link to
the underlying drivers, pressures and impact, and enable assessing the effects of different response
options. This report focuses on exploring the availability of the three types of data and the potentials
to integrate them for a global comprehensive water quality assessment, in order to facilitate a full
implementation of the triangulation approach in the next stage.

2.2 Tools
As indicated in the World Water Quality Assessment triangle, mainly three types of tools and products
are used in this report, namely in-situ data, water quality modelling and remote sensing products.

2.2.1 In-situ data
In-situ monitoring remains the most frequently used way for water quality data collection at the
national and local scales. Various regional in-situ datasets are available, such as Water Information
System for Europe (WISE) and U.S. National Water Quality Portal. However, accessing and compiling
such data at the global scale has been challenging due to inconsistencies in technical aspects (e.g.
sampling, chemical analysis, reporting methods) and politic barriers, among others. An open-access
global surface and groundwater salinity dataset has been recently published (Thorslund and van Vliet
2020). It is a synthesized dataset comprising electrical conductivity in-situ monitoring data of global,
regional and local resources for 1980-2019. UNEP’s Global Environment Monitoring System for
Freshwater (GEMS/Water) Programme, established in 1978, collects worldwide freshwater quality
data for assessments of state and trends in global inland water quality. Surface and groundwater
quality monitoring data gathered from the global GEMS/Water monitoring network of member states
and organisations is shared through the GEMStat information system. GEMStat is hosted by the
GEMS/Water Data Centre (GWDC) within the International Centre for Water Resources and Global
Change (ICWRGC) at the Federal Institute of Hydrology, in Koblenz, Germany.
As of October 2020, the growing GEMStat database contained more than 14 million entries for rivers,
lakes, reservoirs, wetlands and groundwater systems from 88 countries and approximately 11,000
stations (Figure 2.2). Overall, data is available between the time period from 1906 to 2020 for about
500 parameters. The largest proportion is contributed by inorganic and organic compounds and
nutrients (Figure 2.3). Currently, the largest number of the data comes from river stations, followed by
data from groundwater, lakes, reservoirs and wetlands. The greatest coverage of stations is currently
available from Latin America and the Caribbean (7596). Most values are contributed by Latin America
and the Caribbean (4.4 million), Europe (4.3 million) and North America (3.6 million).
The water quality data available in GEMStat can be used for status quo evaluation, policymaking,
research purposes or within the scope of education and training initiatives. Since March 2019, the
available water quality data can be directly downloaded from the GEMStat portal. The data are mostly
13

used for research purposes, but also used as input into international assessments, such as the
‘Snapshot of the World’s Water Quality: Towards a Global Assessment’ (UNEP 2016) and the World
Bank report ‘Quality Unknown: The invisible water crisis’ (Damania et al. 2019). In this report, GEMStat
was used for the validation and testing of several water quality models (e.g., WorldQual and MARINA
models, see Table 2.2).

Figure 2.2 Spatiotemporal availability of GEMStat data worldwide indicated by most recent sampling data.

Figure 2.3 Temporal availability of water quality samples in GEMStat by parameter group since first data record from 1906.

2.2.2 Remote sensing products
Remote sensing products have huge potential to provide additional water quality information with
large spatial coverage for inland and coastal water bodies. This is particularly beneficial in places where
in-situ monitoring is missing or lacking due to practical or financial constraints (e.g., Africa, Asia). Since
the start of Landsat missions in the 1970s, experts have developed algorithms to extract water quality
information from remote sensing satellite images (Klemas et al. 1971, Maul and Gordon 1975). In the
past decade, several efforts were initiated to provide inland water quality dataset at large (global and
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continental) scales (Table 2.1), such as Diversity II (Odermatt et al. 2018), the UNESCO world water
quality portal (Heege et al. 2019), Copernicus Global Land Service (CGLS) and AquaSat (Ross et al. 2019)
using remote sensing products from different satellites and sensors. However, it is still poorly
integrated with other sources of water quality information (Ross et al. 2019), especially modelling
results. On the positive side, the recent evolvement towards higher resolution (e.g., Sentinel-2, Landsat
8/9) and higher overpass frequency (e.g., Sentinel-3, Planet Doves) of satellites together provide
unprecedented opportunities to utilize remote sensing technology and apply the triangulation
approach for inland and coastal water quality monitoring and assessment and are available from
commercial providers at various levels. However, product quality assurance standards to ensure intercomparability and improving quality are not yet available on a common base, but under development.
Remote sensing can estimate optically-active water quality parameters, most commonly turbidity,
total suspended solids (TSS), Secchi disk depth (SDD), coloured dissolved organic matter (cDOM),
surface water temperature (Tsw), chlorophyll a (Chl-a), and trophic state index (TSI). Other parameters
that can be estimated include total organic carbon, dissolved organic carbon, ammonia nitrogen,
orthophosphate and total phosphorus (Gholizadeh et al. 2016). Table 2.1 provides an overview of
remote sensing products and datasets with a global coverage that are used in the current report.

2.2.3 Water quality modelling
While in-situ monitoring and remote sensing products provide information on water quality state and
to some extent impact on aquatic ecosystems (e.g., eutrophication), most water quality models can go
beyond state assessment and link the state with the drivers and pressures, and assess the impacts of
alternative management options and – as the only tool in the triangulation approach – assess and
predict future changes. Modelling is therefore of critical importance in the Assessment triangle to fully
address each element in the DPSIR framework, such as scenario analyses towards assessing the impact
of and response to climate change and socio-economic developments on water quality.
Large-scale (global and continental) water quality modelling started in the 1990s with nutrient export
modelling (Caraco and Cole 1999; Kroeze and Seitzinger 1998; van Vliet et al. 2019). In the past decade,
large-scale water quality models have emerged quickly for nutrients (Beusen et al. 2015; Mayorga et
al. 2010; Ouedraogo et al. 2016) and other water quality parameters, including water temperature
(Punzet et al. 2012; van Beek et al. 2012; Wanders et al. 2019; van Vliet et al. 2020), salinity (Voß et al.
2012; UNEP 2016; van Vliet et al. 2020), organics (Wen et al. 2018; Voß et al. 2012; UNEP 2016), arsenic
(Amini et al. 2008a; Podgorski and Berg 2020), fluoride (Amini et al. 2008b), microorganisms (Kiulia et
al. 2015; Vermeulen et al. 2019; Reder et al. 2015), plastics (Siegfried et al. 2017; Lebreton et al. 2017;
van Wijnen et al. 2019), pharmaceuticals (Oldenkamp et al. 2019), pesticides (Ippolito et al. 2015) and
other chemicals (van Wijnen et al. 2017; Wannaz et al. 2018) and toxins (Janssen et al. 2019; van Gils
et al. 2020). Efforts are also made to model the impact of water pollution at large scales, such as on
ecotoxicological risks (De Baat et al. 2019), biodiversity (Dumont et al. 2012), human health
(Limaheluw et al. 2019), and water scarcity (van Vliet et al. 2017, van Vliet et al. 2020). Furthermore,
multi-pollutant models are being developed that integrate modelling approaches of multiple groups
of pollutants (e.g. WaterGAP-WorldQual, MARINA-Global, QUAL, WFLOW-DWAQ, see Table 2.2). Such
multi-pollutant models allow to assess multi-pollutant problems of water systems in a holistic matter,
and enable us to better understand synergies and trade-offs associated with interactions between
pollutants and their drivers (Strokal et al. 2019). This allows to explore effective response options
where reducing one pollutant may reduce another. However, it remains challenging to compare or
integrate modelling results from different models (van Vliet et al. 2019) due to inconsistencies in model
inputs, spatial and temporal resolution and coverage as well as simulated water quality parameters.
Such inconsistencies can be easily seen in Table 2.2, which provides a summary of the models that are
used in Chapter 3.
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Table 2.1 Water quality products and datasets derived from Remote Sensing.
Remote sensing products/datasets Water quality parameters
Diversity II

1

TSS, turbidity, cDOM, Tsw,
Chl-a, cyanobacteria and
floating vegetation
Turbidity, trophic state
index, Spectral reflectance

Spatial resolution2 &
coverage

Temporal resolution &
coverage

Key Documentation

300 m
350 lakes worldwide

monthly
04/2002–03/2012

Odermatt et al. (2018)
http://www.diversity2.info/products/documents/

300 m
10-day
https://land.copernicus.eu/global/products/lwq
4265 lakes worldwide
2005-2011 and 2016-present
1000 m
10-day
Thermal
Tsw
https://land.copernicus.eu/global/products/lswt
1000 lakes worldwide
04/2002-03/2012 and 2016- present
Turbidity, SDD, Tsw, TSS, Chl- 90 m for global inland and
Single snapshot between 2013-2017
UNESCO-IHP IIWQ World Water
a, trophic state index,
coastal waters
for global inland and coastal waters
http://sdg6-hydrology-tep.eu/
Quality Portal and ESA Hydrologyharmful algae bloom (HAB) 10-500 m (mostly 30 m) for use Daily to seasonal for 2010 onwards for www.worldwaterquality.org
TEP SD6 Reporting Portal
indicator
cases
use cases
1 TSS: total suspended solids, cDOM: coloured dissolved organic matter, T sw: surface water temperature, Chl-a: chlorophyll a, and SDD: Secchi disk depth
2 Resolution of raw data. Final products might be of lower resolution due to aggregation
CGLS
(Copernicus
Global Land
Service)

Optical
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Table 2.2 Brief summary of the large-scale water quality models used in the current report.
Models

Simulated water quality parameters
Parameters1
NO3-

GloWPa
GREMiS

Parameter group
Nutrients
Geogenic
contaminants
Microorganisms
Others

IMAGE-GNM

Nutrients

DRASTIC
GlobalAsGW

Insecticide model

Water
body
type2
a

Spatial aggregation of model
outputs
Resolution3
Coverage
15 km
Africa

Temporal aggregation of model outputs Key references
Resolution3
10-year
(static)4

Baseline year
1990-2010

Ouedraogo et al. (2016)

Pre-2019

Podgorski and Berg (2020)
Vermeulen et al. (2019)
van Wijnen et al. (2019)
Beusen et al. (2015), van
Puijenbroek et al. (2019)
Ippolito et al. (2015)

Arsenic

a

30 arcseconds Global

NA

Cryptosporidium
Microplastics

b
b, d

0.5 degree
Basin

Monthly
Annual

Around 2010
2000

TN, TP, Si

a, b, c

0.5 degree

Annual

1970-2015

Insecticides5

Global
Global
Global and (sub)national
Global

(static)4

Pesticides
b
5 arcminutes
NA
2000-2010
Nutrients
DIN, DON, DIP, DOP
MARINA-Global
Strokal et al. (n.d., 2016, 2019), van
Microorganisms Cryptosporidium
b, d
Sub-basin
Global
Annual
2010
(multi-pollutant)
Wijnen et al. (2017)
Others
Microplastics, Triclosan
Nutrients
DIN, DON, DIP, DOP
MARINA (version 2.0)
b, d
Sub-basin
China
Annual
2012
Wang et al. (2020a)
Others
ICEP
Physical
Water temperature
QUAL
Organics
BOD
b, c
0.5 degree
Global
Monthly
1980-2010
van Vliet et al. (2020)
Salinity
TDS
Physical
Water temperature
Global
1971-2010
Punzet et al. (2012)
Nutrients
TP
Africa, Asia,
WaterGAP-WorldQual Organics
BOD
Monthly
Voß et al. (2012), Reder et al.
b, c
5 arcminutes Europe and Latin
1990-2010
(2015), Fink et al. (2018)
Salinity
TDS
America
Microorganisms Faecal Coliform
WFLOW-DWAQ
Others
Contaminants6
b, c
1 km
Europe
Annual
2017-2018
van Gils et al. (2020)
1. NO3-: nitrate, TN: total nitrogen, TP: total phosphorus, Si: Silica, BOD: biological oxygen demand, TDS: total dissolved solids, DIN: dissolved inorganic nitrogen, DON: dissolved organic nitrogen,
DIP: dissolved inorganic phosphorus, DOP: dissolved organic phosphorus, ICEP: Indicator for coastal eutrophication potential.
2. Water body types: a: groundwater, b: rivers, c: lakes and reservoirs d: coastal waters.
3. Typical reporting resolution used in the current document, which could be lower than the simulation resolution due to aggregation or averaging.
4. The model is time dependent but can account for climate inputs of different time periods.
5. Vulnerability, hazard and risk potential for insecticide runoff, non-substance specific.
6. The model simulates the cumulative impact on ecology for 1785 chemical of emerging concern, including pharmaceuticals and pesticides.
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3 Water quality impacts on ecosystem health, human health and
food security
3.1 Ecosystem health
Main messages:
Nutrient pollution
- In 2020 anthropogenic nutrient sources contribute more than 70% to river nutrient loading.
- Curbing the global nutrient cycles requires paradigm shifts in food and waste systems.
- N:P ratios in global rivers have increased primarily due to selective retention filters.
- Agricultural sources contribute more than half of the total river nutrient loading. Sewage
contributes 17% of the total river nutrient loading.
- Most of the increase of river nutrient loading in the past 50 years has been in Asia.
- Harmful algae blooms are now spreading in many river basins.
Toxic stress
- The chronic and acute lethal effects of (mixtures of) chemicals on aquatic species are significant.
Two large scale European assessments report chronic effects on aquatic species to be expected at
42%-85% of the studied sites, while 14%-43% of the sites are expected to experience some degree
of species loss.
- Assessments, as mentioned above for Europe, cannot be made on a global scale. Neither the
measured data nor the information to generate predicted concentrations are available yet.
- The Human Impact and Water Availability Indicator (HIWAI) can be used to extrapolate the
results obtained for Europe. This proxy was found to correlate well with the expected loss of
aquatic species in European surface waters. Tentative results are available for Africa.
- At present no ready-to-use solution can deal with the many substances and degradation
products, protection targets and modes-of-action for chemicals to affect humans and the
environment.
- Yet, hopeful local steps can and are being taken like research on innovative regulatory solutions,
awareness raising, investments in sanitation and initiating substances authorization procedures
world-wide.

3.1.1 Introduction
In this chapter, two water quality issues with major impact on ecosystem health are described: i)
nutrient pollution and ii) toxic stress by chemicals.
Fertilizers, primarily nitrogen (N) and phosphorus (P) that have played a major role in the increased
food production, enter soils, groundwater and surface water and are transported towards coastal seas.
This has resulted in a wide range of environmental problems, ranging from groundwater pollution, loss
of habitat and biodiversity, the creation of coastal dead zones, occurrence of harmful algal blooms,
and fish kills as well as human health impacts (Damania et al. 2019, Diaz and Rosenberg 2008; Howarth
et al. 2011; Michalak et al. 2013; Rabalais et al. 2001; Turner et al. 2003; Vollenweider 1992).
Currently, over 350,000 chemicals and mixtures of chemicals have been registered for production and
use (Wang et al. 2020b). And, as a result of their use, many of these chemicals find their way to
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freshwater systems (Stroomberg et al. 2018, Liška et al. 2015, Schulze et al. 2019) and coastal waters
(UNESCO and HELCOM 2017). There they may accumulate and negatively affect the aquatic ecosystem.

3.1.2 Nutrient pollution
3.1.2.1 Impact/State
In freshwaters, algal blooms are often dominated by cyanobacteria that may generate toxins,
rendering the water unsuitable for drinking, irrigation, bathing or swimming. Also, increased growth
of algae may result in oxygen depletion and even hypoxia in the water body after the decay of the algal
biomass. This, in turn, may lead to bad smells affecting local tourism, as well as to massive fish kills
affecting local fisheries (Janssen et al. 2020).
Globally, lakes constitute an important source of water, food, and recreation. However, increasing
water pollution threatens the ability of lakes to provide these and other ecosystem services (Fink et al.
2018). Lake eutrophication specifically, is a global environmental issue that poses a survival risk to
aquatic organisms affecting fisheries and aquaculture. Alarmingly, eutrophication already is a
worldwide phenomenon, with rapidly declining aquatic biodiversity (Janse et al. 2015). One of the
symptoms of eutrophication and biodiversity loss is illustrated in Figure 3.1 showing remote sensing
observations for 450 lakes with high cyanobacteria dominance, now occurring across all continents.
Trend analyses indicate increases over time, and in several cases even regime shifts, in many lakes.

Figure 3.1 Mean cyanobacteria dominance in the years 2003-2011 for 300 of the world’s largest lakes (source: Diversity II
water quality dataset (Odermatt et al. 2018). Each lake pixel can be classified as cyanobacteria or green algae dominated.
The map shows the two classes’ relative frequency for the whole nine years of data acquired by ENVISAT-MERIS (Matthews
and Odermatt 2015).

The global map of the trophic state index (Figure 3.2, top) shows that satellites are able to identify
freshwater systems in different stages of eutrophication. Such information can be used in combination
with data on P accumulation in lake and reservoir sediments (Figure 3.2, middle), as an indicator for
the potential occurrence of cyanobacteria blooms, and the level of original freshwater biodiversity
(Figure 3.2, bottom), i.e. the species loss due to human interferences in aquatic ecosystems, including
nutrient loading differentiated by sources and dam construction in rivers.
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Figure 3.2 Top: Averaged Trophic State Index (TSI) derived from chlorophyll concentration for 4264 globally distributed lakes
(example September 2020) (source: Copernicus Global Land Service Lake Water Products). TSI is derived from Sentinel-3 OLCI
300 m resolution satellite observations to serve as a proxy of ecosystem eutrophication. TSI (Carlson, 1977) relates algal
biomass to the concentration of surface chlorophyll-a. The index is used globally in inland water quality monitoring
programmes where integration of multiple observation methods is required. TSI < 40 marks oligotrophic waters, 40-50
mesotrophic, 50-70 eutrophic and 70-100+ hypereutrophic. Source: Copernicus Land Monitoring Service (CLMS). Middle:
simulated P retention in global water bodies in 2015, reflecting the uptake of P by aquatic plants as an indicator of trophic
state. Source: IMAGE-GNM. (Beusen et al. 2016). Bottom: Level of original freshwater biodiversity in 2010, whereby 100%
indicates the situation without human disturbance. Source: GLOBIO model (Janse et al. 2015).
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3.1.2.2 Drivers/pressures
Eutrophication is partially a natural driven process, but it is severely enhanced by anthropogenic
nutrient input from agriculture activities or untreated discharge of wastewaters.
In the Earth system, the nutrient cycles have intensified dramatically during the past 50 years. The
global N (from 255 to 446 Tg yr-1, +75%) and P cycles (24 to 46 Tg yr-1, +92%) increased rapidly between
1970 and 2020 (Figure 3.3 a, b). The world population increased by 3 billion inhabitants between 1970
and 2020 (Figure 3.4). As a result, the protein and P consumption and excretion also increased
significantly (Figures 3.3 and 3.4), which reflects population growth and a shift towards more
consumption of meat and dairy along with growing incomes. However, nutrient flows related to food
consumption are a minor term compared to those in agriculture, the economic sector that produces
the food (Figure 3.3 a, b). It is also clear that the inputs of nutrients in natural ecosystems is relatively
stable or slowly declining, and that anthropogenic inputs into the earth system are now dominating
(Figure 3.3 a, b).

Figure 3.3 N (a) and P (b) inputs, delivery to surface water (c and d), and river export to the coastal waters (e and f) for the
human, agriculture, aquaculture and natural systems for the world for 1970-2020. The inputs include: human system – N
and P in food consumption; agriculture system – N and P from fertilizer, animal manure, biological N fixation and
atmospheric N deposition; aquaculture system – feed N and P intake; natural system – biological N fixation, atmospheric N
deposition. Delivery is the direct discharge to surface water from aquaculture and from sewage in the human system, for
agriculture and natural systems nutrients are delivered through groundwater discharge and surface runoff, and for natural
systems N and P in litter from vegetation in flooded areas and P from rock weathering. Data from IMAGE-GNM (Beusen et
al. 2016).
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Globally, the delivery to inland water bodies of total N (from 49 to 81 Tg yr-1) and P (7.5 to 10.5 Tg yr1
) increased rapidly between 1970 and 2020 (Figure 3.3 c, d). Natural sources declined slightly, while
anthropogenic sources increased from 58% in 1970 to 74% of the total delivery in 2020 at the global
scale (Figure 3.3 c, d), implying that with the rapid increase in the total N and P delivery, there has
been an immense intensification of the societal nutrient usage and discharge. It is clear agriculture is
now the most important source, contributing 52% in 2020, which is primarily due to increasing food
production (Figures 3.3 c, d).
Globally around 40% of the total population is connected to a sewage system at present, and
wastewater treatment installations remove 26% of the emissions from connected households. The
remaining N and P in the untreated wastewater plus effluents after wastewater treatment currently
contribute 15-17% to total nutrient delivery.

Figure 3.4 Total population, population with sewage connection, total human N emission, human N emission from
connected households, nutrient removal, N effluent from wastewater treatment plants, human P emission from connected
households, and P effluent from wastewater treatment plants for 1970-2020 for BRIC (Brazil, Russian Federation, India and
China), IND (industrialized countries of North America, Europe, and Japan and Australia), ROW (Rest of the world) countries
and the world (van Puijenbroek et al. 2019).

22

Aquaculture is a minor source at the global scale (Figures 3.3 a-d), but particularly in Southeast Asia it
is becoming a locally significant source of nutrients (Wang et al. 2020c). With the rapid increase of
anthropogenic sources, the relative contribution of natural sources has been decreasing. Natural
sources contributed to 37% (for P) and 42% (for N) to total nutrient delivery in 1970, and in 2020 this
contribution shrank to 27-28%.
Currently global river export to coastal waters amounts to 49 Tg yr-1 of N and 5 Tg yr-1 of P (Figure 3.3
e, f). Global N export has increased by 60% since 1970, and global P export by 31%. The contributions
of the various sources to river export differ from that for the delivery, since the retention processes in
the river systems depend on the location and distance of the point of delivery, the travel time in
relation to the surface water volume, temperatures, etc. Natural sources contributed 40-44% in 1970
and 27-30% in 2020 to river export. Sewage contributed 10% to total P delivery in 1970, and 17% in
2020, while the global contribution of sewage to river export was 15% and 23%, respectively for 1970
and 2020. This means that while there has been a rapid increase in total N and P export, the mix of
sources also changes with anthropogenic sources gradually becoming dominant and point sources
increasingly important in the river export. This is related to the increasing number of world inhabitants
living in cities at short distance to coasts, with short travel distances and limited retention.
In addition to nutrient loading per se, the coastal research community has become increasingly aware
that the N:P ratio is essential. Disruption of the N:P ratio away from the Redfield molar ratio of 16:1 is
one of the major causes of harmful algal bloom (HAB) proliferation, even in a situation of declining
nutrient loads. On the global scale there is a gradually increasing molar N:P ratio in the water drained
by rivers to the oceans between 1970 and 2020, from values of around 18 to close to 22. The N:P ratio
of nutrient delivery to surface waters also shows an increase but at a lower level of 14 to 17. The
difference between the nutrient composition in the water flowing into the oceans and the delivery to
surface water bodies is caused by the more efficient retention of P versus N in water bodies and
sediments during the transport from land to sea. Under such conditions harmful algal blooms (HABs)
often increase in frequency, area and toxicity (Glibert 2017).

Figure 3.5 Simulated annual P load of world-wide surface water bodies in 2015. Source: IMAGE-GNM (Beusen et al. 2016).

Data collected in China’s coastal waters (Liang 2012) combined with the river P loading data shown in
Figure 3.5 indicate that in Chinese coastal waters there is a threshold for HAB proliferation of 25. Since
the N:P ratio exceeds this value (from around the year 1980 onwards), HAB started to increase in both
frequency and area. This problem is rapidly expanding. Global rivers with anthropogenic sources >50%
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that discharge water with N:P ratio>25 (see Figure 3.24), exported 6 Tg N yr-1 in 1970, and 18 Tg yr-1 in
2020 (an increase by more than a factor of 3) (Figure 3.6). This suggests that the changes in the nutrient
cocktail in the global river nutrient export may have been one of the major causes of the increased
HAB proliferations in coastal waters as observed in recent decades (Glibert 2017; Glibert 2019).

Figure 3.6 N export for China (a) and the world (b) for all river basins with dominant (>50%) anthropogenic N sources and
N:P molar ratio >25. Source: IMAGE-GNM (Beusen et al. 2016).

The effect of HABs on mariculture production losses is discussed in the Food security Chapter 3.3.4.
Response
Eutrophication can be mitigated by controlling the nutrient cycles or by measures to improve the
resilience or reduce the perturbations of aquatic ecosystem. Since agriculture is globally the main
source of nutrients in water bodies (Figure 3.3), controlling nutrient cycles can start in the human
system by reducing the internal N and P cycles in the food production system, i.e. by reducing the
inefficient feed – livestock production process and by reducing food wastage (Kummu et al. 2012).
Although this is one of the most effective ways to reduce eutrophication, it depends on human
behaviour as it is directly related to our diets (Westhoek et al. 2014). Furthermore, the food production
system can be more efficient in the use of nutrients. Nutrient use efficiency can be enhanced by
changing management, tuning inputs to the needs of plants and animals (Wang et al. 2020d; Zhang et
al. 2015). For example, several directives by the European Commission (European Commission
1991a,b) have reduced diffuse nutrient emissions from agriculture and nutrient discharge from
sewage. As a result, water quality of the Rhine River improved. Annual average total nitrogen (TN)
concentration in the German-Dutch border declined from >7 mg/L in the 1970s to 2.3 – 2.6 mg/L during
2010 – 20131, which is close to the EU standard (2.5 mg/L) (Liska et al. 2015). Total P concentrations
declined from >0.9 mg/L in the 1970s to values around 0.1 mg/L now. However, large parts of European
rivers still have “less than good quality” with respect to P concentrations, clearly affected by diverse
sources and the P legacy effect (McCrackin et al. 2018), see Figure 3.7.
3.1.2.3

Unwanted effects of measures such as in the European Union is the increasing N:P ratio, as observed
in the Rhine and many European rivers (Romero et al. 2013), and rivers and lakes in China (Tong et al.
2020; Finlay et al. 2013). This calls for a balanced management of both N and P from the diverse
nutrient sources in river basins, including agriculture, sewage and industry.
Several on-site solutions are available, targeted on lowering the local nutrient availability or increasing
the resilience of rivers, lakes and coastal waters. For example this is illustrated by restoring the nutrient
buffering capacity of the natural embankment and wetlands around lakes as demonstrated for Lake
1

Ministry of Infrastructure and Environment (Rijkswaterstaat) 2019, The Netherlands, retrieved from
http://live.waterbase.nl/waterbase_wns.cfm?taal=nl (in Dutch)
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Taihu in China (Sun et al. 2015). Re-oligotrophication may be a costly strategy, and even where vast
reductions in nutrient loading were achieved, lakes do not respond as expected. Reducing nutrient
loads may lead to less algal production, organic matter sedimentation, less oxygen depletion and
therefore less denitrification. This may lead to increasing nitrate concentrations and rising N:P ratios,
as observed in a series of large global lakes (Finlay et al. 2013).

Figure 3.7 Fraction of EU28 river length with mean annual phosphorus concentration < 0.0025 mg/L (high quality), < 0.1
mg/L (good quality), or higher (less than good quality). WIND refers to the scenario “What If No Directive”. Implementation
of UWWTD (Urban Wastewater Treatment Directive) reduced the fraction of rivers in less than good quality from 53% (past,
1990) to about 44.4% (present, 2015). Full compliance of UWWTD may accomplish further reduction, however other sources
of pollution should be considered.(Pistocchi et al. 2019)

In order to develop properly balanced response strategies to reduce nutrient pollution of inland and
coastal waters, that account for the diversity of nutrient sources and transport pathways, the
triangulation approach (see Chapter 2.1.2) needs to be further explored to integrate in-situ monitoring
of water quality (Figure 3.7), monitoring of the impacts using remote sensing and modelling (see e.g.
Figures 3.1 and 3.2). Scenarios can be used to drive these models to assess the level of mitigation that
is needed to achieve improvement of water quality in a given timeframe, such as outlined in Figure
3.7. Analysis of future scenarios can help us to compare the effectiveness of the various actions and
strategies in future situations, accounting for land use change, population growth, climate change and
human interferences in the earth system.

3.1.3 Toxic stress
3.1.3.1 Impact/State
Effects from chemicals on aquatic species are commonly estimated by comparing the concentrations
of chemicals in surface waters to thresholds derived from indicator organisms in laboratory tests on
algae, macro-invertebrates and fish species. Projections for acute effects in the field are made on the
basis of short-term laboratory tests for lethal endpoints (e.g. mortality). Projections for chronic effects
in the field are made on the basis of longer-term laboratory tests for non-lethal endpoints like
reproduction or growth. It is furthermore assumed that effects on individual species are likely to cause
effects on aquatic ecosystems, such as losses of biodiversity or species shifts.
An assessment based on measured environmental concentrations in more than 10,000 European
water bodies (Malaj et al. 2014), concluded that chronic effects on aquatic species were expected at
42% of the studied sites and acute lethal effects at 14% of those sites. The authors noted that, although
these are already serious numbers, they are likely to underestimate the actual risks, due to the limited
number of chemicals that are being measured.
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Posthuma et al. (2019) reported a similar assessment based on predicted environmental
concentrations (PECs), generated by state-of-the-art Europe-wide mathematical modelling (van Gils et
al. 2020). The expected chronic and acute effects on aquatic species were estimated for a mixture of
1,785 chemicals in 10,658 water bodies across Europe. Results indicated that 79% to 85% of European
waterbodies are expected to experience chronic effects (Figure 3.8) while 16% to 43% are expected to
experience some degree of species loss (Figure 3.9).

Figure 3.8 Chronic effects on aquatic ecosystems in Europe, estimated from Predicted Environmental Concentrations of
1,785 chemicals. Effects are expressed in terms of msPAF, the 'multi-substance potentially affected fraction of species‘,
ranging from 0 (no species affected) to 1 (all species affected). The msPAF-NOEC expresses toxic stress in relation to the
regulatory concept of “sufficient protection” of aquatic ecosystems (initial effects, distress), used in European legislative
frameworks (REACH, WFD). The blue-green class boundary distinguishes between sufficient and insufficient protection, with
other colours represent increasing distress (exposure higher than the no‐effect level). (Posthuma et al. 2019)
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Figure 3.9 Acute effects on aquatic ecosystems in Europe, estimated from Predicted Environmental Concentrations of 1,785
chemicals. Effects are expressed in terms of msPAF, the 'multi-substance potentially affected fraction of species‘, ranging
from 0 (no species affected) to 1 (all species affected). The msPAF-EC50 expresses toxic stress in relation to the regulatory
concept of ecological impact magnitudes (species loss). The color scale relates to increased biodiversity effects, found in
empirical studies, which can be aligned with the ecological impact classification used in the European Water Framework
Directive to define excellent, good, moderate, poor, and bad water quality. (Posthuma et al. 2019)

Assessments as presented above for Europe cannot be made on a global scale. Neither the measured
concentration data nor the information to generate predicted concentrations are so far available on a
global scale. A tentative assessment for other continents has been proposed that extrapolates the
above results obtained for Europe on the basis of a simple proxy called Human Impact and Water
Availability Indicator (HIWAI).
This proxy combines information about population density, economic activity, river dilution capacity
and downstream transport and can be easily calculated using a hydrological model. The HIWAI was
found to correlate well with the expected loss of aquatic species in European surface waters as shown
in Figure 3.9. For illustration, the extrapolation of these results to the African continent is shown in
Figure 3.10. Currently this work is being extended to the global scale.
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Figure 3.10 Approximate worst case acute toxic pressure by chemicals, expressed in terms of msPAF, the 'multi-substance
potentially affected fraction of species‘ expressing expected species loss.

3.1.3.2 Drivers/pressures
Chemicals are used for a reason. Obvious drivers are the increasing food demand leading to increased
use of pesticides and veterinary drugs, as well as the demand for improved health and public wellbeing
leading to increased use of pharmaceuticals. More in general, increasing economic development leads
to an increasing use of a very wide range of chemicals in industry, in buildings and constructions, in
the outdoor environment and the indoor environment. Different types of uses in combination with the
properties of the chemicals in question lead to variable fractions of the volume of chemicals used
leaking to the environment (air, wastewater, surface waters, soils). On average, this leakage fraction
may well amount to 10-20% (van Gils et al. 2020).
In 1965, the CAS Chemical Registry System was introduced, which issued unique CAS Registry Number®
to identify chemical substances without ambiguity. In 2009, this system made its 50 millionth
substance registration, while that number had doubled to 100 million in 20152.
Global chemical sales (excluding pharmaceuticals) are projected to grow from EUR 3.47 trillion in 2017
to EUR 6.6 trillion by 2030 (Figure 3.11, UNEP 2019). Asia is expected to account for almost 70 per cent
of sales by then.

2

https://www.cas.org/about/cas-history
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Figure 3.11 Projected growth in world chemical sales (excluding pharmaceuticals), 2017-2030 (adapted from UNEP 2019).

It is challenging to obtain a quantitative and complete overview of the resulting local pressures. Modelbased approaches may partly help out (Brack et al. 2017). The quantification of contaminant emissions
(as also used in the above described models) may be provided by various methods, e.g. by Wastewater
Treatment Plant, WWTP, pathway modelling, by modelling of the terrestrial run-off and erosion
pathway or by inverse modelling. However, none of these approaches can easily address hundreds or
thousands of chemicals on a continental or even global scale. This limits the possibilities to effectively
manage chemicals in aquatic ecosystems.
3.1.3.3 Response
Responses to the presence of hazardous chemicals can be arranged at two levels. The most effective
is prevention of the use of chemicals presenting unacceptable risks to humans and the environment.
This is particularly relevant for persistent and mobile toxic chemicals (PMT) as these are not removed
by natural processes and may spread over large distances. This requires an effective chemicals
“admission to market” legislative system to be in place and to be enforced. A challenge is to determine
if a chemical is presenting unacceptable risks to humans and the environment, in a way that can
withstand the economic pressure of bringing new chemicals to the market. Reactive responses by
mitigation or remediation measures are also possible, but not always effective. Relatively cheap is the
(additional) treatment of already intercepted wastewater flows in treatment plants. Chemical leakages
that reach the environment in a more diffuse way are much harder to abate. In such cases, only good
application practices (e.g. for pesticides, paints) may offer some degree of reduction of leakages to the
environment.

3.1.4 Data and knowledge gaps
This assessment shows that there still is a strong need for better and more regularly monitored data
on nutrient pollution:
-

Long-term monitoring data on nutrient concentrations at various locations within river basins is
scant and sparse and is limiting our ability to validate models at different scales. Data for some of
the largest rivers in the world is even not available at all.

-

The contributions of sewage, agriculture, aquaculture and natural sources to nutrient loading of
global river basins is uncertain. This is related to data limitations but also knowledge gaps on the
importance of the various transport pathways, the biogeochemical processing in groundwater
systems, riparian zones and in streams, lakes and reservoirs.
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-

Nutrient legacies from past management has been shown to have an important contribution to
current river nitrate and phosphate loading; however, the magnitude of these nutrient fluxes is
uncertain. Reducing this uncertainty requires specialized experiments in combination with
models.

Concerning toxic stress, effective management of chemical pollution is currently hampered by both
knowledge gaps and data gaps:
-

Data to quantify chemicals use volumes and use types are sparse at best (e.g. Europe, US) and
often non-existent.

-

The knowledge to set up effective legislative frameworks to deal with chemicals is lacking. In
some parts of the world, substance authorization procedures are in place that aim at eliminating
non-desirable chemicals even before they are used. Such procedures have proven extremely
useful. It is however difficult to incorporate chemical mixtures in such procedures.

-

Regulations to protect the environment and human health also have difficulties with mixtures,
i.e. cumulative effects. As there are simply too many substances and degradation products, too
many protection targets and too many modes-of-action for chemicals to affect humans and the
environment, approaches that single out any of the above will never provide holistic solutions.
There is at present no ready-to-use solution.

-

In Europe, a recent “Green Deal” call for research projects aims at providing a sound knowledge
base for innovative regulatory solutions. Elsewhere, there are definitely no-regret actions to be
taken. This includes awareness raising among policy makers worldwide, investments in sanitation
while making sure that collected wastewater is treated and not discharged untreated, and
initiating substances authorization procedures world-wide in order to avoid a situation that
hazardous substances banned in one place find their way to other parts of the world.
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3.2 Human health
Main messages:
- Human health is directly and indirectly affected by contaminants in water ranging from
pathogens, Antimicrobial Resistant (AMR) microorganisms, toxin-producing phytoplankton,
organic micropollutants, arsenic and heavy metals, to elevated concentrations of inorganic
nutrients, salinity and microplastics.
- Data to quantitatively link water quality to human health is often lacking at the large spatial
scale, making quantification of impacts difficult. Large-scale water quality monitoring
databases such as GEMStat provide data on a limited number of contaminants from in-situ
sampling and with sparse spatial coverage and sampling frequency. Remote sensing can
provide spatially-explicit information on, among others, the risk posed by phytoplankton
blooms and sources, such as irrigation water jeopardizing food safety.
- Modelling efforts have been a prominent source of information on human health impacts from
contaminated water, the water quality state and the sources.
- First estimates of human health impacts for the pathogen Cryptosporidium and arsenic show
hotspots in areas where surface water is still regularly used for drinking directly and in Asia,
respectively. For most other contaminants no impact studies are available at the large scale.
- For a limited number of contaminants, concentrations in surface and/or groundwater are
available from model simulations. However, for many contaminants relevant for human health
and water type estimates of their state are still unavailable at the large scale.
- Concentration hotspots are, for most contaminants, densely populated areas, in particular
where waste water treatment is limited. For groundwater arsenic and surface water salinity
impacts, hotspot areas include India, China and Mongolia.
- Sources of contamination are most often related to human activity, such as domestic water
use, agriculture (use of manure, irrigation) and manufacturing.
- Response options most often focus on reduction of exposure by reducing contamination
sources and treating or avoiding the water source, and can be evaluated using epidemiology
and scenarios. The impact of the response options has not yet been widely assessed.

3.2.1 Introduction
Water quality is closely related to human health (Boelee et al. 2019). This relationship has been studied
ever since John Snow linked a cholera outbreak in London to contaminated water in 1855 (Snow 1855).
Vibrio cholerae in water still plays a large role in the annual 1.4 – 4.3 million cholera cases that continue
to occur globally (Momba and Azab El-Liethy 2017; Ali et al. 2012). The SARS-CoV-2 virus, which causes
the COVID-19 pandemic, is the pathogen that is currently in the spotlight. This virus also enters the
water cycle, as a significant percentage of COVID-19 cases sheds the virus with their stool (Wölfel et
al. 2020). Although SARS-CoV-2 has been detected in wastewater and in surface water that received
untreated wastewater (Guerrero-Latorre et al. 2020), thus far there has been no evidence for presence
of viable or infectious virus particles in wastewater, or for wastewater, surface or drinking water as
transmission source (La Rosa et al. 2020; Bilal et al. 2020; WHO 2020). Instead, the EU launched a
comprehensive umbrella study coordinated by the JRC and linked to the World Water Quality Alliance
to explore the potential of a wastewater – based sentinel RNA residual monitoring of viral fractions as
a future advanced monitoring concept. Water-borne pathogens include viruses, bacteria, protozoa and
helminths. In addition to pathogens, a number of other water contamination risks threaten human
health.
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The toxic compound arsenic is widely present in groundwater and can lead to skin, vascular and
nervous system disorders and cancer (Hughes 2002). Recent estimates show that 94 – 220 million
people are exposed to high arsenic concentrations in groundwater (Podgorski and Berg 2020).
Similarly, fluoride, nitrate, heavy metals, and salinity in (ground)water pose human health risks.
Biotoxins are formed by some cyanobacteria and these are a particular nuisance due to a common
trait of bloom-forming species to accumulate at the water surface, requiring closure of bathing sites
and drinking water intakes (Backer et al. 2015). Furthermore, a large number of different organic
micropollutants that originate in manufacturing and agriculture are present in waters and pose a
health risk to the population (Landrigan et al. 2018). These organic micropollutants can have a variety
of impacts, such as disruption of the endocrine, reproductive and immune systems and are able to
cause behavioural problems, cancer, diabetes and thyroid problems (Schwarzenbach et al. 2010).
More recently recognised contaminants that influence human health are emerging contaminants, such
as antimicrobial resistant microorganisms (AMR) and microplastics (Boelee et al. 2019) or
nanomaterials. AMR are a major concern worldwide (WHO 2015), because infections with AMR
microorganisms are often much more difficult to treat than infections with microorganisms that are
not resistant. Although the role of water in the spread of AMR is not yet quantified, its importance has
been strongly recognised (Larsson et al. 2018). Similarly, for microplastics potential health risks are
obvious, but knowledge on the extent to which they affect human health is limited (Prata et al. 2020;
Rist et al. 2018) just like the role that water plays in human health risk assessments (Koelmans et al.
2019). And, while focus in terms of plastics has largely been on the marine realm UNEP will soon
publish guidance on monitoring and addressing plastics in freshwater (UNEP in prep).) In general, the
large number of direct human health impacts shows that the relation between water quality and
human health is multi-faceted.
In addition, human health can also indirectly be threatened by contaminated water. For example,
nutrient concentrations in surface waters likely influence the habitats of vectors that could cause
diseases, such as malaria (Myers and Patz 2009), whilst soil erosion favours increased suspended
matter to harbour pathogens. Plastic debris could also create ideal habitats for disease vectors and act
as reservoirs for pathogens (Vethaak and Leslie 2016). Water temperature influences the persistence
of pathogens in water (Vermeulen et al. 2019). Moreover, several water pollutants influence food
quality and safety by irrigation (see Chapter 3.3.5) and both are indirectly linked to human health.
While we recognise the importance of these indirect effects, data on these effects are very limited;
this assessment will therefore only focus on the most obvious indirect effects.
Water quality is related to human health through exposure. People are exposed to water in many
different ways, depending on their location, livelihood, culture, wealth, gender etcetera. The most
common exposure pathways can be summarised as drinking, bathing, ingestion during domestic use,
eating irrigated vegetables, rice (or rice products) or aquatic plants (such as water spinach), eating
contaminated fish and shellfish, and skin contact. These exposure pathways highlight that the quality
of ground, surface and coastal waters is relevant to human health.
This chapter builds on the earlier ‘Snapshot of the World’s Water Quality’ (UNEP 2016). In this earlier
assessment, faecal coliforms were the contaminant included to represent human health impacts. The
assessment concluded that the rural population at risk of health problems, which is defined as the
population in contact with water contaminated with high concentrations of faecal coliforms, could be
up to hundreds of millions of people in Latin America, Africa and Asia (UNEP 2016). Whilst this was an
important realisation, faecal coliform concentrations do not usually correlate very well with pathogen
concentrations, as they can grow in the water body (Devane et al. 2020; Byappanahalli and Fujioka
1998), and many more contaminants can have human health impacts. The current chapter
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incorporates more water quality variables and exposure routes. The objective of this chapter is to
assess the impact of water quality on human health. To this aim, we provide a wide overview of the
relation between water quality variables and direct and indirect human health impacts. Additionally,
based on available data from in-situ observations, remote sensing and large-scale models, we evaluate
human health hotspots related to impaired water quality.

3.2.2 Results
To evaluate the direct and indirect impacts of water quality on human health, we developed a nonexhaustive overview of the human health impacts (Table 3.1). This Table shows that there are a large
number of direct and indirect links between water quality and human health. Also interrelations exist
between water quality variables, their sources, state, impacts and response. For example, pathogens
and nitrate have to some extent the same sources and therefore also potentially similar relevant
response options. The overview makes it clear that quantitative evidence for the links between water
quality and human health is still largely lacking at continental or larger scales. Nevertheless, the World
Water Quality Assessment encompasses a wide range of focus areas that will be highlighted here.
GEMStat has data available for a number of the contaminants in Table 3.1. These data vary in space
and time. For example, faecal coliform data are available for 6451 stations across the world, while
Escherichia coli data are available from 3790 stations in North America, South America, Japan and New
Zealand. Unfortunately, these data are not the best indicators for human health impacts from
pathogens. Data for Salmonella are available for 62 stations along rivers in Europe, but only for a few
years in the early 1990s. Also, for arsenic, many heavy metals, nutrients and organic micropollutants
some data are available in GEMStat (see Chapter 2.2.1). In this chapter we do not evaluate the GEMStat
data, because they are scattered and recent data relevant for health are scarce as most contaminants
relevant for health are not included in the indicators for SDG 6.3.2. We therefore only report on
potential data analyses that have been performed. Several of the large-scale water quality models use
or have used GEMStat data for their calibration. In those cases, the use of models and data are
highlighted in Table 3.1.
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Table 3.1 The influence of water quality on human health. This list is non-exhaustive, as no detailed literature has been performed. The colour coding is as follows: blue: GEMStat or other largescale databases, red: remote sensing, yellow: modelling, and green refers to a combination of GEMStat and modelling. Dark colours are for surface water, light colours are for groundwater.
Water quality variable
Pathogens (viruses, bacteria,
protozoa and helminths)

Impact
Direct
Acute and chronic
gastroenteritis, fever,
mortality, hepatitis,
pneumonia, cancer, among
others1

Indirect
Stunting, learning deficits,
food safety threatened

State*

Sources

Response options

Cryptosporidium
concentrations2
Rotavirus loads3

Human faeces, livestock
manure, wildlife

Improved water, sanitation
and hygiene (WASH),
wastewater treatment,
manure management, reduce
exposure e.g. by boiling
drinking water or stopping
recreational use, vaccines
Reduced use of antimicrobials

AMR

Reduced ability to treat
infections4

Former diseases become
problem once again4

Toxic algae / cyanobacteria

Producing toxins that cause
gastroenteritis5, respiratory
failure29

Stunting,
bioaccumulation risk

Cyanobacteria
concentrations

Organic micropollutants (eg.
pesticides, pharmaceuticals,
and many others)

Disruption of the endocrine,
reproductive and immune
systems, behavioural
problems, cancer, diabetes
and thyroid problems6,7.
Direct effects due to
pharmaceuticals in drinking
water are very unlikely8,9.

Use of anti-microbials can
cause AMR,
bioaccumulation risk

Insecticide runoff10

Pharmaceuticals
occurance11

Human faeces, livestock
manure, presence of
antimicrobials in the
environment
Develop in the water in
situations with high nutrient
concentrations
Pesticides: Agricultural use,
home/garden use
Pharmaceuticals: medical use,
home medical use, Other:
specialised chemicals in
manufacturing

Reduced inputs of nutrients
into the surface waters by
wastewater treatment,
manure management
Pesticides: stricter use
management and registration
of use to better estimate local
impacts, improve management
and control, better inform and
update policies.
Pharmaceuticals: stricter use
policies at home, hospitals and
(large scale) farms, better
registration of use to improve
impact assessment and policy
formulation.
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Arsenic

Fluoride

Skin, vascular and nervous
system disorders and
cancer12
Dental and skeletal diseases13

Nitrite/nitrate

Blue baby syndrome15

Food quality and safety
threatened

Arsenic concentrations

Fluoride concentrations14
Nitrate concentrations16

Dissolved inorganic
nitrogen loads

Heavy metals

Cancer, other toxic effects,
diarrhoea and vomiting18

Food quality and safety
threatened

Heavy metal
concentrations19

Salts/salinity

Hypertension, increased risk
of (pre)eclampsia infant
mortality20

Food quality and safety
threatened

Salinity (TDS)20

Particle toxicity leading to
oxidative stress, cell damage,
inflammation, and
impairment of energy
allocation functions, toxicity
of substances leaching out of
plastic22, but unquantified

Habitat for pathogens
and vectors that can
spread infectious diseases

Plastics, incl. microplastics

Salinity (TDS)21
Microplastics
concentrations23

Primarily natural sources, also
from mining activities and
pesticides
Primarily natural sources, also
from pesticides
Land application of nitrogen
from manure, sewage or
industrial sludge, septic
systems, geologic nitrogen
mobilised by irrigation water15.
For surface water also human
waste and discharge of animal
manure from livestock
production (only in China), use
of synthetic fertilizers,
atmospheric N deposition.17
Manufacturing, agriculture,
domestic wastewater,
atmospheric deposition,
leakage from pipes18
Irrigation return flows,
domestic waste water,
manufacturing21
Personal care products,
clothing fibres, car tire wear,
macroplastics in mismanaged
solid waste23

Switch to low-arsenic sources,
if available, or filter
Switch to low-fluoride sources,
if available, or filter
Reduced inputs of nutrients
into the ground and surface
waters by wastewater
treatment, manure
management, switch to lownitrate sources, filter drinking
water

Reduce heavy metal use in
manufacturing and agriculture,
replace pipe network, switch
to low-heavy-metal sources, if
available
Reduced TDS inputs, improved
irrigation management and
desalination
Mitigation measures for car
tire wear, improved solid
waste management23

Microplastics
concentrations24

*The

state variable here is the state of the water quality variable for which data are available from GEMStat (https://gemstat.org) or other large-scale databases, or from remote sensing or models
from the WWQA consortium for large spatial scales from continents to global.
[1]

Aw (2018); [2] Vermeulen et al. (2019); [3] Kiulia et al. (2015); [4] WHO (2015); [5] Codd et al. (1999); [6] Landrigan et al. (2018); [7] Schwarzenbach et al. (2010); [8] de Jesus Gaffney et al. (2015);
WHO (2012); [10] Ippolito et al. (2015); [11] aus der Beek et al. (2016); [12] Hughes (2002); [13] Internat. Progr. Chem. Safety (2002); [14] Amini et al. (2008); [15] Canter (1996); [16] Ouedraogo et al.
(2016); [17] Strokal et al. (2016); [18] Chowdhury et al. (2016); [19] Kumar et al. (2019); [20] Shammi et al. (2019); [21] van Vliet et al. (2020); [22] Vethaak and Leslie (2016); [23] van Wijnen et al. (2019);
[24] Li et al. (2020).
[9]
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3.2.2.1

Impacts

Human health and the change in human health due to impaired water quality can be quantified
through the mortality rate, which is one of the indicators of Sustainable Development Goals (SDG) 3
“Ensure healthy lives and promote well-being for all at all ages”. For example, Indicator 3.9.2 is the
“Mortality rate attributed to unsafe water, unsafe sanitation and lack of hygiene” (Wölfel et al. 2020).
The 2015 global burden of disease study (GBD) attributed 1.8 million deaths in 2015 to contaminated
water from unsafe or untreated sources (Landrigan et al. 2018). However, many diseases do not lead
to death. Another common metric is the Disability Adjusted Life Year (DALY), which sums the years of
life lost and the years of healthy life lost to quantify the disease burden (Murray and Lopez 1996).
DALYs can be added up across regions and diseases. Whilst DALYs are not yet commonly used to
evidence health impacts, another way of quantification is to estimate exposure (e.g. population in
contact with contaminant (UNEP 2016)). Additionally, the exceedance of safe water guidelines can be
evaluated, such as the exceedance of drinking or bathing water guidelines. As this chapter will show,
evaluations of human health impacts due to impaired water quality are not yet widely available.
Water quality human health impact evaluation was available at the large scale from the literature for
pathogens, arsenic and salinity only. Models helped evaluate these health impacts. For
Cryptosporidium, Quantitative Microbial Risk Assessment (Haas et al. 1999) was used to evaluate the
disease burden. Preliminary results for the population drinking surface water directly (Figure 3.12a)
and for the sub-Saharan population drinking surface water directly and tap water made from surface
water (Figure 3.12b) show that in particular in Africa and Papua New Guinea people still drink surface
water directly and that the countries with a large share of the population consuming surface water
directly have the highest disease burden. The rural population drinking surface water contaminated
with faecal coliforms directly has decreased between 2008 and 2017, but at different rates across Latin
America, Africa and Asia (Wölfel et al. 2020). To make the evaluation complete, other exposure
pathways should be included and the analysis should be repeated for other pathogens.

Figure 3.12 Disease burden (expressed in DALYs per 100 000 population per year) for cryptosporidiosis contracted from a)
drinking raw surface water (2 l/day all year - Countries that appear white on the map have no population depending on raw
surface water for their drinking water according to data from the Joint Monitoring Programme (JMP) of WHO and UNICEF,
Hofstra et al.. 2019) and b) drinking raw surface water and tap water made from surface water (Limaheluw et al. 2019) for
approximately the year 2010. Figure a does not take potential higher DALYs for the immunocompromised population that
has HIV-AIDS into account, while Figure b does.

While the preliminary analyses for pathogens showed that Africa was a main hotspot, Asia is the main
hotspot for arsenic in groundwater, both in terms of the most affected area as well as the proportion
of the affected population (Figure 3.13). An estimated 94 million to 220 million people are potentially
consuming high arsenic concentrations in groundwater. This estimate of impact accounts for the
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proportion of households utilizing untreated groundwater in both urban and nonurban areas of each
country.

Figure 3.13 Proportions of land area and population potentially affected by arsenic concentrations in groundwater
exceeding 10 mg/l by continent (Podgorski and Berg 2020).

For salinity, the drinking water quality is classified as good when the concentration of Total Dissolved
Solids (TDS) is below 600mg/l (WHO 2017). Figure 3.14D shows that in many parts of the world strong
reductions are required when surface water would be used for drinking directly, in particular in
northeast China, northern India and countries east of the Caspian Sea. Also for heavy metals these
drinking water guidelines are frequently violated across the world and surface water needs to be
treated before consumption (Kumar et al. 2019).
3.2.2.2

State

The water quality state is increasingly being reported on under SDGs 6 and 14. This section summarises
a number of large-scale water quality state analyses, mostly from the World Water Quality Alliance
community. For many contaminants, no large-scale analyses of loads, concentrations or other
indicators are available from the literature. A complete assessment of all contaminants in all water
types cannot yet be made, which implies that significant global health impacts remain unknown.
Figure 3.14 provides an overview of the contaminants for which the state is available at a large scale.
(Darker) red values show hotspots, areas with high concentrations, for each of these contaminants.
These hotspots are similar for many of the contaminants, including Cryptosporidium, faecal coliforms
(from the previous UNEP report (UNEP 2016)), insecticides, dissolved inorganic nitrogen (which
includes nitrite and nitrate), salinity (TDS) concentrations and microplastics. These hotspots often
closely link to the population density, the sanitation situation and wastewater treatment efficiency in
these areas, for example in China, India, Nigeria, Middle East and some basins in Central and Latin
America. For arsenic, the hotspots are slightly different, as these are closely linked to irrigation (Figure
3.21 in chapter on Food security) and/or geogenic background. Some areas overlap for these
contaminants, such as areas in northeast China and Mongolia and areas in northwest India. The
probability of having arsenic concentrations in groundwater larger than 10 mg/l is also particularly high
along the Indus, Ganges and Brahmaputra rivers in South Asia and in north-eastern Argentina, while
salinity has hotspots in the Middle East, North Africa and western parts of Argentina. For pathogens,
concentrations vary throughout the year, but hotspots remain mostly the same.
The results in Figure 3.14 are mostly modelling results whilst Figure 3.15 demonstrates how remote
sensing can be used as a proxy for exposure risk for potentially harmful phytoplankton blooms,
including cyanobacteria. While mitigation of risk can already be effectively aided by remote sensing of
larger surface waters (in the order of several km2), in-situ sampling will always be required to confirm
the production of toxins at dangerous concentrations.
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Figure 2.14 Water quality state. A. Annual mean oocyst concentration categorised to WHO pollution categories (1 very
pristine (~0.001 oocyst/l) to 6 grossly polluted (~100 oocyst/l)) (Medema et al. 2009). Each category represents one log10
unit change in concentrations (Vermeulen et al. 2019). B. Spatial distribution of potential insecticide runoff to stream
ecosystems. The class boundaries (−3;−2;−1; 0) are the same as those used by Kattwinkel et al. (2011). Grey areas indicate
the absence of any relevant agricultural activity (Ippolito et al. 2015). C. Modelled probability of geogenic arsenic
concentration in groundwater exceeding the WHO guideline for arsenic in drinking water of 10 µg/l for the entire globe
(Podgorski and Berg 2020). D. Salinity concentration (van Vliet et al. 2020), values above 600mg/l violate the drinking water
standards. E. Spatial distribution of mean nitrate concentration in groundwater (Ouedraogo et al.. 2016). F. Total annual
inputs of dissolved inorganic nitrogen (DIN) to rivers in sub-basins from point and diffuse sources worldwide. Annual inputs
of dissolved inorganic nitrogen (DIN) to rivers worldwide (bar graphs, Tg year-1) and to rivers in sub-basins (maps, kg km-2 of
sub-basin area year-1) in 2010. Pies show the shares of the sources in the DIN inputs to rivers. The pies on the maps are for
rivers in the largest sub-basins only (176 sub-basins covering more than 50 grids of 0.5˚). Results are from the MARINAGlobal model (Strokal et al. 2016), aggregated to 10,226 sub-basins for the year 2010 using model inputs of Strokal et al.
(2019) for point sources and of Bodirsky et al. (2012) for diffuse sources. G. Total river export of microplastics to coastal
areas for the recent. Endorheic basins (except those of the Caspian See and Lake Aral) are excluded (grey) and the source
contribution (Van Wijnen et al. 2019).
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Figure 3.15 Remote sensing of potentially toxic cyanobacteria blooms. Sentinel-3 OLCI RGB images (top panel) on various
dates can be used across the world in inland, transitional and coastal bodies to estimate chl-a concentrations that indicate
blooms (middle panel), and an OLCI-based cyanobacteria presence indicator (bottom panel) indicates cyanobacteria
dominance in the water, i.e. cyanoblooms. Examples shown for northern Germany-southwest Baltic (left), southeast Balticnorth-western Europe (middle), and Danube Delta-Romania (right). Images credit: https://www.cyanoalert.com/.

3.2.2.3 Sources
Main sources for most contaminants are anthropogenic emissions from domestic use, agriculture and
manufacturing industries (see Table 3.1 and Figure 3.14). In some cases, such as arsenic, fluoride,
several heavy metals, nitrate and salinity in groundwater, and geogenic sources can also play a role.
For pathogens, point sources, which represent human faeces that reach the rivers directly after open
defecation in urban areas or when hanging toilets are used, and indirectly through the sewer network
and after treatment (if available), are often the dominant sources (Wölfel et al. 2020). Diffuse sources,
comprising livestock manure and faeces from people practicing open defecation in rural areas are only
the dominant source in areas with sparse population (Vermeulen et al. 2019). For dissolved inorganic
nitrogen (including nitrate and nitrite) in surface waters, point sources, including sewers and open
defecation (direct inputs of human waste to rivers without treatment) from human waste and direct
discharges of animal manure from livestock production (only in China), are the main sources in
northern Africa and South Korea, while in many other parts diffuse anthropogenic sources, including
the use of synthetic fertilizers and animal manure on land, atmospheric N deposition on agricultural
land and biological N2 fixation by crops and recycling of residues, are the main contributors (see Figure
3.14E). Main sources of salinity are irrigation return flows in Africa and Asia and manufacturing in
Europe and North America and a combination of domestic waste and manufacturing in Latin America
(van Vliet et al. 2020) (see Food security chapter, Figure 3.19) Finally, for plastics the main source of
microplastics in rivers is macroplastics from mismanaged solid waste (see Figure 3.14F).
The models that are used regularly to simulate water quality usually require input data on the sources
and their emissions. These include data from observations (e.g. the Joint Monitoring Programme, JMP
(WHO/UNICEF) collects country reports on sanitation facilities), literature, other models (such as
population simulations, climate data, hydrology) and could also include data from remote sensing (e.g.
land use data used to evaluate lake water quality (Damania et al. 2019)).
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3.2.2.4

Response options

Response options to reduce the health risk related to impaired water quality can include a reduction
in exposure, such as a reduction in the source emissions, treatment of the water before use or using a
different water source, and prevention of the health problem, for example by vaccines or treatment.
A number of response options have been summarised in Table 3.1, and as this study is focussed on the
relation between water quality and human health, these options are mostly geared towards reduction
in exposure. The response options mentioned include, among many others, improved water,
sanitation and hygiene (WASH), manure management, reduced industrial emissions, using drinking
water filters or using water from other sources.
The influence of response options can be evaluated using epidemiology studies in which the health
effects before and after an intervention are evaluated. Additionally, scenarios can be used with the
large-scale water quality and health impact models to evaluate the change in impact. These scenarios
could be management scenarios that evaluate the effect of the different interventions. One such
example at the large scale evaluated the difference in pathogen emissions from humans to the surface
water under different socio-economic development scenarios. The main conclusion was that improved
wastewater treatment and eradication of open defecation are expected to reduce the human
emissions to surface waters in the future, despite population growth (Hofstra and Vermeulen 2016;
Wölfel et al. 2020). Such scenario analyses have potential for evaluation of emissions to surface and
groundwater, water quality and health risk for all contaminants mentioned in Table 3.1. Lastly, to
increase the effectiveness of proposed response options, the actors and institutions managing water
quality and public health need more collaboration and integration.

3.2.3 Data and knowledge gaps
The assessment on the links between water quality and human health has highlighted that a large
amount of observational, remote sensing and, in particular, modelling work relevant to quantify this
link has been developed. However, the assessment also shows that there is still a strong need for
better, more regularly monitored and up-to-date data to do a thorough evaluation.
Required research and action includes:
- Reporting on the state, impacts (also indirect impacts), main sources and response options for all
contaminants causing health risks.
- Quantification of the impacts using DALYs, in order to sum up over the different contaminants.
- Evaluation of response options for multiple contaminants and using consistent and
comprehensive scenarios, including consistent exposure estimates, throughout the assessment.
These response options should maximise synergies and minimise trade-offs in reduction of
multiple contaminants.
- Translation of response options to policy; institutional collaboration and integration across water
and health disciplines is needed to effectively implement responses.
- More data on a wider range of contaminants and risks for validation as well as data-driven
modelling. Only the salinity indicator for SDG 6.3.2 (Wölfel et al. 2020) is directly related to
human health and this chapter shows that many more indicators are important to consider in
sampling schemes. In addition to country sampling schemes and despite its limitations, citizen
science could also provide a relevant data source and create health impact awareness.
- Aggregation of the large number of project results at spatial scales smaller than continents.
These publications will together be able to provide understanding of contamination levels and
health impacts across the world.
- Improving the integration of all sources of information: in-situ data, models and remote sensing,
across the DPSIR table.
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3.3 Food security
Main messages:
- Food security and food safety are already affected by reduced water quality in many regions
of the world and trends of further deterioration are widespread.
- High levels of salinity, arsenic, chemicals, emerging pollutants, pathogens and microplastics in
irrigation water are components of major concern.
- First estimates of water quality impacts on food security show hotspots in north-eastern
China, India, the Middle East, parts of South America, Africa, Mexico, United States and the
Mediterranean.
- Estimates of water quality impacts on food security reveal that over 200,000 km² of
agricultural land in South Asia may be irrigated with saline water exceeding the FAO guideline
for irrigation water of 450 mg/l and over 154,000 km² with a high probability of groundwater
having arsenic concentrations that exceeds the WHO guideline for drinking water of 10 µg/l,
respectively.
- Kashmir Valley, parts of Punjab, and the states of Haryana and Uttar Pradesh in India are
vulnerable to poor water quality due to high salinity and arsenic levels in irrigation waters.
- Freshwater aquaculture production is strongly concentrated in southern and eastern Asia and
seriously affected by phosphorus loading, which, in freshwaters is the major driver of
eutrophication.
- Aquaculture and mariculture production are important to produce high-quality protein, but
both can be at risk because of water pollution such as increased nutrient concentrations.
- Large-scale water quality monitoring databases (GEMStat) provide data on a limited number
of pollutants in some regions and remote sensing data is useful to validate model outcomes,
particularly for chlorophyll-a.
- Data that quantitatively link water quality impacts to food security is often lacking at the large
spatial scale, making quantification of impacts difficult.
- Wastewater reuse in irrigation is an option to overcome water shortages and to close the
nutrient cycle, however, the food may become contaminated by pathogens (and faecal
coliform bacteria), Antimicrobial Resistant (AMR) microorganisms and chemicals in
wastewater that has not been sufficiently treated.

3.3.1 Introduction
Food security exists when all people, at all times, have physical and economic access to sufficient, safe
and nutritious food to meet their dietary needs and food preferences for an active and healthy life
(FAO 1996). Close to 750 million people were exposed to severe levels of food insecurity and an
estimated 2 billion people face some form of food insecurity – i.e. without regular access to safe,
nutritious and sufficient food (FAO 2020). Achieving the Zero Hunger target (SDG 2) in the world by
2030 remains a huge challenge.
Water plays an important role for food production (crops, fisheries, livestock), food processing and
preparation, and thus ensures food security and food safety. Water quality and its impact on food
products and various operations in food industries are often underestimated. Most of the water is
used in primary food production, i.e., it is used for crop irrigation, compared to food processing and
preparation. Irrigated agriculture accounts for 20% of the total cultivated land but about 40% of the
crop production worldwide is harvested on irrigated land (FAO 2014; Siebert et al. 2015). Crop yields
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are higher on irrigated land: the same area can be cultivated more than once a year under favourable
climate and water conditions. Salinity is the most important threat for irrigation water quality.
Irrigation with saline water results in salt accumulation in the soil profile. This increases soil osmotic
pressure and thus reduces water uptake by crops and inhibits photosynthesis by decreasing CO2
availability to the plant cells leading to reduction in crop yield and plant nutrition (Machado and
Serralheiro 2017). Globally, about 70% of the abstracted water is used by agriculture, mainly for
irrigation purposes, and including livestock and aquaculture (FAO 2016). Based on FAO AQUASTAT
country statistics, globally 34 million ha (ca. 11%) of irrigated land is salinized by irrigation to some
degree and an additional 60–80 million ha are affected to some extent by waterlogging and related
salinity. This compromises food productivity, especially in large irrigation schemes in India, Pakistan,
China and the United States. Arsenic in groundwater is another major problem in many countries
worldwide but most severe in Southeast Asian countries (Farooq et al. 2019; Podgorski and Berg 2020).
Arsenic in groundwater used for irrigation serves as an important source of arsenic accumulation in
the top soil horizon depending on the crops grown (Farooq et al. 2019). However, arsenic accumulates
not only in the top soil but also bioaccumulates in vegetables, rice and other crops posing a risk of food
chain contamination and hence to human health (Moyano et al. 2009; Mondal et al. 2010; Ruíz-Huerta
et al. 2017).
Aquaculture is an important source of proteins in large parts of the world. Global aquaculture
production has increased from less than 1 million tonnes (Mt) in 1950 to 110 Mt in 2016, while the
growth of capture fisheries production has peaked (FAO 2020; Yu et al. 2018). Although aquaculture
contributes to local water quality deterioration, it is at the same time vulnerable to eutrophication and
hypoxia in rivers and coastal waters from anthropogenic nutrient loading (Diaz et al. 2012). Climate
effects such as increasing temperature can foster Cyanobacteria and harmful algal blooms (HABs) in
aquaculture ponds.
Food safety is affected by quality of water not only used in irrigation, but the entire supply chain from
food production to consumption. Water used in each step of the food supply chain can be an important
route of exposure for various contaminants, such as pathogens, heavy metals, persistent organic
pollutants (POPs), emerging pollutants (e.g., Triclosan) and microplastics. Microbial contamination of
irrigation water is of particular concern for leafy crops (Allende and Monaghan 2015; Pachepsky et al.
2011), while heavy metals, POPs and microplastics tend to bioaccumulate in aquaculture (Rashed
2001), livestock (Giri et al. 2020) and soils (Boots et al. 2019). Food security and food safety cannot be
achieved without tackling water issues since lack of safe water worsens food insecurity. Water
pollution in both agricultural and non-agricultural sectors damages health and nutrition and reduces
food production, constraining agricultural and economic development, especially in densely populated
regions where water is already scarce and wastewater treatment is poor. Quantitative data that are
required to link the impact of water quality to food security are often lacking, making it difficult to
quantify the impact. Data derived from water quality modelling in combination with remote sensing
can close data gaps and therefore help to identify hotspots and map the pathways of pollutant intakes.

3.3.2 Salinity pollution
3.3.2.1 Impact and State
Around 34 million hectares of irrigated land worldwide (equalling 340,000 km²) are affected by
salinization (i.e. ca. 11% of the global irrigated area), 77% of which is in Asia, particularly in Pakistan,
China and India. Using saline water for irrigating crops can result in severe yield losses and decreased
quality (Zörb et al. 2018). In South Asia, the total irrigated area has increased by around 8% in the
period 2008-2017. The non-rice irrigated area exhibits a stronger increase of 12% in the same period.
These areas are mainly located in India and Pakistan, constituting around 70% and 12% of the total
42

irrigated area in the region, respectively. Severe salinity concentrations (exceeding 450 mg/l according
to FAO guidelines) in surface waters likely impair the use of river water for irrigation. Likewise, the
threatened irrigated area has steadily increased driven by the growing trend in surface water irrigated
area. Model outcomes reveal that more than 200,000 km² (22% of the irrigated area) of agricultural
land may be irrigated with saline water exceeding 450 mg/l. Estimates of the irrigated area at risk
indicate that the countries at higher risk are Afghanistan, Pakistan, Sri Lanka, and India (Figure 3.16).

Figure 3.16 Average percentage of irrigated areas at risk due to salinity pollution in the period 2008-2017 in Southern Asia.
Data based on Klein Goldewijk et al. (2017), Siebert et al. (2013), UNEP (2016), Flörke et al. (2013) and Voß et al. (2012).

A common metric of salinity pollution in rivers is the total dissolved solids concentration (TDS). Global
spatial patterns of simulated salinity in terms of TDS in-stream concentrations, show distinct highsaline hotspot regions in north-eastern China, India, the Middle East, parts of South America, Africa,
Mexico, United States and the Mediterranean (Figure 3.17). These simulated hotspots correspond well
with salinity hotspots derived from global monitoring data (Thorslund and van Vliet 2019). Salinity
pollution especially threatens areas where surface waters with relatively low dilution capacity are of
high demand for irrigation. This poses a considerable risk for food security in semi-arid regions.

Figure 3.17 Global surface water salinity hotspots (average simulated in-stream TDS concentrations). Regions with water
availability less than 1 m3s-1 are masked (white). Details are provided in the supplementary information of van Vliet et al.
(2020).
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Upstream land use affects the quality of water entering the irrigated area downstream and reduces
water availability and quality for irrigation purposes (Figure 3.18). South Asia is one of the hotspot
regions where water quality degradation due to high salinity impacts agricultural food production.

Figure 3.18 Spatial distribution of the total irrigated area in South Asia in 2010 and river stretches showing their frequency
(months per year) where TDS concentrations are moderate to severe (severe = threshold of 450 mg/litre exceeded,
WorldQual simulations, UNEP 2016; irrigated area according to HYDE 3.2.1, Klein-Goldeweijk et al., 2017).

3.3.2.2 Drivers and Pressures
Two main causes of salinization influence food production: natural (primary) salinization where soluble
salts accumulate in soils through natural processes and anthropogenic (secondary) salinization as a
result of anthropogenic interventions such as return flow from irrigation, wastewater treatment and
industrial and mining operations as well as road-deicing and overextraction of groundwater aquifers
(sea-water intrusion, saltwater upconing). Irrigation water use plays a key role in hotspot regions
(Figures 3.17, 3.18) and relations are found with sectoral return flows and aridity levels. Strong
interactions exist between salinity and different sectoral water uses (Flörke et al. 2019). A strong
diversity in contributing sources exists between regions, with a high contribution of irrigation return
flow particularly in Asia and Africa, manufacturing in North America and Europe, and combination of
manufacturing and domestic use in South America (Figure 3.19).

44

Figure 3.19 Share of anthropogenic TDS loadings by main sources (in percentage) derived based on simulated data of van
Vliet et al. (2020).

Population growth, wealth and dietary changes have increased food production from irrigated land.
This drives the expansion of irrigated area and intensification of land-use and management practices
and hence contributes to an increase in salt affected area (Figure 3.20). In addition, climate change
accelerates both primary and secondary salinization through higher temperatures, less rain and
reverse evaporation rates which in turn affect irrigation requirements (Daliakopoulos et al. 2016).

Figure 3.20 Salt affected land area for different years Ivushkin et al. 2019).

3.3.3 Arsenic pollution
3.3.3.1 Impact and State
Next to salinity impacts, high levels of arsenic pose a risk to groundwater resources used for irrigation
in South Asia, too. Groundwater irrigated areas where there is a high probability of arsenic pollution
in aquifers (concentrations higher than 10 µg/l) can be highlighted (Figure 3.21). Health impacts of
consuming arsenic in such crops (or in drinking water) are varied and are generally experienced
through the long-term ingestion of arsenic, resulting in arsenicosis (see Chapter 3.2.2.1 on Human
health).
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Figure 3.21 Proportion of area equipped for groundwater irrigation where there is a high probability of groundwater having
arsenic concentrations higher than 10 µg/l (Podgorski and Berg 2020).

It is estimated that over 154,000 km² of agricultural land in South Asia may be irrigated with
groundwater that exceeds the WHO guideline value of 10 µg/l. This estimate is based on a global
prediction model of the occurrence of naturally occurring arsenic in groundwater (Figure 3.22) as well
as maps of areas equipped for irrigation (Siebert et al. 2007). Areas such as the Kashmir Valley, parts
of Punjab, and the states of Haryana and Uttar Pradesh in India are vulnerable to irrigation water
supply because both groundwater and surface water resources are highly affected by poor water
quality. These are generally areas characterized by very high irrigation intensity (above 60%) and
overexploited groundwater resources that, nonetheless, contribute to more than 35% of the total
production of food grain in India (Dhawan 2017). Irrigation with high arsenic water is the pressure that
results in a state of heightened arsenic concentrations in both the water and soil at the surface, which
can ultimately result in hazardous concentrations of arsenic in crops.

Figure 3.22 Modelled probability of arsenic concentration in groundwater exceeding 10 mg/litre in areas equipped for
irrigation for the entire globe (Podgorski and Berg 2020).
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3.3.3.2

Drivers and Pressures

Arsenic is present in trace amounts throughout Earth’s crust and, as such, often leaches from rocks
and sediments into groundwater. In the case of South Asia, anoxic conditions in aquifers often lead to
the release of arsenic that is frequently present in geologically recent sediments, particularly along the
Indus and Ganges rivers (Figure 3.22). Arsenic release in aquifers is controlled by climate, particularly
precipitation and evapotranspiration processes are of importance due to creating conducive
conditions for arsenic release under reducing conditions (e.g., waterlogged soils) as well as high aridity
associated with oxidizing, high-pH conditions.

3.3.4 Nutrient pollution
3.3.4.1

Impact and State

A large part of all freshwater fish, mostly lower value from an economic point of view, and shrimp, are
cultured in ponds (Bureau of Fisheries Ministry of Agriculture 2003; Tacon and De Silva 1997). In
particular, aquaculture systems in cages, as well as shellfish (oyster, mussel, abalone) production are
sensitive to water pollution and algal blooms. Aquaculture production is located in water bodies
seriously affected by phosphorus (P) loading, which, in freshwater is the major driver of
eutrophication. There is a strong overlap between aquaculture production regions and P loading
(Figure 3.5 in Chapter 3.1.1.2 on Ecosystems health). For example, freshwater aquaculture production
may be at risk in southern and eastern Asia (Figure 3.23). One of the major HAB species in freshwater
systems are cyanobacteria (Merel et al. 2013) that bloom under conditions of low N and high P
availability. There is a marked difference in ecological functioning between freshwater systems and
coastal waters. This difference is due to multiple factors including N2 fixation in freshwater systems
and the lack thereof in coastal systems, and differences in N and P recycling between lakes and coastal
systems. Common metrics of eutrophication (e.g., chlorophyll-a), total nitrogen (TN) and total
phosphorus (TP) alone are not adequate for understanding biodiversity changes, especially those
associated with HAB proliferations. Harmful algae can increase disproportionately with increasing
nutrient loading, depending on the proportion in which nutrients are available. As mentioned in
Chapter 3.1.2.2, HABs proliferate under conditions of high N:P ratios. Intensive aquaculture production
in Eastern and Southern Asia is in sea regions where the river inputs are dominated by anthropogenic
N sources and have high N:P ratios. (Figure 3.24). Many reports show that Chinese mariculture
frequently experiences production loss due to HABs (Yu et al. 2018).

Figure 3.23 Freshwater aquaculture production in 2015. Numbers are in 10³ kg fresh weight per year (Beusen et al. 2015).
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Figure 3.24 Mariculture production (top) food production (numbers are in 10³ kg fresh weight per year) and rivers where
nutrients are primarily (>50%) from anthropogenic sources and with high molar N:P ratio in the discharge to coastal waters
for the year 2015 (Beusen et al., 2016). When N:P ratio exceeds 25:1, the frequency and areas of HABs may increase rapidly
(Liang 2012).

Satellite data help to identify areas affected by cyanobacteria, HABs, and growth of phytoplankton
biomass by, e.g. using retrieved chlorophyll-a concentration (Figure 3.25). This study can be extended
globally as well as underlined with larger time series data of high-resolution satellite images. Harmful
Bloom Indicators calculated from satellite data can further support the monitoring of aquaculture;
datasets are also available in the SDG6 portal (see Table 2.1). In order to identify aquaculture fields
that could be at risk to unfavourable water quality conditions, all inland water bodies larger than 0.05
km² have been assessed using satellite data and a classification scheme after Carlson (1977) into 4
main trophic state classes ranging from oligotrophic to hypereutrophic, an expression of the level of
ecological water quality. In the given Chinese example, the majority, 55%, are mesotrophic, which
equals a range of 2.6 to 20 µg/l chlorophyll-a.
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Figure 3.25 Chlorophyll-a one-time snapshot map of China with zoom to aquaculture fields south of Wuhan. Assessment of
trophic state according to Carlson of all inland water bodies in China larger 0.05 km² for one time step using satellite data
from Landsat 8 (processing © EOMAP, satellite data © USGS). The worldwide dataset can be accessed through the SDG6
portal (http://sdg6-hydrology-tep.eu/).

3.3.4.2 Drivers and Pressures
The anthropogenic impact on river nutrient loading has been increasing rapidly, from around 6 Tg N
yr-1 (equals 6 Mio tonnes) in 1970 to 24 Tg yr-1 (equals 24 Mio tonnes) in 2015, which is 43% (equals 56
Mio tonnes) of the total global river N export (see Figure 3.3 in Chapter 3.1.1.2 on Ecosystem health).
In this period the dramatic increase in nutrient loading has not been compensated by increased
retention in river basins (Beusen et al. 2016). At present, the river basins that are dominated by
anthropogenic sources correspond to most densely populated regions of the world, with intensive
food and energy production, and population centres that are drained by sewers to dispose of the waste
streams from households and industries (see Chapter 3.1, Figure 3.5).
For dissolved inorganic nitrogen, agricultural activities from the use of synthetic fertilizers, animal
manure, atmospheric N deposition and fixation are dominant sources of nitrogen in rivers. This is
different for dissolved organic nitrogen and dissolved inorganic and organic phosphorus as direct
manure discharges to rivers are dominant sources of nutrients in rivers in many parts of China (Figure
3.26). Inadequate sewage systems are major sources of increased nutrient concentrations in urbanized
areas and contribute to harmful algae blooms, eutrophication and low dissolved oxygen and formation
of hypoxic or dead zones. Both capture fisheries and aquaculture are vulnerable to external factors
that lead to a reduction in water quality (Diaz et al. 2012; Smith et al. 2010).
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Figure 3.26 Coastal water pollution with nitrogen and phosphorus in China in 2012. Results are from the MARINA model for
China (Wang et al. 2020).

3.3.5 Food safety
Water quality is of concern for food security but also food safety, as it might impact ecosystems health
(Chapter 3.1) and human health (Chapter 3.2) through the food chain. The fate of chemicals used for
agricultural purposes, such as pesticides, is determined by substance properties and by processes such
as degradation, sorption and sedimentation in the soil and the aquatic environment. These chemicals
could accumulate in different environmental compartments and enter the food chain, thus causing
concern for the environment (see Chapter 3.1.2) and human health (see Chapter 3.2.1). Wastewater
reuse in irrigation is an option to overcome water shortages and to close the nutrient cycle, however,
the food may become contaminated by pathogens (and faecal coliform bacteria), antimicrobial
resistant microorganisms (AMR) and chemicals in wastewater that has not been sufficiently treated
(see Chapter 3.2). In addition, wastewater reuse might bring other negative effects to agricultural
production and food safety like soil salinization and bioaccumulation.
Emerging pollutants such as Triclosan, which is an antibacterial and antifungal chemical used in hygiene
products globally (van Wijnen et al. 2017) and microplastics are discharged into rivers through sewage
systems that also transport nutrients and microbial contaminants from households. In the aquatic
environment, Triclosan could pose a risk to various aquatic organisms, for example by acting as an
endocrine disruptor (Fang et al. 2010) whereas marine and riverine fish are affected by microplastic
contamination (McNeish et al. 2018). River basins with high Triclosan and microplastics inputs are
characterized by high urbanization and mainly located in Europe, India, China and some individual subbasins in South and North America (Figure 3.27). These hotspot areas largely match areas of high
nutrient and pathogen loads (see Figures 3.5 and 3.14 on ecosystems health and human health,
respectively). Main sources of Triclosan in sewers is the use of personal care products while of
microplastics are laundry, household dust, the use of personal care products and car tyre wears on
roads (Figure 3.27).
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Figure 3.27 Urban-related inputs of Triclosan and microplastics to rivers in sub-basins worldwide. Results based on the
MARINA-Global model (Strokal et al. 2019; van Wijnen et al. 2017; Siegfried et al. 2017), aggregated to sub-basins for the
year 2010.

3.3.6 Response options
-

Although different arsenic filtration technologies exist, they are generally not capable of handling
the large quantities of water used in irrigation.
Proper irrigation management measures can help to restore the salt balance in the soil profile,
which mitigate the negative impacts from irrigation with saline water.
Mismanaged waste is one of the most important sources of plastic pollution. Responses should
be directed to policies to better collect and manage solid waste (e.g., circular economy).
Reduction of pollution discharge by improved wastewater treatment to decrease pollution intake
into freshwater systems and support safe use of wastewater reuse.
High nutrient use efficiencies and improved manure management (i.e., recycling of manure on
land instead of dumping to rivers).
Stricter and upfront regulatory assessment and restrictions are needed on the use of emerging
pollutants (e.g. Triclosan) and microplastics as the most fundamental source control measure to
limit contaminants entering the environment and subsequently the food system.

3.3.7 Missing data / more research required
-

-

-

Models cover some but not all of the important water quality parameters. More research is
needed to better understand natural and human-driven processes, environmental behaviour and
interaction with food production and food safety.
The assessment of water quality impacts on food security is difficult in quantitative terms as insitu data and modelling data are lacking. For example, the impacts of HABs and hypoxia on
capture and aquacultural fisheries and pathogen (or faecal coliforms as a proxy) contamination
impacts on leafy crops and food safety.
More research is needed to understand the effects of response strategies and to demonstrate
their efficiencies.
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-

-

The application of remote sensing data and information in regard to water quality is (so far)
limited to address water quality challenges. Further exploitation of data and improvements in
model accuracy and data resolution are required as well as the development of methods for
integrating different data sources (e.g. in-situ, models) for a comprehensive water quality
monitoring and evaluation.
Future research may use more sophisticated methods such as machine learning and artificial
neural networks instead of (linear) regression analysis.
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4 World Water Quality Alliance Africa Use Cases – Stakeholder
engagement and product/service co-design
Key messages:
- Cape Town’s groundwater is vulnerable to water quality impacts from urban development in
an area with various land-use activities, posing a risk to the planned potable water supply. As
a results, aquifer protection zones we co-designed.
- Key water quality challenges at Lake Victoria were identified as eutrophication; algal blooms
(incl. cyanobacteria); hypoxia, and siltation/turbidity affecting fish breeding. Water quality
data and information products and services being co-developed are a coastal eutrophication
assessment, water temperature and stratification dynamics, and sediment chemistry.
- The Volta Basin water quality impacts were identified as domestic and industrial effluent,
mining impacts, agricultural runoff, and aquaculture; expected to be exacerbated in the future
by climate change, population increase, urbanization, and land use change. Water quality
product options being explored are a tool to determine the percentage of populations
vulnerable to poor water quality, and a remote sensing-based groundwater quality
assessment.

4.1 Introduction
The Africa Use Cases provide an initial testbed that puts the quality of surface water and groundwater
into the context of the local 2030 Agenda and its multiple linkages across the Sustainable Development
Goals. The United Nations Environment Programme is cooperating with relevant organisations and
convenes the UN-Water Expert Group on Water Quality and Wastewater in the World Water Quality
Alliance. The objective is to provide an evidence base that links water quality hotspots to solutions and
investment priorities. Crucial is a multi-stakeholder in-country driven process defining demand for
water quality services (using experience in global problems to support local solutions). The “Use Cases”
are integral to the World Water Quality Alliance and a contribution to the Assessment as explained
hereunder.
The aim of the Africa Use Cases is twofold: first, to evaluate availability and accessibility of data in
selected locations/systems and to test the integration of those available in-situ, remote sensing-based
earth observation and modelling data to derive the best possible current state of water quality
(baseline). To this end there is an explicit and intentional overlap with the case studies foreseen in the
World Water Quality Assessment and this work feeds into and co-benefits the work of the Assessment;
both teams collaborate closely.
Second, the Use Cases practically explore how to carry local engagement of water stakeholders with
external experts – here represented by members of the World Water Quality Alliance - beyond the
assessment of state and causal chains of water quality. The goal is to identify priority water quality
issues and hotspots and to co-design, pilot and demonstrate innovative information services and their
application for water quality improvement with the potential to upscaling and operational use.
For this initial effort three locations in Africa have been selected focused on urban groundwater (Cape
Town); a lake of ecological and economic importance (Lake Victoria and associated basin); and a
watercourse with pathogen risks (Volta River). In the mid- to long-term the Alliance shall build on
experiences made here to provide further services at scale to shift the water quality needle, engage
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with UN Country Teams and to enable upscaling to locations in similar driver-pressure-state and impact
contexts for adequate response. Hence, fostering South-South learning and collaboration is a central
characteristic of this Alliance approach.

4.2 Cape Town Groundwater
Three aquifers are being targeted by the City of Cape Town for potable water supply: The Atlantis
Aquifer, Cape Flats Aquifer (CFA), and Table Mountain Group (TMG) Aquifer.
The CFA is a sedimentary primary aquifer underlying most parts of the city that is highly vulnerable to
pollution from land use activities, including small scale agriculture, landfill sites, cemeteries, various
industrial areas, sand mining and informal settlements without proper sanitation. The urban setting of
the CFA (and to an extent the Atlantis Aquifer) results in salinization and anthropogenic contamination
with nutrients, microbiological and industrial contaminants, hydrocarbons and contaminants of
emerging concern (see Figure 4.1a indicating the exceedances of water quality guideline limits). The
TMG Aquifer on the other hand occurs in relatively pristine areas with very good water quality, except
naturally occurring elevated concentrations of iron and manganese.
The extensive in-situ monitoring data collected over the last three years for the city’s groundwater
development projects was supplemented with RS/EO data, to provide a detailed land-use map
identifying potential pollution sources, and a range of modelling from GIS-based vulnerability mapping
to numerical flow and transport modelling to assist with the assessment (i.e. through the use of the
World Water Quality Assessment triangulation approach, Chapter 2.1, Figure 2.1).
The Cape Town Aquifer Use Case built on the existing stakeholder network and structures that were
established as part of the groundwater development projects by the City of Cape Town. At the
committee meetings the Department of Water and Sanitation (DWS) as regulatory authority suggested
the development of a groundwater management plan for each aquifer. Based on the presented water
quality data, Scientific Services (a department of the City of Cape Town) and the agricultural users of
the Cape Flats Aquifer suggested that an aquifer protection plan is developed to address water quality
concerns in the area.
As a result, a groundwater protection scheme was developed for the CFA (Figure 4.1b) to ensure the
protection of groundwater quality to abstraction boreholes. The Groundwater Protection Scheme is
composed of several components, namely Groundwater Protection Zones (GPZs), vulnerability
mapping and ranking (using DRASTIC-model Specified Vulnerability Index - DSVI), potentially
contaminating activities (PCAs), and a remediation plan (to be developed separately for each identified
pollution). The vulnerability mapping indicated a very high (orange) to extreme high (red) vulnerability
of the aquifer to pollution sources on surface. To reduce the risk of pollution entering the proposed
abstraction boreholes for water supply, protection zones limiting certain land use activities were
proposed, depending on the expected residence time of pollutants entering the aquifer (modelled as
lifetime expectancy). Zone II (purple) and Zone III (dark green) require strict restrictions to land use
activities that can potentially pollute the aquifer.
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Figure 4.1 Mapping of the Cape Flats Aquifer, with a) an example of a map format used to represent monitored borehole
chemical results; larger icons representing higher relative concentrations and, b) Cape Flats Aquifer Vulnerability and
Protections Zones relative to production boreholes.

4.3 Lake Victoria Basin
The stakeholder engagement concept and data acquisition context for the Lake Victoria Use Case was
introduced to and shared with local actors at a symposium and workshop in Kenya and Uganda. Central
was the to establish the aims to collectively assess water quality challenges and associated impacts at
Lake Victoria and it’s catchment; develop a stakeholder network, and assess data sources and types
associated with Lake Victoria and any limitations to the sharing of such data. Subsequent virtual
workshops were organised by the Alliance team with riparian fisheries organisations (KMFRI, NaFIRRI
and TAFIRI3). The aim of these meetings was to discuss water quality data and information products
and services to be co-developed to target hotspots. In-country direct engagement was not pursued
due to pandemic travel restrictions.
The potential water quality products and services agreed upon to co-design by the riparian fisheries
organisations and in-country partners (KMFRI, NaFIRRI and TAFIRI) and World Water Quality Alliance
representatives were:
•

Coastal Eutrophication:
o Available data sources are being assessed to indicate the potential of coastal eutrophication,
including the identification of hot spots and potential seasonal patterns. This demand driven
tool is being developed to characterise the potential of algal blooms to impact fisheries or to
identify potential links between aquaculture and coastal eutrophication. This includes the
joint use of:
▪ Remote sensed earth observation (provided by EOMAP), incl. turbidity and chlorophyll-a
values for the Lake.
▪ Water quality modelling to determine total phosphorus inputs into the lake from
identified sources such as the domestic sector, agriculture, background loadings etc.
(provided by Ruhr-University Bochum, Germany).

3

KMFRI: Kenya Marine & Fisheries Research Institute; NaFIRRI: National Fisheries Research Institute (Uganda); TAFIRI:
Tanzanian Fisheries Research Institute
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▪

In-situ measurements provided to date (river/lake measurements of nutrients such as
nitrate, phosphate etc.) via GEMStat and in-country partners. This information is being
used to validate the model and RS/EO data.
➢ Outcomes envisioned include the identification of nutrient hotspots, their drivers, and their
temporal and spatial dynamics (Figure 4.2) so that priorities can be defined and potential
management strategies can be efficiently directed. Further, scenario modelling can be used
to evaluate the effectiveness of a wide range of management alternatives.

Figure 4.2 Examples of available data sources to complement in-situ data, showing time-series of chlorophyll-a (used with
permission of Heege 2020, Lake Victoria time series (http://sdg6-hydrology-tep.eu, data available up to daily from
September 2020 onwards) and total phosphorus loadings modelled from main sources (industrial fertilizers, manure,
geogenic background, and the domestic sewered sector) per lake sub-basin (used with permission of the Chair of
Engineering Hydrology and Water Resources Management at Ruhr University Bochum).

•

Water temperature and stratification dynamics:
o Monitoring activities by different research institutions of the adjacent countries generated a
valuable record of water temperatures in Lake Victoria over the past years; including data
jointly collected by TAFIRI, NaFIRRI and KMFRI under the coordination of the Lake Victoria
Fisheries Organisation (LVFO) which has been shared with the Alliance. The aim is to use a
freely available lake model (GLM 3.1, General Lake Model) to simulate temperature dynamics
in Lake Victoria to inform the extent of stratification and vertical mixing in the water column.
At the same time, this initiative brings together monitoring results from different countries
and institutions and generates not only the required data for the modelling but also provides
data for many other applications in research and development. Directly interfacing with the
Assessment, the following research topics are being targeted by the Helmholtz Centre for
Environmental Research (UFZ) and LVFO:
▪ Model-based reconstruction of water temperatures of Lake Victoria over the past 30-years
at daily resolution
▪ Water temperature projections for Lake Victoria until 2100 based on different climate
scenarios (Representative Concentration Pathways) RCP 2.6, RCP 6.0, RCP 8.5)
▪ Potential effects of water temperature dynamics and mixing events on phytoplankton
dynamics (derived from satellite-based remote sensing provided by EOMAP)
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•

Sediment chemistry:
o UFZ has offered to collaborate with KMFRI on collected sediment chemistry, water profile
physico-chemical quality parameters in the Nyanza Gulf (Kenya) and sediment and water
samples near Kampala, Uganda. There is a potential for the joint assessment of sediment
release of nutrients, turnover, and indication through algae blooms obtained from remote
sensing (EOMAP).

4.4 Volta Basin
To assess the Volta water quality challenges and associated impacts, and to assess data sources and
types and any limitations to the sharing of such data there was attendance by Alliance members at
various conferences in Ghana. In addition, a Stakeholder Engagement Workshop was held in Accra,
Ghana to assess the key water quality hotspots and water quality data and information products and
services that may be of interest; and the to initiate a bottom-up social engagement process.
The key water quality challenges identified by the Stakeholder Engagement Workshop participants
were: poor sanitation resulting in elevated bacterial contamination, mining activities and heavy metal
and turbidity impacts, industrial effluent (including plastics and micro-plastics), agricultural runoff of
fertilizers and pesticides, leading to increased aquatic alien plants, and water quality impacts to and
from aquaculture. A further challenge is there is not a consolidated Ghana government department
mandated to water quality monitoring, with this role currently split.
Discussions towards potential water quality product and services are ongoing, in part due to ongoing
development of in-country partnerships and collaboration. The initial products and services being
investigated to take forward include:
- The Ghana National Disaster Management Organization (NADMO) proposed an innovative tool
that translates poor water quality severity (measured through a water quality index) into poor
water quality impact (expressed in terms of vulnerability of affected populations). The water
quality index would be derived in collaboration with World Water Quality Alliance partners. The
vulnerability profiling would include the Volta Basin baseline household survey (which includes
data on households’ water sources and poverty status, as well as population data and
administrative boundaries).
- University of Fada N'Gourma, Burkina Faso proposed a groundwater quality assessment based on
the DRASTIC vulnerability mapping method and remote sensed data. The DRASTIC acronym is
based on the major hydrogeologic factors which affect and control groundwater movement
(Depth to groundwater, Recharge, Aquifer type, Soil media, Topography, Impact of vadose zone,
and hydraulic Conductivity). The University of Fada N'Gourma methodology incorporates land
use data with the DRASTIC parameters to assess groundwater pollution risk (GPR) at a panAfrican scale, including the Volta River basin (Figure 4.3, Ouedraogo et al. 2016).
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Figure 4.3 Mapping the groundwater pollution risk (GPR) for the Volta River basin using the composite DRASTIC
groundwater vulnerability index which included land use. The higher the GPR, the greater the groundwater pollution risk
(Ouedraogo et al. 2016).

4.5 Way forward
Below we summarize key findings and next steps that result from findings and lessons learned in the
Use Case approach so far and which underpin the relevance of bringing interdisciplinary expert
competence as reflected in the World Water Quality Alliance into dialogue and co-design on country
and system level to advocate for stepping from data to solutions:
-

Ongoing development of in-country partnerships and collaboration, especially with water
resource decision-makers to solve real-world problems for real impact, thereby benefiting incountry stakeholders and data providers to break the north-south divide. This needs sustainable
funding and long-term investment. Initial exchange with UN Resident Coordinators are
encouraging and suggest, in future, to regularly engage UN Country Teams in this process if
possible.

-

There is a need to investigate options for integrating data derived from the Assessment triangle
approach into a single dataset that can be used for water quality decision-making. The Cape
Town Use Case successfully combined these three data types to develop aquifer protection zones
and a risk analysis that are practically implementable by the in-country stakeholders. This was
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achieved through an integration team with overlapping experience in the data types.
-

A need to improve the impact of research through more effective science-policy interface, as
well as better communication of the science via impact stories.

-

A standard protocol for data sharing to ensure data providers retain data ownership and
recognition. An example to use is the GEMS/Water Data Policy which allows data providers to
select from three different levels of data sharing.

-

Development of a common data-management system, with agreed data types and formats that
allows for better collaboration between organisations/ institutions/ countries. This database
option should have ownership by the data providers to ensure maintenance and longevity.

-

In-country capacity building in the collection and assessment of data (in-situ data, citizen science,
modelling and RS/EO).

-

Further development of the Africa Use Case concept to cover various water resource types and
scales. This may include linking headwater protection to recharge (Cape Town Use Case);
transboundary aquifers, the surface water/groundwater interface (e.g. wetlands).
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5 Digital water quality platforms
Main messages:
- A gap exists between the general availability of data, their level of coherent aggregation and
synthesis which is required to provide useful information for different policy or management
purposes. Appropriately designed platforms can help to overcome this gap.
- The key to engage platform users is their involvement already in the early development phases
of the platform in a co-design process. This ensures that the data and information provided as
well as the functionalities for analysis and visualization match the user needs.
- Ideally, co-design is a continuous process where the platform evolves with the user needs
improving the user experience.
- Multiple water quality platforms co-exist and should ideally reinforce each other by providing
standardized data products to enable cross-platform sharing

5.1 What are digital, geospatial platforms?
Nowadays, we constantly interact with digital platforms in various areas of life. Examples are social
media platforms like Twitter, media platforms like Youtube and service platforms like Uber and
knowledge platforms like StackOverflow. Geospatial platforms support the collection and processing
of environmental data, enable access to aggregated data products and visualize data in a way that
knowledge can be disseminated to the target audience. As an example in UNEP the World Environment
Situation Room, features such a service and utility (Chapter 5.4.5).
There are many digital tools for water quality which provide platform functionalities but are termed
something else - database, app, information system or portal for example. One such example, which
is also discussed in this report, is the Global Freshwater Quality Database (GEMStat) which is the
operational part of the GEMS/Water Programme of the United Nations Environment Programme
(UNEP). GEMStat collects and aggregates global water quality self-reported by countries. GEMStat
provides visualization data in interactive maps as well as download functions and accessible
programming interfaces (APIs) which enables the easy integration of GEMStat data into other
platforms. Another one is the SDG 6.6.1 app, which visualizes information on water related ecosystems
drawing on products from the Copernicus Land Service.

5.2 What are they good for?
Generally, we live in a data rich world - not everywhere and every time - but today we have access to
more environmental monitoring data than ever before in history. This general data richness does not
guarantee for information richness. Already pointed out by Ward et al. (1986) there exists a "Data-rich
but Information-poor Syndrome" in water quality monitoring. Since the mid-1980s this problem has
likely been sharpened as more data requires more elaborate methods to extract the desired
information.
The increasing amount of openly available data as such does not automatically mean that these data
are considered in the decision-making process. A gap exists between data availability and accessibility
on the one hand and the level of aggregation and synthesis of data required by users on the other. For
example, the launch of high-resolution earth observation satellites such as Landsat 8 and Sentinel 2a
and 2b opened up avenues towards a globally harmonized picture of optically detectable water quality
parameters such as turbidity and chlorophyll. If data of Landsat-8, Sentinel-2A, and Sentinel-2B are
combined they will provide a global median revisit interval (time elapsing between observations of the
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same point on earth) of less than 3 days (Li and Roy 2017). Thus, water quality changes could be
monitored with high resolution both in space and time. This information source so far remains largely
untapped as the processing of the raw images requires expertise and infrastructure to handle the
enormous amounts of data. And, the limited range of parameters that can be sensed from satellites
requires to be complemented with the wide range of water quality parameters coming with in-situ
observations as well as with water quality models which are the only tools that can also be used to
make projections of future water quality.
With an appropriate platform, data and information can be processed in a way that the complexity is
reduced and actionable information is created, e.g. by identifying hotspots of poor water quality, main
sources and by recognizing water quality trends in target water bodies which can then be used to guide
priorities for investments.

5.3 Co-design is the key
Digital water quality data vary in terms of content, spatial and temporal coverage and functionality.
The key to engage users is their involvement in the development of the platform in a co-design process.
This ensures that the data and information provided as well as the functionalities for analysis and
visualization match the user needs. Ideally, co-design is a continuous process where the platform
evolves with the user needs improving the user experience.
For example, the knowledge to practice (K2P) project aims on improving the accessibility to the existing
body of evidence on pathogens in excreta and sewage through a platform that Water, Sanitation and
Hygiene (WASH) practitioners can use. Through a stakeholder engagement workshop held in Kampala,
Uganda in 2018, WASH practitioner recommended that newly developed platforms and tools should
build on existing approaches as well as incorporating the cost of measures and technologies to improve
sanitation (Tumwebaze et al. 2019). Many other recommendations from numerous stakeholders were
taken into account in the project, resulting in six iterations of the tool before it became available in its
current form.
Platform infrastructures combined with relevant training on options, utility and limitations involving
the user community across society can help to furnish water actors with the competence to optimally
derive and apply the information provided. This will increase the likelihood that the essential step
between access to information and uptake into the decision-making process is made.

5.4 Platforms supporting the World Water Quality Assessment
This section provides a brief overview on the platforms discussed and applied in this report (Table 5.1).
It is worth noting that a lot more platforms are operational at the time of writing serving their users
with water quality information across different spatial scales from local to global.

5.4.1 GlobeWQ
The GlobeWQ project develops a web-based platform for hosting, visualizing and analysing data from
in-situ and remotely sensed observations and modelling. The platform implements the triangulation
concept of the World Water Quality Assessment (see Chapter 2.1.2) in data products and analysis tools.
In particular, the platform enables the visualization of the state, trends and impacts of selected water
quality variables and their underlying drivers. For example, information on global salinity hotspots
(measured and modelled) will be provided on the platform (see Chapter 3.3.2).
The content and the functionality of the GlobeWQ platform is tailored towards user needs, which are
mapped during workshops with local stakeholders. For example, at Lake Victoria (Africa)
eutrophication has been identified as a major threat to water quality and to fish farming (see Chapter
4.3 and Figure 5.1). Therefore, through links with the World Water Quality Alliance a matching
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between demand and supply can be pursued in GlobeWQ and link to the Assessment work and its
causal chain cases: to inform fish farming organisations about hotspots and seasonal patterns of algal
blooms, remotely sensed turbidity and chlorophyll-a concentrations are combined with available insitu measurements of nutrients such as nitrate and phosphate. Water quality modelling is used to
determine nutrient inputs into the lake from lake tributaries and their terrestrial sources such as
agriculture or domestic wastewater.

Figure 5.1 Chlorophyll-a concentration in the north-eastern part of Lake Victoria, derived from satellite images. Clearly
visible are the elevated concentrations in Kisumu bay on the eastern part of the map. Depicted are also the available
stations of in-situ data from the GEMstat data base.

5.4.2 Project and platform: Water Pathogen Knowledge to Practice (Water-K2P)
The mission of the Water Pathogen Knowledge to Practice (Water-K2P) project is to provide tools that
allow access to pathogen data on viruses, protozoa and bacteria to support sanitation safety planning.
The key water quality tool is the ‘Pathogen Flows and Mapping (PFM) Tool’ which allows prediction of
areas with high emissions of pathogens to surface waters and evaluate the impact of scenarios of
changes in population growth and changes in access to improved sanitation facilities and increased
conveyance and treatment of wastewater and faecal sludge.
The Water-K2P project, funded by the Bill and Melinda Gates Foundation, is part of the Global Water
Pathogen Project, which comprises a recent online book entitled “Sanitation and Disease in the 21st
Century: Health and Microbiological Aspects of Excreta and Wastewater Management”, the PFM tool
and also a Treatment Plant Sketcher Tool, which predicts the effectiveness of a wastewater or faecal
sludge treatment system at removing and reducing pathogens.
The PFM tool is available for the world at the resolution of 0.5 x 0.5 degree latitude x longitude grids
and was also employed for a case study in Kampala City, Uganda to support prioritizing decisions for
improved sanitation in the city. The outputs of Pathogen Flow and Mapping Tool provided a visual
representation of the level of pathogens released into the environment based on sanitation coverage
in order to guide action to decrease the amount of disease-causing organisms in the environment
(Figure 5.2). The tool is flexible to include other case studies. The tool will be integrated into World
Environment Situation Room (WESR), see Chapter 5.4.5.
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Figure 5.2 Water-K2P screenshot.

5.4.3 The Groundwater Assessment Platform (GAP)
The Groundwater Assessment Platform (GAP) provides an online GIS-based data and information
portal for groundwater quality, with a special focus on the geogenic contaminants arsenic and fluoride.
These naturally occurring groundwater contaminants impact the health of hundreds of millions of
people worldwide
The platform provides global arsenic and fluoride contamination risk maps and also enables users to
upload data and create maps and customized groundwater quality models. The platform also hosts the
GAP Wiki where users can share documents and discuss relevant issues in an open setting.

5.4.4 BlueEarth Data
BlueEarth Data is a platform developed by Deltares that shares operational and historic water-related
data for oceans, coasts and rivers at a global scale for professional specialists, researchers, and water
managers. BlueEarth Data is part of a larger initiative called BlueEarth, which is an integrated open
platform with information and tools to support water-related planning processes. To explain the past
and explore the future.
The global data is presently grouped under the Flooding, Coastal Management and Offshore themes.
These themes incorporate global datasets that include river discharge and storm surge forecasts,
shoreline changes, bathymetry, and metocean conditions. Also, third party data services are
incorporated to fortify the integration of the various data services and interactivity with the
community of users. The users can visualise and interact with the data, the data can be acquired by
downloading the data or by using one of the available APIs for integration with third party applications.
By adding new datasets the number of themes will be extended towards among others: Climate, Water
Quality & Sub-Soil.
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Figure 5.3 BlueEarth Data platform screenshot.

5.4.5 SDG6 world water quality portal
The SDG6 world water quality portal, a free online visualizer for global satellite-based water quality
products. Currently available datasets include a merged global set of water quality parameters in 90m
resolution for all inland water bodies and coastal areas. Time series products are available in 30m
sampling resolution for selected regions. For three use cases in Africa temporal aggregates, i.e.
monthly and seasonal averages as well as spatially aggregated water body averages are available. The
portal is co-funded by the Thematic Exploitation Platform for Hydrology by European Space Agency
(ESA).

5.4.6 World Environment Situation Room (WESR)
The World Environment Situation Room is a demonstration platform in UNEP that will continue to
evolve as development progresses. The project is global with overarching environmental policy
relevance and impact. It includes geo-referenced, remote-sensing and earth observation information
integrated with statistics and data on the environmental dimension of sustainable development. It
targets country policy makers, top environmental policy makers, the environmental scientific
community, business and interested citizens. The platform is essential as a knowledge instrument to
support progress on delivering the environmental dimension of Agenda 2030 for Sustainable
Development. The platform facilitates in transforming data into information products and services
which can be used by non-data experts.
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Table 5.1 Overview on the platforms supporting the World Water Quality Assessment.

Platform
World
Environment
Situation
Room(WESR)
Mapping app
GlobeWQ

Audience
Stakeholder; non
data experts

Method/Data
General purpose; displays the
environmental dimension of
Agenda 2030 for Sustainable
Development

Scale/Coverage
global

Notes
Continuously evolving platform; not
exclusively for water quality

Parameters
Not predefined

Local
stakeholders for
use cases, global
data (countries)
Stakeholder; non
data experts

In-situ and remote sensing data
combined with water quality
model

global; surface
water

Currently under development

Satellite-based water quality

global, selected
focus regions

Part of the ESA Hydrology-TEP
project

Groundwater
Assessment
Platform
(GAP)
Water-K2P

Drinking water
supply planners

In-situ measurements combined
with geostatistical models

global
groundwater

Water quality parameters with
focus on eutrophication human
health and ecosystem quality, to
be specified
Biological (Chl-a, HAB, cDOM) and
physical (Secchi depth,
Temperature)
Focus on the geogenic
contaminants arsenic and
fluoride

Water and
sanitation safety
planners

global, surface
water

Co-designed with local
stakeholders, Geoprocessing
capabilities for calculating scenarios
of pathogens loadings

Pathogens

BlueEarth
Data

Professional
specialists,
researchers,
water managers

Model driven by country level or
higher resolution data on
population, urbanization,
disease incidence and pathogen
shedding rates, sanitation
technologies, and the treatment
of wastewater and faecal sludge
to estimate pathogen loadings
Shares operational and historic
water-related data

global, oceans,
coasts and
rivers

BlueEarth Data is part of a larger
initiative called BlueEarth, which is
an integrated open platform with
information and tools to support
water-related planning processes.
To explain the past and explore the
future.

Global datasets that include river
discharge and storm surge
forecasts, shoreline changes,
bathymetry, and metocean
conditions, which will be
extended towards among others:
climate, water quality & sub-soil

SDG Reporting
Portal
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6 Summary and outlook
The Assessment outcome so far is a product of a networking activity mirroring the competences,
expertise and action focus as well as resources of the contributing WWQA working groups and principle
investigators in consultation with UNEP. It gives a versatile picture of the baseline, close to the present
state of global water quality and its impacts on ecosystems health, human health and food security
(Chapter 3). Here, we have included a variety of substances and demonstrate using the DPSIR
framework exemplary links to impacts and drivers as well as sketch out possible responses. The results
can be used to identify water quality hotspots and help to identify some of the key drivers. The
outcome of the Assessment already at this initial demonstration state can provide context in support
of the evaluation of reaching the Sustainable Development Goal SDG 6 target 6.3 by focusing on the
specific indicator on ambient water quality 6.3.2 and its interlinkages with other targets and goals. For
this objective the Assessment can draw on regional co-design processes or digital water quality
platforms as described in Chapters 4 and 5, respectively.
It is however evident, as also shown by the methodological portfolio summarized in Chapter 2, that
the emphasis of this Assessment, i.e. of large- to global-scale water quality studies still is on surface
waters and data retrieved from modelling. The prospects of the triangulation approach, i.e. joint use
of data from in-situ monitoring, remote sensing and modelling have been shown exemplarily in
Chapter 3 for each of the water quality impact themes, however, there are technical, practical and
conceptual challenges to be addressed e.g. inconsistencies in spatial and temporal delineation and
variables covered by each method.
Several data and knowledge gaps were distinguished in this Assessment phase and summarized in the
previous Chapters. The general data and knowledge gaps are:
- still an urgent need for regularly monitored, up-to-date and readily available data to do a
thorough evaluation;
- the application of remote sensing data and information in regards to water quality is (so far)
limited to address water quality challenges. Further exploitation of data and improvements in
model accuracy and data resolution are required as well as the development of methods for
integrating different data sources (including in-situ monitoring, water quality models and remote
sensing) for a comprehensive water quality evaluation;
- knowledge gaps on the importance of the environmental fate and transport pathways and which
need to be closed, also to test model assumptions on these;
- for reliable trend analysis e.g. of nutrient loading and eutrophication, long-term monitoring data
is still sparse;
- reporting should encompass the state, impacts (also indirect impacts), main sources and
response options for all contaminants causing environmental and health risks; the assessment of
water quality impacts in quantitative terms remains difficult as in-situ data and modelling data
are lacking (for example to capture the impacts of harmful algal blooms, HABs and hypoxia on
fisheries, aquaculture and mariculture as well as pathogen contamination impacts on leafy crops
and food safety or on diarrhoeal diseases);
- only the salinity indicator in the SDG 6.3.2 index is directly related to human health but many
more indicators could be considered in sampling schemes;
- the knowledge to set up effective legislative frameworks to deal with chemicals, especially
chemical mixtures is lacking;
- a continued and urgent requirement for innovative regulatory solutions, which include
awareness raising among policy makers and all societal actors worldwide;
- an intrinsic need for better translation of response options to various target audiences by means
of strong institutional collaboration across key water quality nexus dimensions and including the
integration across water and health/food/ecosystem disciplines to implement effective
measures.
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In the next Assessment phase, the baseline water quality state and impact will be further elaborated.
What especially requires improving is better integration of all sources of information: in-situ data,
models and remote sensing, across the DPSIR framework. For this the Assessment team needs
strengthening in particular concerning competences in the fields of in-situ monitoring and remote
sensing but also regarding the water bodies less visible in this report, i.e. groundwater and estuaries.
Concerning modelling, the versatile contribution so far lacks especially large-scale results for many
pollutants but also the basis required for scenario runs needs attention, as modelling is the only means
to perform scenario studies.
Selected case studies will be carried on to develop in-country partnerships and collaboration,
especially with water resource decision-makers in order to continue the co-design of water quality
products and services using the World Water Quality Assessment triangulation approach needed e.g.
to address mitigation options. Here attention will be paid to groups at risk like women because of their
frequent usage of water from rivers and lakes for cleaning clothes and collecting water for cooking and
drinking in the household, and children because of their play activities in local surface waters and also
because they often have the task of collecting water for the household.
The triangulation approach introduced in this report will trigger new thinking in the scientific
community and provide eventually new results to be included in the Assessment. To provide resilient
and future-proof response options to decision-makers, the basis must be established for conducting
scenario analysis of future development pathways of water quality in the freshwater system in
response to future climate change, socio-economic development and response options. For complex
new products beyond a pure community effort, such as a comprehensive scenario assessment across
all modelling teams, different linked impacts models, or multi-pollutant approaches, additional
resources would be required.
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