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ABSTRACT: Freshwater pollution is, together with climate change,
one of today’s most severe and pervasive threats to the global
environment. Comprehensive and spatially explicit scenarios covering a
wide range of constituents for freshwater quality are currently scarce. In
this Global Perspective paper, we propose a novel model-based
approach for five water quality constituents relevant for human and
ecosystem health (nitrogen, biochemical oxygen demand, anthropo-
genic chemicals, fecal coliform, and arsenic). To project the driving
forces and consequences for emissions and impacts, a set of common
data based on the same assumptions was prepared and used in different
large-scale water quality models including all relevant demographic,
socioeconomic, and cultural changes, as well as threshold concen-
trations to determine the risk for human and ecosystem health. The
analysis portrays the strong links among water quality, socio-economic development, and lifestyle. Internal consistency of
assumptions and input data is a prerequisite for constructing comparable scenarios using different models to support targeted policy
development.
KEYWORDS: Anthropogenic chemicals, Arsenic, Biological oxygen demand, Fecal coliform, Future, Global, Groundwater, Nitrogen,
Scenario, Surface water, Water quality

■ INTRODUCTION
Water is a vital natural resource, but it is not always available in
the right place at the right time or of sufficient quality. Water
quality is a measure of the physical, chemical, and biological
conditions of the water based on the standards that regulate its
usage.1 Today, poor freshwater quality is one of the most
severe and pervasive threats to the global environment,
because many pollutants occur in water that affect human
and ecosystem health through, for example, contamination
threatening water and food security.2 With the global
population projected to grow to between 8.5 and 10 billion
by 2050,3 improved understanding of the effects of future
climate and socio-economic changes on freshwater quality is
urgently needed to evaluate the progress toward the United
Nations Sustainable Development Goals (SDGs)4 and target 2
of the Global Biodiversity Framework.5 Scenarios for river
export of individual pollutants to regional or global coastal
waters,6−8 and for individual water quality constituents in
freshwaters were recently presented.9−13 However, compre-
hensive and spatially explicit scenarios covering a wide range of

constituents for freshwater quality, developed using multiple
water quality models, are currently lacking.
This paper presents the results and lessons learned of a

working group of researchers from several international
universities and institutes, represented by the authors of this
paper, that focused on developing approaches to scenario
construction for a World Water Quality Assessment, organized
by the “Water Quality Modelling” Work Stream of the United
Nations Environment Programme (UNEP) coordinated World
Water Quality Alliance (WWQA).14 The working group
extended the community consensus Shared Socio-economic
Pathways (SSP), developed in recent years to assess future
climate changes and impacts,3 with the driving forces of water
pollution.
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Constructing a scenario of global freshwater quality is
complex, as it involves a large number of the following:
(i) water quality constituents (nutrients, pathogens, anthro-

pogenic chemicals, plastics, etc.)
(ii) sources in relation to different terrestrial processes and

transport pathways (point and diffuse, natural and
anthropogenic sources, e.g. weathering processes,
sanitation systems, agricultural practices, urban runoff
and atmospheric deposition)

(iii) water body types (streams, rivers, lakes, reservoirs,
temporarily flooded areas such as wetlands, floodplains,
and groundwater)

(iv) impacts (human health, ecosystem health, direct and
indirect, e.g., oxygen depletion following enhanced
primary production in water)

(v) interactions between the different water quality con-
stituents, pollutant sources, and impacts

Scenarios should consider, therefore, the complex chain of
sources and their main driving mechanisms as well as their
regional variability, including the following
(i) growing populations with changing human diets toward

more livestock products leading to increasing food
demand and consequently increasing use of fertilizers,
pesticides, and veterinary drugs

(ii) the need for improved human health and public well-
being fostering sewage connection and wastewater
treatment and simultaneously increasing consumption
of human pharmaceuticals and products

(iii) the use of chemicals in many consumer products and
industrial processes.

We first considered SDG 6 (clean water and sanitation by
2030) target 6.3, which aims to improve ambient water quality.
Indicator 6.3.2 (the proportion of water bodies with good
ambient water quality) is based on an index that incorporates
five core parameter groups, i.e., (i) oxygen and (ii) phosphorus
(P), (iii) salinity, (iv) nitrogen (N), and (v) acidification (pH)
(i−v refer to surface water and iii−v also in groundwater).15,16
As water quality includes many aspects not covered by these
five core groups, we also considered water quality constituents
that go beyond the SDG 6.3.2 indicator list, in line with the
water quality constituents considered in the Water Framework
Directive of the European Union.17,18

Five water quality constituents are included in this paper
(Table 1), based on diversity in sources and impacts and
availability of spatially explicit models covering all water body
types. Three of these constituents are relevant to ecosystem
health (nitrogen, N; biochemical oxygen demand (BOD);

anthropogenic chemicals), and two are indicators for human
health (fecal coliform, FC; arsenic). Excessive loading of the
plant nutrients (N together with P) into water bodies enhances
aquatic primary production leading to eutrophication and its
associated impacts of biodiversity loss and oxygen depletion.
This is accounted for by BOD, reflecting the consumption of
oxygen associated with organic matter. We note that some
inorganic forms of N such as nitrate and ammonia may be
directly related to human health.19

Various chemicals used by humans are found in surface
waters and affect ecosystem health. They can be grouped based
on their application (e.g., nutrients, biocides, pesticides,
pharmaceuticals, or cosmetics), effects (e.g., cytostatics,
endocrine-disrupting agents), or sources (e.g., synthetic versus
naturally occurring hormones). To capture the impact of
chemical mixtures on ecosystem health, the mixture toxicity
metric “multisubstance potentially affected fraction of species”
(msPAF) based on the no-observed-effect concentration
(NOEC) is used in this study as a proxy for anthropogenic
chemicals.
Fecal coliform in water is, despite controversy, often used as

an indicator of recent fecal contamination and the presence of
pathogens. The geogenic contaminant Arsenic (As) in
groundwater stems from natural weathering processes in
subsurface geological materials and mine waste. Climate
change can have long-term effects on the geochemical
conditions that favor As accumulation.20 Arsenic can threaten
human health, especially where groundwater is an important
source of drinking water.21,22

In this Global Perspective paper, we describe the
construction and assessment of a “middle of the road” water
quality scenario with an indifferent attitude toward water
quality deterioration. We present a novel approach in which we
share common input data to run multiple spatially explicit
models for multiple constituents and multiple water bodies.
The Methods and Materials section provides the constituents,
their thresholds, and the models employed. Using the scenario,
we evaluate future trends of water quality, assess if and where
SDG targets will be achieved in the middle of the road
scenario, and summarize the lessons learned in the scenario
development process.

■ METHODS AND MATERIALS
Threshold concentrations are often used to reflect the levels
(e.g., concentrations) above which a particular water quality
constituent is likely to pose a significant risk to human health
or the aquatic ecosystem. Since threshold values may differ
within and between countries, the working group selected

Table 1. Selected Water Quality Constituents and Threshold Values below Which Harmful Effects Are Considered Tolerable

Constituent Threshold and unit Comment

Water quality constituent causing risks to ecosytem health
Total nitrogen (TN) in freshwater 2.5 mg-N/L Based on values from literature which vary from 0.5−4.0 mg TN l−1 23

Organic pollution indicated by
biochemical oxygen demand
(BOD) in freshwater

4 mg/L UNEP2

Anthropogenic chemicals in
freshwater

0.05 [-], multispecies Potentially Affected
Fraction, (msPAF)

Concentrations of 1785 chemicals related to human activities (varying from
country to country) were expressed in terms of the msPAF ranging from 0 (no
species affected) to 1 (all species affected);24 values <0.05 represent a low risk

Water quality constituent causing risks to human health
Fecal coliform (FC) in freshwater 200 colony forming units (cfu)/100 mL Reder et al.25 This threshold was used prior to 1986 by US EPA,27 and still in

China.28 WHO19 uses intestinal enterococci as their primary indicator instead
of FC. However, for the scenario model runs data are available for FC only.

Arsenic (As) in drinking water 10 μg/L WHO standard for drinking water26
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values for their global assessment that reflect commonly used
standards related to aquatic ecosystems or human health
(Table 1). Although one single global value for thresholds
related to ecosystem health may not reflect the local conditions
or differences among water body types,23 such thresholds are
helpful to assess the impact of global changes and future socio-
economic developments and compare regional water quality
effects consistently.
Models are powerful tools to visualize historical, contempo-

rary, and future sources and drivers of contaminants and to
define the pathways of contaminant transport and biogeo-
chemical transformation through surface waters from land to
sea. Models also allow for gap filling in regions where in situ
monitoring data are sparse. Global-scale models, previously
verified with monitoring data, were used by the working group
to simulate water quality constituents, including total N (TN)
and total P (TP),29 dissolved inorganic N (DIN) and P (DIP),
plastics and triclosan,30 pathogens,31 chlorophyll-a in lakes,32

FC25 and BOD,33 anthropogenic chemicals,24 and As in
groundwater.21 The four spatially explicit models that are
capable of simulating future changes in concentrations of the
five selected water quality constituents are listed in Table 2.
The WFLOW-DWAQ model for anthropogenic chemicals
describes the impact on water quality of the use of such
chemicals. The per country use of chemicals is approximated
on the basis of a relationship with the per capita income. The
emission to surface water is based on a country-specific
pollution control factor, which is also a function of income.
The toxic pressure of the mixture of chemicals was calculated
on the basis of a correlation between these approximations and
the detailed simulation of the multispecies Potentially Affected
Fraction (msPAF) derived from the predicted concentrations
of 1785 chemicals of various uses (including 105 pharmaceut-
ical products and 332 pesticides) in 10,658 water bodies in
Europe.34,35 Uncertainties of this first global inventory with the
msPAF approach are briefly discussed in the supporting
material. Brief descriptions of the four models, their perform-
ance, and validation against monitoring data for concentrations
of the five water quality constituents are in the supporting
material; more details are in various literature reports (see
supporting material).
Using a common source of model input data is essential to

ensure intermodel consistency and enable comparison of
model outcomes across scales and constituents.36 Therefore,
the models of this study consistently used the same set of
climate data from the Representative Concentration Pathways
(RCP) data sets,37 and scenario assumptions and data sets for
computing future water quality, based on the SSPs (Table 2).3

The SSPs were developed using a wide spectrum of
assumptions based on demographic and economic growth
and attitude toward environmental problems and resource
depletion. SSP implementation by the integrated assessment
model IMAGE-DGNM generates output at the scale of 26
world regions, countries, and 0.5° grids (e.g., land use, crop
and livestock production, fertilizer use, manure management,
sanitation level). Data exchanged by IMAGE-DGNM used by
the various models are at the scale of world regions (industry
value added) and country (livestock and sanitation level data).
The working group extended the SSPs to drivers of water

pollution. The “middle of the road” SSP2 scenario was selected
for this exercise as it matches the most recent population
data.38 This scenario is not a simple continuation of the past
trends. For example, future food demand and production and T
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associated land use are important elements in this study.
Important drivers for future food demand are population,
economic growth, and consequent changes in food preferences
with shifts toward more/less meat depending on the cultural
habits and income level, which differentiates the direction of
change in terms of overall food intake. In the SSP2
implementation used here, governments of many countries

invest in wastewater treatment, but often population increases
more rapidly than pollution removal in treatment plants.
Future use and emission of anthropogenic chemicals is
considered to be dependent on incomes in two ways. With
increasing wealth, the overall use of chemicals increases but
also the environmental control on emissions.

Figure 1. Drivers of water pollution used in the scenarios construction, including direct drivers population (a), income (b), industry value added
(c), and intermediary drivers N removal from human waste (d), crop production (e), meat production (f), N fertilizer use (g), and manure use (h)
for 2015 and 2050 for industrialized countries (IND, USA, Canada, Europe, Japan and Oceania), the BRIC region (Brazil, Russian Federation,
India, China), and the rest of the world (ROW) according to the SSP2 scenario implemented with the IMAGE model.9
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Common input data were implemented by the four models
at resolutions from 30 arc seconds to 30 arc minutes using
hydrology models and routing schemes as the basis for delivery
from different sources and pathways, subsequent transport and
processing in surface water, and their subsequent removal in
streams, wetlands, lakes, and reservoirs.

■ RESULTS AND DISCUSSION
Water pollution is strongly related to economic development
level and culture, and therefore, large differences exist in water
quality conditions between countries and even within
countries. Therefore, we present the water quality conditions
in terms of exceedance of the thresholds as maps for 2015 and
2050, showing this heterogeneity. The data were aggregated
from these maps, as well as the direct and intermediary drivers
of water pollution, to the level of three large world regions.
These regions include the industrialized countries (IND,
including USA, Canada, Europe, Japan, Oceania), the BRIC
region (Brazil, Russian Federation, India, China), and the rest
of the world (ROW) (a list of countries in each of these
regions, as well as more detailed results for the water quality
conditions, are presented in the Extended Data (in the SI).
The primary driver of water pollution is the population.

Figure 1a presents the SSP2 projections for global population
growth from 7.4 billion inhabitants in 2015 to 9.3 billion by
2050, with 76% of this growth projected for the ROW region.
Economic development is an important factor because it
influences the consumption level and pattern, such as human
diets and anthropogenic chemicals use, and thus the required
production, mechanization level, inputs of fertilizers and
pesticides and emissions of chemicals. The data show a
doubling of the world average per capita income with large
variation between high- and low-income countries (Figure 1b).
Industry value added, an important indicator of industrial
production activity, is projected to increase by 40% in IND
countries and by a factor of 2 (ROW) to 3 (BRIC) elsewhere
(Figure 1c).
With an indifferent attitude toward environmental problems

in the SSP2 scenario and resource intensity of medium, human
diets, food wastage, degree of environmental management and
control, and agricultural efficiencies will continue the trends
observed in recent decades.
Quantified data on the connection to sewers, open

defecation, and wastewater treatment for SSP2 indicate that
by 2050 there will be a reduction in the number of people
lacking access to improved sanitation, except for Sub-Sahara
Africa,39 where rapid population expansion and urbanization
coupled with the underdevelopment of wastewater manage-
ment infrastructure likely leads to increased pollution
discharges.40 Although wastewater treatment plant capacity
grows in all regions resulting in increasing N removal from
human waste, the population grows faster so that increasing
amounts of human waste are discharged to surface water,
particularly in BRIC and ROW countries (Figure 1d).
Emissions of the use of chemicals show massive increases in
SSP2, particularly in low-income countries due to rapid
economic growth and lagging environmental control.24

The quantifications of the SSP2 production for crops and
meat (globally 46% and 49% increase between 2015 and 2050,
respectively, see Figure 1e and f) result in a significant global
increase of N from animal manure production (24%) and use
of N fertilizers (49%). While meat and crop production
increase by around 20% in IND countries, the production in

BRIC (+47% and +29%, respectively) and ROW countries
(+90% and +89%, respectively) accounts for the major part of
the global increase (Figure 1g and h). N fertilizer use (+30% in
BRIC and +16% in IND) and manure N use (+21% in BRIC
and +15% in IND) grow more slowly than the global average,
with a dramatic growth in ROW countries by more than 100%
for N fertilizer and 31% for manure use. The projected
greenhouse gas emissions for SSP2, as calculated by the
IMAGE model, result in a global radiative forcing level of 6 W
m−2 in the year 2100, which is equivalent to the RCP 6 climate
scenario41 and a temperature increase of 2.3 °C compared to
1860.42

Exceedances of the threshold concentrations in 2015 and the
scenario year 2050 were calculated with the four models
following the multimodel approach employed in this paper
(Figure 2). For this comparison, the landscape or basin areas

affected by water quality changes were calculated for the
constituents relevant to ecosystem health and the number of
inhabitants affected for those constituents relevant to human
health.
Comparing the estimated concentrations in the “current”

situation with the threshold values revealed a widespread
exceedance of the concentrations of N, BOD, FC, and
anthropogenic chemicals in surface water and As in ground-
water (Figure 1a, c, e, g). Insufficient water quality is not only a
severe problem in industrialized countries (IND), where a
large landscape area experiences exceedance of thresholds for
TN (4.7 million km2), BOD (0.4 million km2), and msPAF
(0.3 million km2); in Brazil, the Russian Federation, India, and

Figure 2. Exceedance for 2015 (a−e, i) or 2010 (g) (left column) and
2050 according to SSP2-RCP6.0 (right column) of the thresholds for
a subset of modeled water quality constituents: (a, b) total nitrogen
(TN), (c, d) biochemical oxygen demand (BOD), (e, f) fecal coliform
(FC), (g, h) “multisubstance potentially affected fraction of species‘
(msPAF), and (i, j) As. Threshold values are listed in Table 1.
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China (BRIC), the situation is worse (6.6 million km2 for N,
1.6 million km2 for BOD and 0.5 million km2 for msPAF)
(Figure 3).

In the rest of the world (ROW), mainly low-income
countries, the situation for TN and BOD is comparable to that
in the BRIC countries, while the area affected by high msPAF
is smaller than in IND and BRIC countries. The global number
of inhabitants at risk due to high FC concentrations of ∼3
billion people is largely concentrated in BRIC and ROW
countries (Figure 3). For the geogenic contaminant As (Figure
2i), the exceedance of the concentration threshold is related to
a combination of climate and chemical characteristics of the
geological parent material.21 Due to local geohydrological
settings, the number of people at risk (Figure 3) is
concentrated in a limited number of locations in a few BRIC
and ROW countries (Figure 2i).
The SSP2-RCP6.0 projections for 2050 show increasing

water quality problems associated with N, BOD, and
anthropogenic chemicals in nearly all parts of the world
(Figure 1b, d, h) compared to 2015 (Figure 1a, c, g). TN
pollution stabilizes in industrialized countries but rapidly
expands in BRIC (from 7 to 8 million km2) and ROW (from 7
to 10 million km2) countries (Figure 3) and exceedance of the
BOD threshold spreads in all parts of the world. SSP2 scenario
results portray a small increase of the areas with exceedances of

msPAF values in industrialized countries, and sharp increases
in BRIC (i.e., from 0.5 to 0.8 million km2) and ROW countries
(i.e., from 0.4 to 0.9 million km2). FC indicates an
improvement in many industrialized countries (declining
from 0.5 to 0.3 billion inhabitants that are potentially at
risk), a stabilization in BRIC countries, but a deterioration in
ROW countries (a sharp increase from 1.1 to 1.6 billion
inhabitants potentially at risk) (Figure 3) due to the lagged
projected time lines of increasing connection to sewage
systems in the SSP2 scenario (Figure 1).
Finally, groundwater used to produce drinking water

changes only slightly in the coming decades (Figure 2j).
With population growth, climate change induced increases in
drought frequency and intensity and an increased reliance on
groundwater as a drinking water source, the number of
inhabitants with potential risk of health problems associated
with As intake is expected to grow in the same areas where
problems occurred in 2015.
From the above, it is clear that water quality in most of the

IND and BRIC regions will not improve in this environ-
mentally indifferent middle-of-the-road SSP2 scenario. The
areas with risk of aquatic ecosystem degradation (due to
exceedance of TN concentrations, BOD) and the populations
with human health risks (due to elevated FC and As
concentrations) in the ROW region already exceeded those
in the IND and BRIC regions in 2015. With the projected
dramatic increase in population, income, food and industry
production, fertilizer use, and animal manure production, and
lagging wastewater treatment and environmental control in the
ROW region between 2015 and 2050, risks caused by
anthropogenic chemicals will further deteriorate water quality,
and problems caused by the other four constituents that
already existed in 2015 will aggravate. Within the ROW region,
the projected population growth is particularly rapid in Africa,
and the maps show rapid expansion of water quality problems
for all constituents in North Africa and Sub-Saharan Africa
between 2015 and 2050 (Figure 2).
Our first scenario results revealed that the remaining time

between now and the target year 2030 in SDG6 is insufficient
to implement all the technical, behavioral, and societal changes
required�let alone to achieve the aspired effects on water
quality. In the “middle of the road” SSP2 scenario considered,
even two decades beyond the SDG 6 target year of 2030, the
projected coverage of water bodies with exceedance of
thresholds for TN and BOD (as a proxy for oxygen) included
in indicator 6.3.2 and other water quality constituents
(anthropogenic chemicals and FC) will not decline in
industrialized countries and are projected to increase in
many low-income countries. This points to the urgency for
developing strategies to control water quality degradation and
the need to develop scenarios for increasing awareness of this
problem and to support policy development. Spatially explicit
data are indispensable because of the heterogeneity of sources,
in-stream processes, and impacts of water quality degradation
and its trans-boundary nature in many river basins.
The implementation of SSP2-RCP6.0 for the five water

quality parameters selected in this work is a starting point.
From the methodological issues that evolved in this scenario
construction, the workgroup concludes that

(i) The novel scenario approach for a wide spectrum of
water quality constituents relevant to aquatic ecosystem
and human health (expanding from the SDG frame-

Figure 3. (a) Areas of landscapes within river basins where surface
water bodies show exceedance of the thresholds for TN, BOD, and
msPAF. (b) Inhabitants residing in regions where surface water (FC)
or groundwater (As) as the main source of drinking water exceed the
threshold values in IND, BRIC, and ROW countries, indicating a
potential health risk. Numbers above each bar indicate the % of the
total land area (for TN, BOD, and msPAF) and % or total population
(for FC) and % of population in regions where groundwater is the
main source of drinking water (for As).
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work) shows that water quality deterioration is a severe
and persistent problem and requires a fundamentally
transformative path for human development and lifestyle
to ensure truly sustainable development.

(ii) The SDG framework definition of water quality is
incomplete. Global water quality assessment would
benefit from clear globally accepted thresholds for all
relevant pollutants; this allows a focus on synergetic
policy options, because they could help to account for
interactions between multiple pollutants, water bodies
and SDG targets and indicators, and thus solve not only
water pollution issues, but also lead to synergies with
other sustainability objectives.

(iii) Use of internally consistent input data among models is
a prerequisite for comprehensive and coherent large-
scale spatially explicit water quality modeling and
scenario analysis. This supports the development and
evaluation of targeted policies (constituent, source,
water body) to mitigate the transboundary problem of
water pollution. Such analyses involve inputs from
different models, combined with knowledge and
experience of many researchers of diverse disciplines.

We demonstrate, here, the potential of multimodel,
multipollutant, and multiwater body large-scale spatially
explicit water quality modeling and scenario analysis to
improve understanding of current and future water quality.
This integrated modeling approach, as envisaged by WWQA,14

allows for the development of targeted policy interventions
across the sustainability landscape. The approach also
addresses a recent call for better integration of water quality
assessments across all member states, transboundary agree-
ments, and global initiatives as laid out in the United Nations
Environment Assembly Resolution UNEP/EA.6/Res.13. The
modeling approach and outputs presented here can be used as
a tool to support better integration of water quality
assessments across a range of actors and global initiatives.
These may include the UNESCO-International Initiative on
Water Quality,43 the Kunming-Montreal Global Biodiversity
Framework Targets (e.g., Target 7 Reduce pollution risks and
the negative impact of pollution f rom all sources, by 2030...), and
other coordinated actions (e.g., through the Water Action
Agenda) across international organizations such as World
Health Organization (WHO), the UN Food and Agriculture
Organization (FAO), and the United Nations Environment
Programme (UNEP). Finally, we demonstrate, here, the
potential for governments to interrogate the model outputs
to support the development of national water quality
monitoring, assessment, and recovery strategies, for example,
following the framework of Sustainable Development Goal
6.3.2.

■ KEY MESSAGES

• This paper proposes a novel model-based approach for
constructing spatially explicit future scenarios for five
water quality constituents relevant for human and
ecosystem health (total nitrogen, TN; biochemical
oxygen demand, BOD; anthropogenic chemicals; fecal
coliform, FC; and arsenic, As) with different large-scale
water quality models.

• Internal consistency is achieved by using common data
including all relevant demographic, socio-economic, and

cultural changes, as well as threshold concentrations to
determine the risk for human and ecosystem health.

• According to the “middle of the road” scenario that was
analyzed as an example, even two decades beyond the
SDG 6 target year of 2030, the projected coverage of
water bodies with exceedance of thresholds for TN and
BOD included in SDG indicator 6.3.2 and other water
quality constituents (anthropogenic chemicals and FC)
will not decline in industrialized countries and are
projected to increase in many low-income countries.

• This points to the urgency for developing strategies to
control water quality degradation and the need to
develop scenarios for increasing awareness of this
problem and to support policy development.

• Spatially explicit data are indispensable because of the
heterogeneity of sources, in-stream processes, and
impacts of water quality degradation and the trans-
boundary nature in many river basins.
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