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Abstract

Global efforts to improve water quality under UN SDG 6.3.2 are undermined by disparate national
monitoring standards that prevent coherent assessment. Additionally, water quality modeling can
help to provide spatially continuous monitoring data for a set of water quality constituents, but
not for all relevant indicators. This inconsistency hinders accountability in supply chains, man-
agement of biogeochemical cycles, and mitigation of transboundary pollution. To address this
inconsistency, we evaluate and propose a core set of water quality indicators. We compare this pro-
posed set against the against water quality constituents currently included in major international
monitoring frameworks (e.g. nutrients, heavy metals, and microbial contaminants) and model-
ing projects, which simulate outputs like nutrient concentrations and pollutant loads, to identify
key areas where modeling efforts could focus. Finally, we propose a tiered roadmap designed to
achieve implementation of these core metrics, focusing on harmonizing existing outputs, filling
model gaps, and incorporating emerging indicators.

1. Introduction

Ensuring water quality is central to environmental health and human well-being. The United Nations’
sustainable development goals (SDGs, United Nations 2015) provide an actionable framework for track-
ing progress, with indicator 6.3.2 specifically monitoring the proportion of water bodies with good
ambient water quality as compared to national or subnational standards (UN Water 2021, UNESCO
2024). The UN tracks progress towards SDG 6.3.2 by having participating state actors and authorities
report on several core water quality constituent groups i.e. oxygen, salinity, nitrogen, phosphorus and
acidification, as well as a set of elective parameters that each participant can choose to include but is not
obliged to provide (UN-Water SDG 6 Monitoring Guide).

While the core indicator set prima facie supports cross-country comparisons as they report on the
same parameters, these parameters can be qualitatively different, as each participant potentially focuses
its monitoring on different sets of water quality constituents and uses different thresholds to evaluate
whether concentration levels meet its specific water quality objectives. See for example the World Health
Organization (WHO) review on drinking water quality standards across the globe (WHO 2018c¢). This
reflects a known challenge in global environmental monitoring, limiting direct comparability despite
standardized indicators (Srebotnjak et al 2012). Consequently, when stakeholders from different regions
discuss ‘water quality) they may appear to be addressing a unified concept, while their understanding is

© 2026 The Author(s). Published by IOP Publishing Ltd
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shaped by disparate, locally derived definitions and priorities (as also discussed specifically for the EU
Water Framework Directive (WFD) by Hering et al 2010). The tension between local importance and
global standards poses a barrier to universally applicable quantitative standards (thresholds).

The inconsistency can have serious consequences in areas of environmental, economic, and geopol-
itical concern, creating blind spots for accountability within global supply chains. While the grey water
footprint concept exists to quantify pollution, the disparate national standards for water quality monit-
oring make its consistent and transparent calculation difficult, staging barriers to track and manage the
grey water footprint of internationally traded goods (Aldaya et al 2012). The inconsistency also prevents
us from fully understanding and managing disruptions to biogeochemical cycles, as that requires con-
sistent data from all involved systems (Seitzinger et al 2005). As the cumulative impact from multiple
nations cannot be assessed as a coherent whole, the absence of shared standards facilitates unchecked
export of pollutants to oceans and international ocean basins.

A collaborative approach to overcome this challenge is to focus global consensus-building efforts on
which parameters should be consistently monitored worldwide that provide a common descriptive lan-
guage for water quality. Model-based simulations can complement in situ observations by providing a
means to spatially continuous monitor progress toward SDG target 6.3 and to project future water qual-
ity outcomes through 2030 and beyond (Bouwman et al 2024). This is particularly valuable in regions
with limited or no data (see for example Nkwasa et al (2024)).

Significant community efforts are already underway to harmonize models to improve inter-
comparability. A key example is the Inter-Sectoral Impact Model Intercomparison Project (ISIMIP;
www.isimip.org/), a broad research framework that coordinates impact modeling groups across multiple
sectors—such as water, agriculture, permafrost, fire, terrestrial biodiversity, lakes, and human health—
to simulate climate change impacts under consistent scenarios. The water quality analysis in this paper
is part of a specific workstream within this larger project, known as the ISIMIP—water quality sector,
some analysis results of which are featured in this special issue.

A large set of models simulating the same water quality constituent enables the use of ensembles,
providing more robust estimates of water quality (Van Vliet et al 2016). However, the constituents
included in the ISIMIP WQ MIP (Strokal et al 2025) are sometimes covered by only a small number of
models, reflecting the same challenge seen in the SDG monitoring. We therefore need to focus on a core
set of water quality indicators that the ISIMIP WQ-MIP should endeavor to include.

To bridge the gap between monitoring needs and modeling capabilities, this paper proposes a path-
way toward a harmonized core set of water quality indicators specifically for use in large-scale models
like those in ISIMIP. The primary aims are therefore:

1. To review major pollutant categories and, for each, recommend the most suitable indicator(s) for
large-scale modeling based on scientific validity and current modeling potential.

2. To benchmark current global water quality modeling capabilities (using the ISIMIP WQ MIP as a
case study) against major international monitoring frameworks to identify critical gaps and
opportunities.

3. To propose a concrete roadmap for the modeling community, outlining steps to harmonize existing
outputs and incorporate new, essential indicators.

This proposed core set is intended to complement and provide detail for SDG indicator 6.3.2, mov-
ing beyond its broad parameter groups to indicators that are more mechanistically insightful and policy-
relevant. While this paper focuses on selecting parameters, it does not propose universal thresholds, as
these must remain tailored to specific water uses (Cash and Wright 2001)

2. Review of water quality indicators

To develop a comprehensive core set of indicators, we review four major categories of water quality con-
stituents. These categories were chosen to encompass both traditional parameters included in frame-
works like the UNEP SDGs as well as emerging threats that require urgent attention, such as pharma-
ceuticals and plastics. The outcome of this review has been summarized in table 1.

2.1. Biological (microbiological water quality)

The largest threat to global water quality in terms of micro-organisms is human and animal feaces
(Priiss-Ustiin et al 2019), and an indicator for fecal contamination is therefore often used. However,
any singular indicator is a poor representative for all pathogens from a fecal source, as pathogens have
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different rates of persistence and survival (Savichtcheva and Okabe 2006, Holcomb and Stewart 2020).
An ensemble of microbiological indicators should therefore be the aim.

While this review focuses on bacterial and viral indicators commonly used in large-scale assessments,
other contaminants of concern exist. These include bacteriophages (often proposed as viral indicators),
fungi, and the growing threat of antimicrobial resistance (AMR) genes and bacteria. While important, a
full review is beyond the scope of this paper.

2.1.1. Bacterial indicators of fecal contamination

The most common modeled microbiological indicator is the presence or absence of fecal coliforms,
which are used as a proxy for fecal contamination (Kroeze et al 2016). The premise of this indicator is
that the organism in question has several qualities (facultatively anaerobic, rod-shaped, Gram-negative
and non-sporulating), and that those qualities are enough to confidently state that the fecal coliform
could only have come from an animal/human host, hence the name fecal coliform. However, several gen-
era of bacteria can meet these demands, can grow in water, and are common contaminants of non-fecal
sources, as reviewed by Doyle and Erickson (2006). It is likely for this reason that several meta-reviews
on the link between gastrointestinal illness and microbial indicators of water quality found that the pres-
ence of fecal coliforms in surface water is a poor predictor for illness in those who are exposed to sur-
face water (Wade et al 2006, Gruber et al 2014). As Fecal coliforms correlate poorly with disease and are
often themselves contaminated with non-fecal sources, they are not well suited as an indicator for fecal
contamination. Enterococci (Wade et al 2006) and Escherichia coli (Wade et al 2006, Gruber et al 2014)
however, do adequately predict gastrointestinal illness.

2.1.2. Viral indicators of fecal contamination
There are two major types of viral indicators of fecal contamination: (1) bacteriophages capable of
infecting enteric bacteria whose presence points to the presence of enteric bacteria (e.g. E. coli) and thus
fecal contamination and (2) viral strains capable of infecting humans and/or animals, the presence of
which points to fecal contamination.

Case 2 is in function similar to detecting the bacterial strains—detecting a pathogen directly and
as proxy for fecal contamination—however fecal indicator bacteria are often inadequate in predicting
the presence or health risks of human enteric viruses (Savichtcheva and Okabe 2006, Gerba et al 2018)
due to for example differences in persistence in the environment (Dean and Mitchell 2022). The sea-
sonality and zoonotic status are of major importance in selecting a viral indicator of fecal contamina-
tion: some viruses show strong seasonality, while others do not, and the ability of a virus to infect either
human, animal or both means that the presence of a virus can indicate the presence of human feaces,
animal feaces, or a combination of both (Sinclair et al 2012). Farkas et al (2020) review viral indicators
for tracking domestic wastewater contamination, and suggest the use of enteric viral indicators (AdV,
PyV, AiV) as they are human specific, easy to detect and show low seasonal variability.

2.1.3. Specific indicators of microbial water quality

Some pathogens like Cryptosporidium’s oocytes are highly resistant and can persist for months (Fayer
2004, King and Monis 2007) long after general fecal indicators have disappeared. This means that
important, highly persistent pathogens may need to serve as separate indicators.

2.1.4. Recommendation for a core modeling set

While fecal coliforms have a modeling legacy, the evidence shows they are poor health risk indicators.
To improve policy relevance, the core set should prioritize E. coli or Enterococci. For viral risk, a human-
specific virus like AdV should be considered. Models like GloWPa show this is feasible for Rotavirus and
Cryptosporidium (Vermeulen et al 2019), and thus persistent pathogens like Cryptosporidium should be
retained where possible.

2.2. Indicators of bulk organic pollution
Assessing organic pollution requires more than quantifying the total organic material.

e Biochemical oxygen demand (BOD) quantifies the oxygen consumed by microorganisms metaboliz-
ing the biodegradable fraction of organics (APHA 2017). Its limitation is that it can underestimate the
total organic load, especially in effluent with complex industrial chemicals (Monje-Ramirez et al 2004).

e Chemical oxygen demand (COD) and total organic carbon (TOC) (Geerdink et al 2017) use
chemical oxidation or combustion to measure the total organic content, both biodegradable and
non-biodegradable (APHA 2017). Their limitation is that they provide little information on the imme-
diate impact on environmental oxygen levels.

3



Table 1. Recommended core modeling indicator based on the above review.

Water quality Water quality indicators Recommended water quality modeling indicator Rationale
constituent
Microbiological ~ Fecal coliforms, E. coli, Enterococci, o E. coli OR Enterococci Fecal coliform is a poor health risk indicator. E. coli and Enterococci show a better

human adenovirus (AdV),
Cryptosporidium

o Human adenovirus (AdV)
o Cryptosporidium // other persistent pathogens.

correlation with gastrointestinal illness. Bacteria are poor proxies for viruses, so a
specific viral indicator (like AdV) is needed for viral risk. Highly persistent
pathogens like Cryptosporidium need to be included separately as they can outlast
other indicators.

Bulk organic

Biochemical oxygen demand (BOD),
chemical oxygen demand (COD), total
organic carbon (TOC)

e BOD and COD (or TOC)
e BOD/COD ratio

Relying only on BOD is insufficient as it misses non-biodegradable industrial
waste. Using both BOD and COD provides a complete picture of organic
pollution. The BOD/COD ratio is a powerful diagnostic for assessing the
biodegradability and nature of the pollution source.

Pharmaceuticals

Substance-by-substance indicators

One representative compound from each of the largest
classes (e.g. an antibiotic, an NSAID, a hormone, etc)

The chemical diversity makes a single indicator for all pharmaceuticals impossible.
The recommendation is a pragmatic, class-based approach: modeling one key
substance from each major therapeutic group to serve as an indicator for that class
of risk.

Persistent organic  PCBs, dioxins, pesticides, flame None POPs are explicitly excluded from the core set. The rationale is that their complex

pollutants (POPs) retardants, PFAS chemical partitioning behavior and data requirements make them too difficult to
implement in broad-scale models.

Inorganic Acidity (pH), EC/TDS, nutrients (N, P), e pH &EC pH and EC represent essential ‘master variables’ that control fundamental water

heavy metals, radionuclides

o Total nitrogen (TN) & total phosphorus (TP)
e One or two priority heavy metals (e.g. lead, arsenic)

chemistry. TN and TP are the key indicators for nutrient pollution and
eutrophication, a widespread global issue.

Modeling all heavy metals is too complex for a core set, so a pragmatic approach is
to model a few high-priority ones as representatives of toxic metal risk.
Radionuclides are explicitly excluded as their risk is highly localized, not a
‘common pressure’ suitable for a global core set.

Plastic Pollution

Macroplastics (>5 mm), Microplastics
(<5 mm), nanoplastics (<100 nm)

A suite of indicators, including:

e Riverine macroplastic loads

e Concentration of specific, high-risk microplastic
polymers

Included as it is an important emerging pollutant. A single universal indicator is
not feasible due to the multifaceted nature of plastic (different sizes, polymer types,
impacts). The recommended path is to use a suite of indicators that address
different size fractions and associated risks.
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BOD and COD/TOC are complementary as the ratio of BOD/COD is a powerful measure of biodegrad-
ability. A low ratio indicates persistent industrial waste that may pose risks beyond oxygen depletion
(Eckenfelder 2000), such as toxicity and bioaccumulation.

2.2.1. Recommendation for a core modeling set

Relying solely on BOD is insufficient. To capture both readily biodegradable and persistent organic pol-
lution, a robust core set requires both BOD and COD (or TOC). The BOD/COD ratio represents a
powerful diagnostic that models could provide to assess the nature and risk of organic pollution.

2.3. Indicators of specific organic pollution

Note that while BOD and COD are essential for assessing bulk organic pollution and oxygen depletion,
neither captures the specific toxicological risks from organic micropollutants, which each require separate
considerations.

2.4. Indicators of pharmaceuticals

Pharmaceuticals are contaminants of emerging concern defined by their intrinsic biological activity at
low concentrations (Larsson 2014). Their widespread human and veterinary use, bioactivity as well as

a persistent nature can create an environment of continuous low-level exposure, leading to risks like
AMR (Pruden et al 2006) and thus serve as ‘agents of subtle, insidious change’ (Daughton et al 1999).
The diverse nature of the compounds in question means we cannot have a simple indicator for pharma-
ceuticals but have to turn to indicators of each substance.

2.4.1. Recommendation for a core modeling set

Given the large number of pharmaceutical compounds, we will have to be pragmatic when it comes to
a core set and add one of each of the largest classes pharmaceuticals: antimicrobials (antibiotics, anti-
fungals), anti-inflammatory drugs (NSAIDs), analgesics, hormones, psychiatric medications (antidepress-
ants, antiepileptics), beta-blockers, lipid-regulating agents, and cytostatica. Care must be taken to select
representative compounds based not only on therapeutic class, but also on their environmental beha-
vior (e.g. one highly soluble and mobile compound, one that strongly sorbs to sediment, and one that is
highly persistent, etc), see for example a comparison of various methods/prioritization schemes by Roos
etal (2012).

2.5. Persistent organic pollutants (POPs)

POPs are defined by their resistance to degradation, their capacity to bioaccumulate in food webs, and
their potential for long-range environmental transport (Breivik et al 2004, Ashraf 2017). POPs include
substances such as polychlorinated biphenyls (PCBs), dioxins, PFASs, and many organochlorine pesti-
cides. Their danger is globally recognized through the Stockholm convention (UNEP 2009). The complex
chemical properties governing their partitioning between water, sediment, and biota require highly spe-
cialized models that are difficult to implement at a global scale, especially since validation data is scarce.

2.5.1. Recommendation for a core modeling set

The complex chemical properties of POPs require specialized models such as multifate models (Wania
and Mackay 1995, Klasmeier 2006, Falakdin et al 2022), due to various factors: (1) POPS are not just
spread through water, but also by air (Scheringer 2009) or through biota (Armitage and Gobas 2007).
(2) Estimates of emissions, degradation and physical-chemical properties can be subject to large uncer-
tainty (Jones 2021), which has a knock-down effect when simulating loads, fate and concentrations
(Meyer et al 2005). While this makes POPs impractical for inclusion in broad ensembles like ISIMIP cur-
rently, their environmental importance is undeniable. Therefore, we recommend that progress in this
area should be pursued by specialized modeling groups, and a key focus for the broader community
should be on improving global monitoring and emission inventories to support future modeling efforts.

2.6. Indicators of inorganic pollution

This category includes heavy metals, nutrients (N, P, S), acids, and salts. The inorganic constituents in
surface water can originate from both natural (geogenic) and human (anthropogenic) sources. However,
this distinction is often blurred, as the two are not independent and their influences frequently over-
lap (Hyslop and Trowsdale 2012). Human impacts can significantly alter local geochemical conditions,
thereby mobilizing naturally occurring pollutants (as discussed for Arsenic by Smedley and Kinniburgh
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(2002)). For example, increased organic matter from wastewater can change redox conditions, leading
to the dissolution of minerals or the desorption of geogenic substances like arsenic from soil (Lawson
etal 2013). This is further complicated by substances that have more than one origin, such as arsenic
which is a natural component of bedrock but is also used as a pesticide (WHO 2018a), and while lith-
ium is found naturally in minerals it is also used as a pharmaceutical (Bratt 2010) and can be released
by mining/mineral processing (Kaunda 2020). The classification of a pollutant source as either ‘geogenic’
or ‘anthropogenic’ is therefore context dependent.

A few inorganics and indicators of dissolved inorganics include:

e Acidity (pH) is a master variable influencing the solubility, mobility, and toxicity of many other sub-
stances, such as heavy metals (Bourg and Loch 1995, Sintorini et al 2021).

e FElectrical conductivity (EC), salinity, total suspended solids and total dissolved solids (TDSs) are
related measures of the total amount of dissolved inorganic material. EC is the easiest to measure and
is strongly correlated with the others (Hem 1985).

e Phosphorus (P), nitrogen (N), and sulfur (S) are key nutrients whose speciation determines their
environmental role (Schlesinger 1997), with the first two being characterized in biogeochemical flow
and currently exceeding planetary boundary limits (Rockstrom et al 2009). Indicators often include
total forms (Total nitrogen—TN, total phosphorus—TP) and various dissolved and reactive species
(Terrel 1989, Walsh and Milon 2016). N and P are the primary limiting nutrients in many aquatic
ecosystems (Elser et al 2007), excess input of N and P from sources like agriculture and wastewater are
the leading cause of eutrophication (Smith et al 1999), which in turn can lead to harmful algal blooms
(Glibert et al 2001, Granéli et al 2008) and extended oxygen minimum zones (Rabalais et al 2014).

e Heavy metals (e.g. Pb, Hg, As) are elements that are never degraded. Their impact depends heavily on
their chemical speciation, which is controlled by pH, redox state, and the presence of other chemicals
(as reviewed by Tack et al 1995). This is a broad category, and some heavy metals, such as Uranium,
are also radioactive and are discussed further below.

e Radionuclides are unstable atoms whose presence poses a risk even at low concentrations (ICRP 2007,
WHO 2018b). Elements from the decays series of uranium (U) thorium (Th), radium (Ra) and radon
(Rn) can dissolve from rocks and soils into groundwater, and subsequently into surface waters. This is
the primary pathway for natural radionuclides to enter surface waters (Sohrabi 1998). Anthropogenic
sources of radionuclides include the mining of natural occurring radioactive materials, (mismanaged)
waste from the nuclear fuel cycle and nuclear weapons testing (Salvatores and Palmiotti 2011).

2.6.1. Recommendation for a core modeling set

For a core set, fundamental parameters like pH and EC are essential. For nutrients, models should center
on TN (particulate AND dissolved) and TP for their importance as limiting nutrients, while also provid-
ing key species (like nitrate) where possible to improve diagnostic power. Given the complexity of heavy
metals, a pragmatic approach would be to start by modeling one or two high-priority metals (e.g. lead,
arsenic) as representatives of toxic metal risk. Significant radionuclide contamination is a highly regional
and localized problem. It is primarily linked to specific geology or specific anthropogenic point sources.
The purpose of the core set is to create a common language for common pressures on global water qual-
ity. Radionuclides, while posing a severe risk, do not fit this profile.

2.7. Indicators of plastic pollution

Plastics are classified by size: macroplastics (>5 mm), microplastics (<5 mm), and nanoplastics

(<100 nm) (GESAMP 2015). Each class has unique sources, impacts, and monitoring challenges.
Macroplastics can cause direct physical harm (van Bijsterveldt et al 2021), but they also act as a long-
term source for smaller plastics and also degrade into smaller particles (Andrady 2011). Standardized
indicators vary across these classes, from measuring riverine flux for macroplastics (van der Wal et al
2015) to using spectroscopy for identifying microplastic and nanoplastic polymer types (Huang et al
2022) although due to their extremely small size this remains challenging for nanoplastics (Gigault et al
2018).

2.7.1. Recommendation for a core modeling set

Due to the emerging nature of this pollutant, its inclusion in a core set of water quality indicators is
important. However, the multifaceted nature of plastic pollution and the yet unclear impacts of differ-
ent plastic types and sizes make defining a single, universal indicator difficult (Hartmann et al 2019). A
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path forward may require a suite of indicators that address the different size fractions, such as riverine
macroplastic loads and the loads and concentrations of specific, high-risk microplastic polymers in water
bodies.

3. Benchmarking current capabilities (where is the gap?)

As a first step, we compared the indicators in our review against those in major monitoring frame-
works and the current ISIMIP WQ MIP (table 2). These include legally binding directives within the
European Union, such as the WFD, and federal laws in the United States like the Safe Drinking Water
Act (SDWA). National standards from China and Canada are also included, alongside the interna-
tional guidelines for drinking-water quality from the WHO and UNEP’s GEMS/Water data program
(GEMStat).

The benchmarking exercise highlights several areas where there are large overlaps between monit-
oring frameworks and large-scale modeling. For example, nutrients such as TN and TP are not only
core water quality constituents within the SDG monitoring framework but are also well-represented in
the ISIMIP modeling ensemble (Strokal et al 2025). Similarly, salinity, another core SDG water quality
constituent, is widely monitored and simulated by several large-scale models. These existing successes
demonstrate that the potential for unification has already been realized and provide a foundation upon
which we can build.

This analysis, however, also reveals a disconnect between other monitoring priorities and current
large-scale modeling capabilities. Essential indicators like pH, COD, heavy metals, E. coli, and Enterococci
are standard in most global monitoring frameworks but are absent or underrepresented in the current
ISIMIP multi-model ensemble (table 2). This highlights an opportunity for the modeling community to
increase its policy relevance by addressing these gaps.

4. A roadmap for a core set of modeled water quality indicators

Based on our review and gap analysis, we propose a tiered approach to developing a core set for the
water quality modeling community.

Tier 1: harmonize existing outputs; the most immediate progress can be made by harmonizing outputs
for water quality constituents already modeled. For example, models simulating fecal contamination
(DynQual, WorldQual) should align their reporting by providing outputs for E. coli or Enterococci, which
are more robust health indicators than fecal coliform. Models simulating nutrients (SWAT+, MARINA,
etc.) should all endeavor to provide TN and TP to create consistent ensembles for assessing eutrophica-
tion risk.

Tier 2: fill critical gaps. The modeling community should prioritize adding capacity for key missing
indicators identified in the gap analysis. Some examples of critical gaps that when filled would increase
relevance for real-world water management are:

e pH: A fundamental master variable that controls most chemical processes.
e COD: To be provided alongside BOD, allowing for a comprehensive assessment of organic pollution.
e A pragmatically chosen heavy metal representative.

Tier 3: address emerging and complex indicators. For emerging threats like pharmaceuticals and micro-
plastics, a single indicator is challenging. We propose starting with pragmatic solutions:

e For pharmaceuticals/toxic organics, models can use an integrated risk metric like msPAF (already
modeled by WFLOW-DELWAQ (Deltares 2023, van Verseveld et al 2024) and select one or two high-
priority, widely detected compounds (e.g. a common antibiotic or pesticide) with varied patterns of
behavior as initial tracer indicators.

e For plastics, models should follow a dual-indicator approach as recommended above, focusing on
macroplastic flux and microplastic concentration.



Table 2. Water quality indicator inclusion in the monitoring frameworks and the water quality parameters/indicators discussed in this paper. Potential: not core to the framework, but may be monitored under specific conditions.
Limited: Monitoring does happen, but only for a subset (WHO GDWQ for example). Guidance: The organization sets guidelines and/or recommendations but does not operate monitoring networks or enforce binding standards.
Yes: indicates routine or mandated monitoring for this specific parameter or closely related indicators. No: the parameter is generally not included. No (some text); indicates that while the constituent is not monitored, they are part
of for example research or advocacy. MS Specific: monitoring and/or standards are determined at the member state level within the EU framework. Related indicators: used for fecal coliforms where the primary indicators monitored

are E. coli and/or total coliforms/Enterococci. Abbreviations are explicated in table 3. All ISIMIP models as described in by Strokal et al (2025).

Parameter/indicator EU USA China Canada WHO UNEP ISIMIP inclusion
Heavy metals Yes (WED PS, GWD, Yes (SDWA, USGS Yes (Drinking water Yes (ECCC FWQMS, Yes (GDWQ) Potential (GEMStat) No

DWD) NAWQA) std, surface water std) CCME/HC

guidelines)
Radionuclides Yes (DWD) Yes (SDWA) Yes (Drinking water Yes (HC drinking Yes (GDWQ) Potential (GEMStat) No
std) water guidelines)

Pharmaceuticals Yes (WL, DWD WL, Yes (USGS NAWQA, Yes (Priority control) Yes (ECCC targeted, Limited Potential (GEMStat, Some (TCS,DCL ->

PS proposal) UCMR potential) CMP) (GDWQ—specific WWQA) MARINA)

chemicals)

Antibiotics Yes (WL, PS Yes (USGS NAWQA, Yes (Priority control))  Yes (ECCC targeted, No Potential (GEMStat, No

proposal) UCMR potential) CMP) WWQA)
Sulfate (SO4*7) Potential/MS specific Yes (SDWA secondary  Yes (Drinking water Yes (ECCC No (No health Potential (GEMStat) No

(GWD allows MS std) standards) FWQMS—major guideline)

thresholds) ions, HC guidelines)
Nitrogen (N) Yes (WED, GWD, Yes (USGS NAWQA, Yes (Surface Water Yes (ECCC FWQMS, Yes (Nitrate, Yes (Core SDG— Yes (TN ->
(Nitrate, nitrite, UWWTD) CWA/NARS, SDWA) std, drinking water HC guidelines) nitrite—GDWQ) nitrogen/nitrate) IMAGE—
ammonia, total N) std) GNM/SWAT+/

GREEN)

Total dissolved Potential/MS specific Potential (USGS Potential Potential No Potential (GEMStat) Yes (TDN ->
nitrogen (TDN) NAWQA) MARINA/mQM)

(Continued.)
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Table 2. (Continued.)

Phosphorus (P) Yes (WFD, UWWTD)  Yes (USGS NAWQA, Yes (Surface water Yes (ECCC FWQMS) No Yes (Core Yes (TP ->

(Total P, phosphates) CWA/NARS) std-TP) SDG—Phosphorus) WorldQual/
WaterGAP3/
IMAGE—
GNM/SWAT+/
GREEN)

Total dissolved Potential/MS specific Potential (USGS Potential Potential No Potential (GEMStat) Yes (TDS

phosphorus (TDP) NAWQA) ->MARINA)

Acidity (pH) Yes (WFD Yes (USGS NAWQA, Yes (Surface water Yes (ECCC FWQMS, No (No health Yes (Core SDG) No

Phys-chem) CWA/NARS, SDWA) std, drinking water HC guidelines) guideline)
std)

Biochemical oxygen Yes (UWWTD, WFD Yes (NPDES) Yes (Surface water Potential No Potential (GEMStat) Yes (Dynqual/

demand support) std) WorldQual/
WaterGAP3)

Chemical oxygen Yes (UWWTD, WFD Yes (NPDES) Yes (Surface water Potential No Potential (GEMStat) No

demand support) std)

Total organic carbon Potential Yes (NPDES, SDWA Potential Yes (ECCC FWQMS) No Potential (GEMStat) No

(TOC) (Research/advanced) potential)

Total dissolved solids Potential/MS specific Yes (NPDES, SDWA Potential Potential (via Guidance (No health Potential (via Yes (WorldQual/

(TDS) Secondary std, USGS conductivity/ions) guideline) conductivity) WaterGAP3)

NAWQA)
Cryptosporidium Potential/risk-based Yes (SDWA) No Yes (HC drinking Yes Potential (GEMStat) Yes (GloWPa)
(DWD) water guidelines) (Guidance—GDWQ)
E. coli Yes (BWD, DWD) Yes (SDWA—RTCR) Yes (Drinking water Yes (HC drinking Yes Potential (GEMStat) No

std)

water guidelines)

(Guidance—GDWQ)

(Continued.)
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Table 2. (Continued.)

Parameter/indicator EU USA China Canada WHO UNEP ISIMIP inclusion
Enterococci Yes (BWD, DWD) Yes (Recreational No Potential/guidance Guidance Potential (GEMStat) No
WQC, NARS) (Recreational waters) (Recreational waters)
Fecal Coliforms Yes (Related Yes (Related Yes (Related Yes (Related Yes Potential (GEMStat) Yes (Dynqual/
indicators— indicators— indicators—drinking indicators—HC (Guidance—GDWQ) WorldQual/
BWD/DWD) SDWA/RTCR) water std) guidelines) WaterGAP3)
Microplastics Yes (DWD No (Research) Yes (EOC No (Research) Guidance (GDWG) Advocacy (WWQA) Yes (MARINA)
methodology/WL prioritization,
potential) standards planned)
Macroplastics No No No No No No Yes (MARINA)
msPAF Yes (WFD key factor No No No No No Yes
(Multi-substance toxicity) (WFLOW-DELWAQ)
potentially affected
fraction)
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Table 3. Frameworks and directives used in our benchmark.

Region/organization Abbreviation Program Reference
European Union (EU) WED Water Framework Directive EU Water Framework Directive 2000/60/EC
GWD Groundwater Directive EU Groundwater Directive 2006/118/EC
DWD Drinking Water Directive EU Drinking Water Directive (EU) 2020/2184
WL Watch List Commission implementing decision (EU) 2025/439
United States (USA) SDWA Safe Drinking Water Act EPA—Safe Drinking Water Act (SDWA, 40 CFR 141)
USGS NAWQA National Water-Quality Assessment USGS National Water-Quality Assessment (NAWQA) Project
UCMR Unregulated Contaminant Monitoring Rule EPA-Fifth Unregulated Contaminant Monitoring Rule (UCMR)
China Surface Water Standard GB 3838-2002
Drinking Water Standard GB 5749-2006
Priority Control 2022-00530
Canada ECCC FWQMS Freshwater Quality Monitoring and Surveillance Environment and Climate Change Canada (ECCC) monitors
freshwater quality.
CCME Canadian Council of Ministers of the Environment CCME—Canadian environmental quality guidelines water
HC Health Canada Guidelines Health Canada—guidelines for Canadian drinking water quality
CMP Chemicals management plan Chemicals management plan
World Health Organization GDWQ Guidelines for drinking-water quality WHO—guidelines for drinking-water quality, 4th edition
United Nations Environmental GEMStat Global environment monitoring system for freshwater UNEP—GEMS/water program

Program
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5. Conclusion

This paper summarizes the literature, existing policy documents, and available models and identifies a
roadmap for the large-scale modeling community to provide a more consistent dataset of water qual-
ity that directly supports and enhances SDG indicator 6.3.2. Water quality model outputs have no role
yet in monitoring SDG 6.3.2. However, there is potential to include model outputs in monitoring over-
views, as they provide spatially continuous data in areas and constituents with sparse in-situ monitoring
data available. To complement monitoring already done within standardized monitoring frameworks, the
large-scale water quality community can focus on aligning existing outputs, for instance for microorgan-
isms, TN and TP. Afterwards, critical gaps in missing indicators can be filled, for instance by focusing
on pH, COD and heavy metals. Further into the future, emerging indicators can be incorporated. As
soon as the first steps on the roadmap are taken, the model outputs provide a great additional source of
information for the evaluation of progress towards SDG 6.3.2.
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