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Abstract Sections

Climate change and extreme weather events (such as droughts, heatwaves, | Introduction
rainstorms and floods) pose serious challenges for water management, | water quality responses
in terms of both water resources availability and water quality. However, | to weatherextremes
the responses and mechanisms of river water quality under more frequent | Climate change impacts
and intense hydroclimatic extremes are not well understood. In this on water quality
Review, we assess the impacts of hydroclimatic extremes and multidecadal | Summary and future
climate change on a wide range of water quality constituents to identify perspectives

the key responses and driving mechanisms. Comparison of 965 case
studies indicates thatriver water quality generally deteriorates under
droughts and heatwaves (68% of compiled cases), rainstorms and floods
(51%) and under long-term climate change (56%). Also improvements

or mixed responses are reported owing to counteracting mechanisms,
for example, increased pollutant mobilization versus dilution during
flood events. River water quality responses under multidecadal climate
change are driven by hydrological alterations, rises in water and soil
temperatures and interactions among hydroclimatic, land use and
humandrivers. These complexinteractions synergistically influence the
sources, transport and transformation of all water quality constituents.
Future research must target tools, techniques and models that support
the design of robust water quality management strategies, inaworld
thatis facing more frequent and severe hydroclimatic extremes.
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Key points

o River water quality is generally deteriorating under droughts

and heatwaves (68% of case studies), rainstorms and floods (51%) and
multidecadal historical and future climate change (56%), although
improvements and mixed responses are also reported.

¢ Droughts and heatwaves result in lower dissolved oxygen and
increased river temperature, algae, salinity and concentrations of
pollutants (such as pharmaceuticals) from point sources owing

to lower dilution. By contrast, low flow during these events leads to
reduced pollutant transport from agricultural and urban surface runoff,
contributing to lower concentrations.

e Rainstorms and floods generally increase the mobilization of
plastics, suspended solids, absorbed metals, nutrients and other
pollutants from agricultural and urban runoff, although high flow can
dilute concentrations for salinity and other dissolved pollutants. The
sequence of extreme events (such as droughts followed by floods) also
impacts the magnitude and drivers of river water quality responses.

o Multidecadal climate change is causing water temperatures and
algae to generally increase, partly causing a general decrease in
dissolved oxygen concentrations. Nutrient and pharmaceutical
concentrations are mostly increasing under climate change, whereas
biochemical oxygen demand, salinity, suspended sediment, metals and
microorganisms show a mixture of increasing and decreasing trends.

o The main driving mechanisms for multidecadal water quality
changes in response to climate change include hydrological
alterations, rises in water and soil temperatures and interactions of
hydroclimatic drivers with land use. These impacts are compounded
with other human-induced drivers.

o Our findings stress the need to improve understanding of the
complex hydroclimatic-geographic-human driver feedbacks; water
quality constituent fate, transport, interactions and thresholds; and
to develop technologies and water quality frameworks that support
the design of robust water quality management strategies under
increasing hydroclimatic extremes.

Introduction

Good water quality is vital for healthy ecosystems and safe human
water use. Although no common definition for water quality exists,
overallit refers to ameasure of water composition in terms of its suit-
ability for a particular function or use'. Water quality is determined by
alarge set of constituents (or parameters) representing the physical,
biological and chemical aspects of water’. When water does not meet
quality requirements, it can drive higher water scarcity for both human
needs and ecosystems®™,

Hydroclimatic drivers (for example, precipitation, evapo(transpi)
ration and runoff)®’, geographic factors (land use, geology and soil
characteristics)®® and human activities (sectoral water use, (un)treated
wastewater and fertilizer use)'° " allimpact river water quality (Fig. 1a).
These drivers can be interrelated. For instance, warmer, drier climate
conditionsimpactland use and canincrease irrigation water use, which
inturn might contribute toincreased salinizationin several river basins

worldwide””. Inaddition, hydrological events can amplify contaminant
pulses (large changesin concentrations over ashort period) fromland
toriversand impact the potential for water uses downstream®. Hence,
there are complex water quantity and quality responses to climate
change and weather extremes.

Water quality is alsoimpacted by the interactions between differ-
ent water types (rivers, lakes, reservoirs, soil and groundwater) and
its propagationin time (legacy impacts)'* and space (upstream versus
downstreamimpacts)®” withinriver basins. Furthermore, interactions
exist between different water quality constituents'®, which further adds
to the complexity (Fig. 1b). For instance, water temperature strongly
influences other water quality constituents by impacting the rate of bio-
chemical processes', algae growth'*, dissolved oxygen saturation’ >
and decay of chemical substances”** and microorganisms>*¢in rivers.
Algalblooms are also strongly driven by water temperature and the syn-
ergistic effects of nutrient supply'™. Inaddition, higher temperatures
and associated evaporation contribute to freshwater salinization®,
whereas salinity changes influence the growth of microorganisms and
metal contaminant mobilization from soil and sediment®®. Microplas-
tics have high absorption and carrying capacities®” and can increase
transport of other constituents such as metals®, organic compounds™
and antibiotics* (Fig. 1b).

Although weather extremes and climate change impacts on water
quality areincreasingly recognized, thereis astark contrast compared
with the volume of research into impacts on water quantity (such as
river discharge), as also highlighted in the Intergovernmental Panel
on Climate Change (IPCC) sixth assessment report®. Major droughts,
heatwaves, rainstorms and floods have shown distinct challenges
for both water quantity and quality management (drinking water,
irrigation and ecosystems)’, bringing these issues to the forefront of
research attention. With climate change and the associated increase
in hydroclimatic extremes®*™*, there is an urgent need to improve
understanding of water quality responses and mechanisms to extreme
weather events and over multidecadal climate change to support
water management and decision-making. Although several reviews on
this topic exist®****, there are limited systematic assessments of the
impacts of climate change and extreme weather events on river water
quality at regional-to-global scales.

In this Review, we synthesize advances on the main responses,
mechanisms and interactions impacting river quality under hydrocli-
matic extremes (such as droughts, heatwaves, rainstorms and floods)
and multidecadal historical and future climate change. We consider a
wide range of water quality constituents, responses and mechanisms
from a compilation of 965 literature case studies published between
2000 and 2022 (Box 1, Supplementary Note 1, Supplementary data).
Thereisadeteriorationinreported water quality under climate change
and hydroclimatic extremes in most cases, although improvements and
mixedresponsesarealsoreported. Weidentify regional-scaleandglobal-
scale knowledge gaps and give guidance for future water quality
researchto support robust water quality management strategies under
changing climate and extremes.

Water quality responses to weather extremes

In this section, we briefly synthesize the main responses and driving
mechanisms of river water quality under hydroclimatic extremes,
including hydrological droughts, heatwaves, compound drought-
heatwave events, rainstorms and floods. Additional supporting details
for each water quality constituent are described in Supplementary
Notes 2-12.

Nature Reviews Earth & Environment



Review article

@ Main drivers of water quality

AP

AET AT

AR
N

1 Energy 7 * Manufacturing
Domestic s

' ol WS Treatr; ~3
ivestoc v Fertilizer : i
. L Soil
Manure -
Irrigation - '
> o
-
20 Geology

Ground&‘

Fig.1|Hydroclimatic drivers, geographic factors and human activities
impacting river water quality. a, Hydroclimatic drivers mainly include changes
in precipitation (AP), temperature (AT), evapotranspiration (AET), surface
runoff (AR) and discharge (AQ). Examples of geographic factors include geology,
soil characteristics (including weathering products) and land use (urban

versus rural). Examples of human activities include polluted wastewater flows
from agriculture, domestic, manufacturing (including mining) and energy

b Interactions between water quality constituents
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sector activities. b, Examples of the main interactions between different water
quality constituents to highlight the complexity of water quality responses
under changing climate and hydroclimatic extremes. Water temperature and
suspended sediment have important impacts on many other water quality
constituents, whichin turnlead to other various interactions, for example,
(micro)plastics impacting microorganisms, metals and pharmaceuticals.
BOD, biochemical oxygen demand.

Hydrological droughts and heatwaves

Hydrological droughts are prolonged periods of abnormally low river
flows and/or water levels. Hydrological droughts are often but not
always related to meteorological drought (extended periods of dry-
ness or rainfall deficit) as they can also be induced by anthropogenic
pressures such as excessive sectoral water withdrawals and diversion®.
Hydrological droughts occur more frequently in polar, cold and temper-
ate climate zones, where they are typically of moderate duration and
severity*®. By contrast, drought frequency is lower inarid and tropical
regions, but these droughts are overall more prolonged and severe.
Heatwaves are short-term (multiday) periods with excessively high
temperatures relevant to the typical weather conditionsina particular
location. The occurrence of severe heatwaves is expected to increase
inseveral regions, particularly the arctic and tropical regions but also
large parts of the temperate zone***, Climatic heatwaves can also trans-
late to extreme heat events in rivers* and lakes®’, strongly increasing
water temperatures.

Awater quality deterioration was found for 68% of the case stud-
ies under droughts, heatwaves and compound drought-heatwave
events (Fig. 2a). Water quality deterioration typically occurs in rivers
receiving point source pollutantinputs (which are maintained during
drought). Here, lower dilution capacities under low flow and continued
pointsource inputs of pollutants result in higher concentrations®***",
Increased concentration levels have been reported for salts, pharma-
ceuticals and for some nutrients, metals (Fig. 2a) and other chemicals
thatare predominantly transported in dissolved phase (low adsorption

to suspended sediment) in rivers and streams?***>°32_Next to lower
dilution capacities, salinity levels also increase owing to increased
evapo-concentration*”*> or owing toarelative increase in the contribu-
tion of higher-saline groundwater flow under droughts**. Furthermore,
indeltaand estuarine regions, salinity levels also increase under lower
flow owingtoincreased seawater intrusion as observed, forinstance, in
the Mekong (Asia), Rhine (Europe), Valdivia (South America), Euphra-
tes and Tigris (Middle East)*. These salinity increases can also affect
other water quality constituents and sectoral uses such as drinking
water supply®. Increasingsalinity levels in rivers during droughts can
be substantial; for example, median increases of 21% are reported for
rivers and streams in the southern USA®, This can result in exceeding
salinity standards for irrigation water use as shown for ariver in Texas
asan example (Fig.3a). When water quality standards are exceeded, this
canincrease quality-induced water scarcity, for instance, for municipal
water supply®®>, manufacturing uses and for irrigation, depending also
on the salinity tolerances of crops”’.

Suspended sediment concentrations show mostly lower concen-
trations during droughts (Fig. 2a) owing to the reduced sediment ero-
sion rates and lower transport capacity under low-flow conditions*®.
This can also lower concentrations of pollutants with high adsorp-
tion capacities to suspended sediment, for example, some metals™.
In addition, droughts reduce the transport of contaminants from
diffuse sources (for example, fertilizer and manure from agricultural
land) to streams by leaching and runoff®****, Nutrients and other
water quality constituents can therefore be retained in the landscape
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Box 1

Compilation of river water quality responses and their global

distribution

The impacts of hydroclimatic extremes
(droughts, heatwaves, rainstorms and
floods) occurring on daily-to-monthly
timescales and multidecadal historical -
and future climate change impacts -
on river quality were compiled from
965 published case studies. We define
‘case studies’ as locations (for example,
monitoring stations or (sub)basins) or
events or time periods (years) for which
water quality responses under climate
change or extremes are reported in the
literature. River water quality responses,
in terms of concentrations and water
temperature, were compiled for a set

of 11 major water quality constituents
(see the figure). We reviewed literature
using the ISI Web of Sciences database
for 2000-2022 using a consistent
selection of search terms for defining
climate change and hydroclimatic
extremes combined with various terms
specifying different water quality
constituents, which resulted in 389
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and river export are covered for only
some water quality constituents, namely, for nutrients, suspended
sediment and microorganisms.

Collected responses in water quality (concentrations) mainly
focus on multidecadal impacts from climate change (70%, n=680),
which are mostly (process-based) modelling studies for historic
and future periods (up to the year 2100). For the extreme weather
events, most case studies report concentration impacts derived
from in situ monitoring data focusing on rainstorms and floods (18%,
n=180), followed by droughts and heatwaves (11%, n=105). Although
some case studies focused on solely heatwaves, the majority of case
studies in the compilation consider compound events, which are the
concurrence of both drought and heatwave. Global spatial patterns
clearly show that the highest number of reported river water quality

during drought®’. This can temporarily decrease pollutant mobiliza-
tionand delivery and concentrationsinstreams and rivers*. Although
groundwater inputs of nutrients, saltand bedrock-derived constituents
might remain similar during drought in absolute terms®®*, their rela-
tive influence on surface water quality might increase when surface

impacts was from North America and Europe (see the figure, part a).
This spatial pattern strongly corresponds with the distribution of
observed water quality monitoring data in the world™ and should be
considered in the interpretation of the results.

For droughts, heatwaves and compound drought-heatwave
events, the majority of the compiled case studies reported changes
in salinity (29%), followed by algae, nutrients, dissolved oxygen
and water temperature. For rainstorms and/or floods, a diverse set
of water quality constituents are reported, dominated by nutrients
(23%), plastics and microorganisms. For long-term climate change,
most cases focused on water quality model projections dominated
by nutrients (45%), microorganisms (21%) and water temperature
(14%) (see the figure, part b).

runoff is low*”*>%3, In most cases, a larger relative groundwater con-
tribution results in better water quality; however, in areas with, for
example, nutrient-rich or saline groundwater, the river water quality
can deteriorate. Overall mixed or no marked responses in nutrient
concentrations under droughts are reported (Fig. 2a) owing to the
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combination of limited dilution, reduced delivery from diffuse sources,
enhanced retention owing to longer residence time and changes in
water temperature impacting biochemical process rates®*.
Hydrological droughts, particularly when combined with heat-
waves (compound events), can create favourable conditions for the
development of algal blooms (increased chlorophyll a concentra-
tions) owing to higher water temperatures, increased stratification
and longer water residence times, impairing the water quality under
low flow*>*"* (Fig. 2a). Dissolved oxygen can become depleted in the
bottom waters under these conditions owing to water and sediment
oxygen demand for organic matter mineralization and limited resupply
from the atmosphere (low re-aeration). Dissolved oxygen concentra-
tions are also strongly controlled by temperature with approximately
1mg 1™ decrease with every 5 °C temperature rise®. If accompanied
by additional oxygen-consuming biochemical reactions, rise of water
temperature can result in hypoxia or even anoxia®. This can result in
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Fig. 2| Responses and mechanisms impacting river water quality. The two
left-hand plots show the reported frequency of responses in water quality on the
basis of the compilation of literature case studies (Supplementary Data): during
droughts, heatwaves and compound events (parta) and under rainstorms and
floods (partb). Anincrease in a water quality constituent is shownin orange,

strong reductions, particularly in daily minimum dissolved oxygen
concentrations during a heatwave, with values below the ecological
threshold as found, for instance, in the Meuse River (western Europe)
(Fig.3b). Strong reductions in dissolved oxygen concentrations with,
forinstance, minimum values decreasing to <2 mg ™ canresultin fish
killsand have detrimental impacts on aquatic ecosystems®®, Decreased
dissolved oxygen concentrations under high water temperatures and
low flow are found for several rivers, particularly when organic pol-
lutant levels are high 2, whereas some studies report increased dis-
solved oxygen with peak concentrations (supersaturation) owing to
strong photosynthesis from algal bloom*>*! (Fig. 2a). Next from water
temperature rises, lower flow under drought can also promote lower
dissolved oxygenjust viadecreasing water velocity and reaeration and
reduced upstreamdissolved oxygen replenishment®. For instance, an
estimated Smillion fish died in the Darling River between2018 and 2019,
mainly owing to low dissolved oxygen during a hydrological drought™.
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adecreaseis shownin blue and no marked change, mixed or unclear responses
areingrey. Focus is on case studies that reported concentration responses (except
for water temperature). The schematic diagrams show a selection of key processes
and main driving mechanisms thatimpactriver water quality during hydroclimatic
extremes. BOD, biochemical oxygen demand.
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Fig. 3| Examples of water quality responses during drought, heatwave

and flood events. a, Top, a photo of a drained river and, bottom, a plot of
observed river salinity increase during adrought in TX, USA in 2012. The salinity
exceeded the threshold for irrigation water use (dashed line). b, Top, a photo
of ariver during heatwave. Bottom, a plot shows decreases in daily minimum
dissolved oxygen concentrations during a heatwave in western Europein July
2006. Dissolved oxygen values fell below the ecological threshold (dashed
line). ¢, Top, a photo of ariver with overflown banks, flooding the neighbouring
fields. Bottom, a plot of lead concentrations during the 1995 flood event in the
Meuse, western Europe. Lead concentrations exceeded the safe drinking water
threshold (dashed line). The corresponding decrease in chloride concentrations
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(green crosses) indicates the impact of higher dilution during the flood event.
Examples were selected on the basis of the availability of detailed water quality
monitoring data and were produced on the basis of online data from USGS and
Rijkswaterstaat Dutch Ministry of Infrastructure and Water. Values in black
indicate concentrations that are meeting water quality requirements, whereas
valuesinred do not meet the user requirements. Extreme events can cause
exceedance of water quality standards for sectoral use and ecosystem health.
EC, electrical conductance. Image credits for photos: Keith’s Color Photography
via Getty Images (parta), Oleg Prokopenko via Getty Images (part b) and Frans
Lemmens via Getty Images (partc).

Algal blooms and eutrophication issues have been observed in
several river systems”’?, although rivers and streams are considered
to beless prone to algal blooms than lakes and reservoirs under heat-
waves. Construction of dams and reservoirs, transverse structures in
riversand associated impacts on reducing flow velocities can strongly
affect nutrients, dissolved oxygen and algae dynamics and aquatic eco-
system health in general”. High water temperature during heatwaves
boosts algal growth rates” (Fig. 2a). This can promote the growth of
cyanobacteria as harmful algal blooms, which have optimum water
temperatures for growth that vary between 25 °C and 35 °C (ref. 74).
Some cyanobacteria produce toxins, which can cause human health
issues and threaten aquatic ecosystems'*>”, Thermal stratification
andincreased water column stability during heatwaves, combined with
low flow conditions, also provide a competitive advantage for many
harmful cyanobacteria, which have buoyancy control mechanisms’.

Temperature increases under heatwaves alsoimpact the minerali-
zation and leaching of particulate and dissolved organic matter, medi-
ated by microorganisms, which often show an exponential increase
along with higher temperature®®””. Inaddition, biogeochemical process

rates influencing water quality, such as nitrification and denitrification,
are strongly related to water temperature’®. For instance, analyses
for streams in the Netherlands have shown that a water temperature
increase of 3 °C can double denitrification rates’.

Rainstorms and floods

Rainstorms and associated flood events have major impacts on various
water quality constituents and are also changing in their frequency and
intensity in several regions owing to climate change’*°. In small river
basins, short-duration, high-intensity rainstorms tend toincrease with
expected increases in flood hazard in a warmer climate®. For larger
river basins, bothincreases and decreases in flood hazards have been
observed around the world®.

We found an overall deterioration in river water quality under
rainstorms and floods for 51% of the case studies in terms of concen-
tration responses (n =157) (Fig. 2b), and this percentage is the same
when we also include case studies that consider impacts on pollutant
loadings and export in rivers (n =180). Overall, increased concentra-
tions are found for suspended sediment, plastics, nutrients (mainly in
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particulate forms), some metals, biochemical oxygen demand (BOD)
and microorganisms under rainstorms and floods (Fig. 2b).

In terms of the main mechanisms driving these water quality
responses, high-intensity rainfall events and floods resultinincreased
erosion, mobilization and resuspension of in-stream, floodplain and
catchment sources, resulting in increased nutrients and other water
quality constituents that have been accumulated in the river bed and
retained inthelandscape during preceding low-flow periods® (Fig. 2b).
For example, asingle major flood event was responsible for nearly 87%
of the total mass of sediment eroded in the Carson River (NV, USA)
during the entire period 0f1991-1997 (ref. 82).

Theincreased mobilization and resuspension of sediment during
rainstorms and floods also result in higher concentrations of contami-
nants with high adsorption capacities to suspended sediment, such as
some metals®*®*, Forinstance, peak concentrations of lead were found
in the Meuse River (western Europe) during the 1995 flood (Fig. 3¢).
These peak concentrations during flood events resulted in temporal
exceedance of water quality standards for intake for drinking water
production. By contrast, lower concentrations of metals adsorbed to
sediment (lead, copper and zinc) were also observed owing toincreased
mixing of contaminated sediment with less-contaminated sediment
transported during floods®>%.

Plasticsinriversalsoshow strongincreases during floods (Fig. 2b)
owing to increased mobilization and transport capacity of plastic
particles®”®%, High increases in microplastic loads are particularly
reported forriversinthe USA (Mississippi, Santa Cruz River)®°°, Brazil
(Paraibo do Sul)”, France (Rhone, Garonne, Seine)’**, the Netherlands
(Meuse)¥, Russia (Northern Dvina)®, China (Yangtze’**”) and Australia
(Cooks River®®). Particularly, microplastics show strong interactions
with and contribute to increases in other pollutants (for example,
metals) owing to their absorption and carrying capacities®*°. Strong
increases in nutrients, organic pollutants and pharmaceuticals con-
centrations (Fig. 2b) and loads are mainly caused by sewer overflows
andincreased runoff from farming sites during periods with excessive
precipitation® %,

Concentrations of dissolved constituents (for example, salts and
dissolved nutrients) caninitially also increase as material is mobilized
when catchment runoff increases, but in general concentrations are
low at very high flows owing to high dilution rates'®”. These processes
ofincreased mobilization and transport and dilution under floods can
thus have opposite impacts on the concentration levels. However, con-
sistently reduced salinity levels, driven by increased dilution capacities
under floods, are reported for almost all case studies (Fig. 2b). Strong
impacts of increased dilution during floods resulting in lower salinity
(chloride concentrations) are presented as an example for the Meuse
River (western Europe) during the 1995 flood (Fig. 3¢, green plus sym-
bols). Increased dilution also contributed to lower concentrations of
some other pollutants; for instance, pharmaceuticals and some metals
that are mainly in the dissolved phase (Fig. 2b).

The hydrological sequence of transitions from drought to flood
events has a profound impact on the quality of river water. Several
studies reported on increases in microorganism concentrations dur-
ing floods, but particularly after dry periods, potentially because of
increased runoff of faecal material that has been accumulating during
dry periods'®, Large amounts of plant litter build up in floodplains
during dry periods, and subsequent flooding canincrease rapid decom-
positionand oxygen consumption®. This explains the strong decline in
dissolved oxygen concentrations during and directly after flood events,
which are often referred to as hypoxic blackwater events (Fig. 2b) and

can have severe and large-scale environmental impacts'®. For exam-
ple, a severe hypoxic blackwater event occurred affecting 2,000 km
of river channels and persisted for 6 months during a series of spring
and summer flood eventsin2010-2011 after adecade-long droughtin
south-eastern Australia'®*. The sequence of droughts and floods is also
very important for nutrient export dynamics. For example, mineral
fertilizers (nitrogen and phosphorous) that are not taken up by plants
during dry periods can accumulate in soils and can be mobilized by
leaching or runoff during the subsequent wet (heavy rainfall) period,
leading to high nutrient concentrations in receiving water bodies'*>'°.

Land use and floods caninteract toamplify pulses of contaminants
from watersheds'”’. Developed landscapes affect the template upon
which floods and rainstorms interact with pollution sources, impact-
ing downstream river water quality. Many urban environments and
agricultural watersheds have artificial drainage networks that quickly
drain and convey water and pollution sources more efficiently down-
stream than natural landscapes. This amplifies pulses of contaminants
under rainstorms and floods inboth agriculturaland urban areas'. In
addition, sewer overflows and inundation or overload of wastewater
treatment plants and stormwater infrastructure canlead to the flushing
of various contaminants including nutrients (nitrogen and phospho-
rus), microorganisms, metals, plastics and pharmaceuticals®$'0+10%11
(Fig. 2b). This can result in increased concentrations of these pollut-
ants owing to enhanced mobilization and transport, whereas dilution
resultsinlower concentrations.

To summarize, hydroclimatic extremes such as droughts, heat-
waves, rainstorms and floods show inmost cases a deterioration of river
water quality, butimprovements or mixed responses are also reported
owing to counteracting mechanisms (such as pollutant mobilization
versus dilution). Furthermore, the sequence of different extreme events
(such as droughts followed by floods) also impacts the magnitude of
river water quality responses and their driving mechanisms.

Climate change impacts on water quality

Several mechanisms impacting water quality that occur on daily, weekly
or monthly timescales under hydroclimatic extremes are also prevalent
when considering more gradual, multidecade changes in climate condi-
tions. Reported water quality impacts under long-term climate change
include diverse responses, resulting in a general deterioration (56% of
case studies), improvement (31%) or no substantial or mixed responses
(13%). Overall, most of the analysed case studies report increasing trends
in water temperature and algae and a decrease in dissolved oxygen
concentrations, partly driven by increasing water temperature (Fig. 4a).
Nutrients and pharmaceuticals show mostly increasing concentrations,
whereas concentrations of BOD, salinity, suspended sediment, met-
als and microorganisms show a mixture of increasing and decreasing
trends under long-term climate change. The main driving mechanisms
for multidecadal water quality changes in response to climate change
include hydrological alterations (surface runoff, leaching and stream-
flow), long-termrises in water, sediment and soil temperatures and the
long-terminteractions of hydroclimatic drivers with land use and other
human-induced drivers in the coming decades.

Hydrological change

Several mechanismsinduce river water quality changes under changing
climate. First of all, there are substantial alterationsin hydrological pro-
cesses, such as surface runoff and leaching, which affect the mobiliza-
tion and transport of contaminants from diffuse sources (for example,
fertilizer and manure fromagriculturalland) to streams, and associated
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in-stream concentrations of nutrients and other pollutants'2, Inaddi-
tion, concentrations of water quality constituents are largely driven by
changesinstreamflow and flow variability at different temporal scales
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Fig. 4 | Multidecadal water quality responses under climate change. a, The
reported frequency of responses to climate change in various water quality
components based on the compilation of published case studies (Supplementary
Data). b, Examples of simulated salinity (total dissolved solids (TDS)) trends in the
Hudson (USA) and Karnaphuli (Bangladesh) rivers based on data of Jones et al.”.
The black line shows the monthly mean simulated TDS concentrations, and the red
line shows the long-termlinear trend for 1980-2019. ¢, Simulated historical trends
inannual meanriver salinity for 19980-2019, based on global surface water quality
model simulations of DynQual®, including hydroclimatic and human driver

interactions. TDS concentrations in most regions are either relatively constant
(high northernlatitude region and large parts of tropical region) or show gradual
increasing trends, which are most prevalent for Southeast Asia, USA, Mexico,
southern South America, parts of Sub-Saharan Africa and south-eastern Australia.
Only small areas show decreasing river salinity (TDS concentration) trends,

which canbe explained by increasing streamflow and dilution of salts. River water
quality (salinity) trends are not homogeneous, but show large spatial variability
depending on the interactions of hydroclimatic, land use and human-induced
driver changes over the study period. BOD, biochemical oxygen demand.
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Increases in river flow seasonality with a lower river discharge
during the low flow season and higher discharge during the high
flow season under future climate are reported>"*. Changes in the
rain-fed versus snowmelt-fed contribution could also affect river water
quality”. Increases in annual high flows can amplify pulses of sus-
pended sediment of contaminants (for example, metals) adsorbed
onto sediment surfaces in rivers and streams®. Moreover, changes in
river flow seasonality will have major impacts on dilution rates and
in-stream concentrations of many water quality constituents™. Also,
changesin concentration-discharge relationships are expected owing
to climate change™®.

Bothincreases and decreasesinriver salinity levels, driven by local
orregional specific hydrological changes, are found from the compila-
tion (Fig. 4a). Long-term increasing trends in river salinity are mainly
explained by reduced dilution capacity for salts under lower stream-
flow and increased evapo-concentration, combined with land-use
changes and increased human activities (for example, irrigation and
resource extraction),and indeltaregions also by seawaterintrusion™>'”,
Distinct increasing salinity trends are found specifically for rivers
in Southeast Asia (for example, Mekong, Ganges-Brahmaputra),
USA (Mississippi, Hudson), Southern Europe (Ebro), central South
Americaand south-eastern Australia (Murray-Darling)®>"” (Fig. 4b,c).

Water, sediment and soil temperature rises

Next to these hydrological changes, a direct consequence of climate
changeisageneralriseinthe water temperatures of rivers and streams
(Fig. 4a). Large-scale increasing trends for water temperature since
the 1970s (or earlier) have been reported on the basis of monitoring
records mainly for riversin North America"®"’, Europe?*** and Eurasian
Arcticrivers'?>'? for which most long-term water temperature records
are available. These increasing water temperature trends have been
confirmed by global-scale water temperature modelling, showing a
global average water temperatureincrease of 0.16 °C per decade over
the 1960-2014 period'*. Future projections for the twenty-first cen-
tury also show distinct increasing trends for the full range of climate
scenarios considered and an intensification of thermal regimes with
thelargestincreases in high (summer) river temperature'*'>, Largest
water temperature increases are projected for the south-eastern USA,
southern Europe, eastern Asia and southern parts of Africa and Aus-
tralia, where declining low river flow during summer can contribute
tostronger water temperature rises owing to alower thermal capacity
and therefore higher sensitivity of rivers to atmospheric warming'”.

Future water temperature rises can result in the deterioration of
water quality, for instance, owing to reduced dissolved oxygen satura-
tionrates and concentrations, increases inalgal blooms and eutroph-
ication issues'? (Fig. 4a). However, water temperature increases
can improve impacts on water quality owing to increased decay and
transformation rates of nutrients and other pollutants®?*'2¢127
andincreased inactivation rates of microorganisms®, resultingin lower
pollutant concentrations.

Next to water temperature, increasing temperatures of soil and
sediment in a warmer climate'”® also impacts water quality owing to
increased microbial activities'’ ™, leading to changes in biogeochemi-
cal processesrelated to the carbon and nutrient cycles (mineralization,
nitrification and denitrification)®>"*3, This can promote increased
availability of soluble nutrients (such as nitrate), which can enhance
leaching from land to water systems, influencing nutrient concentra-
tionsinrivers and streams®*. In addition, climate change canincrease
risks for wildfires, which destabilize soil storage of nutrients, organics

and metals, bring large amounts of suspended particles, chemical and
microbial contaminants in post-fire runoff and substantially impact
water quality (for instance, nutrients and microorganisms) in rivers
and streams in those regions**'>™1¥,

Interactions with land use and other drivers

Future river water quality trends are driven not only by long-term
hydroclimatic changes but also by their complex interactions with
land use and other human-induced (for example, population growth
and economic development) drivers™®, which should also be consid-
ered in future water quality projections and management'°®'*’, There
have been mostly increasing trends in nitrogeninglobal rivers over the
past century®***°! butsomeriversinthe USA and Europe are showing
declines owing to the effects of pollution management'*'**, Although
global nitrogen fluxes in rivers have doubled with changes in fertiliza-
tion of agricultural lands, urbanization, industrialization and waste-
water discharges'**'*?, also temperature increases and hydrological
changesimpacting residence times and retention exert animportant
influence®*°,

In addition, land use, climate change and variability interact
to amplify pulses of contaminants from watersheds to streams and
rivers®'%71% Increased rainstorms under climate change can increase
pulses of contaminants from agricultural and urban areas and can
result in sewer overflows, leading to flushing of nutrients, plastics,
microorganisms, pharmaceuticals and other contaminants®®'**%,
Increasing urbanization puts additional pressure on drainage networks
upon which floods and rainstorms interact with pollution sources to
convey flood and contaminant pulses from watersheds to streams and
rivers'***¢, Population and aquatic ecosystems residing around urban
areasindeveloping countries with limited wastewater treatment facili-
ties and infrastructure and with rapid urban growth are particularly
vulnerabletoincreased pulses of contaminants under climate change
and increased hydroclimatic variability”"*5,

Changes in rainfall intensity and variability, increased tempera-
tures and land-use changes will affect also the fate and transport of
agricultural pollutants, such as nutrients, but, for instance, also pesti-
cides, for which concentration responses canbe variable and difficult to
predict'®. Future river water quality will thus be driven by the complex
interactions that exist among hydroclimatic, land-use change and
human (for example, wastewater management) drivers, all of which
synergistically influence the sources, transport and transformation
of entire groups of water quality constituents.

Inbrief, multidecadal climate change is causing increases in water
temperatures, algae and ageneral decrease in dissolved oxygen concen-
trations. However, several pollutants show amixture of increasing and
decreasing trends depending on the main driving mechanisms such
as hydrological alterations, rises in water and soil temperatures and
interactionsamong hydroclimatic, land use and other human drivers.

Summary and future perspectives

In this Review, we explore the potential impacts of both hydrocli-
matic extremes (drought, heatwave, rainstorm and flood events) and
longer-term (historic and future) climate change onriver water quality,
considering awide range of water quality constituents. Thereisagen-
eral deterioration of river water quality under droughts and heatwaves
(68% of compiled case studies), rainstorms and floods (51%) and under
long-term climate change (56%), but in some cases also water quality
improvements or mixed responses. The direction and magnitude of
water quality changes are strongly driven by hydrological (forexample,
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Table 1| Responses and mechanisms in different water quality constituents under various extreme weather events and

climate change
Droughts and heatwaves Rainstorms and floods Long-term climate change
Overall Mechanisms Overall Mechanisms Overall Mechanisms
response response response

Temperature Mt Increased atmospheric ? Not described in literature 0 Increased atmospheric
warming; lower thermal warming; changes in river flow
capacity; lower dilution and variability
capacity for thermal
pollution under low flow

Dissolved (M) Lower dissolved oxygen (1) Higher reaeration rates N Water temperature rises (V);

oxygen solubility under higher under higher flow (1); large changing reaeration under
water temperature (V); algal supply of oxygen-depleted changing river flow (MV);
blooms (Mday, Ynight); discharge and floodplain increased decay of organic
increased stratification water (V); increased matter (V); risk of hypoxia under
(¥); lower reaeration rates intensity of heterotrophic high flow/floods (V)
under low flow (V) microbial activities owing

to organic and nutrient
inputs after rainfall events
(V); hypoxic black water
impacts (V)

Algae Mt Increased water v Increases in nutrientinputs ~ M({) Increased water temperature
temperature; increased (1); increases in dilution (V) (1); increased stratification
stratification; longer (1); shift of phytoplankton
residence times; increase composition (M); increase
in light availability owing to in light availability owing to
high solar radiation or lower high solar radiation or lower
turbidity turbidity (1)

Suspended v Less sediment erosion; MY) Increased sediment erosion V1 Changes in river flow variability

sediment lower mobilization, (1); increased mobilization, (™); changes in sediment
resuspension and sediment resuspension and transport pulses (M)
transport capacity capacity (1); increased

dilution (V)

Salinity i Less dilution under N More dilution under high v Changes in dilution
low flow; increased flow patterns (M); increased
evapo-concentration; evapo-concentration (1);
increased seawater increased seawater intrusion
intrusion under lower flow and sea level

rise (1)

Nutrients v Reduced nutrient inputs MY) Increased mobilization ™~ Changes in runoff and leaching
by runoff and leaching in soils and leaching (1); impacting mobilization
(V); lower velocity, longer increased runoff and and transport (™); river
residence times and mobilization (1); increased flow induced changes in
increased retention (V); resuspension (1); increased dilution (M); increased
increased denitrification sewer overflows (1); sewer overflows under
under higher water less retention by soil increasing rainstorms and
temperature (V); less and sediment (1); more floods (1); water temperature
dilution under low flow (1) dilution (V) increases (V)

Organic v Less dilution under low flow  MV) Increased runoff from v Less dilution under low flow (1);

pollution (BOD) (?); increased decay under agricultural and urban increased decay under longer

longer residence time and
higher water temperature (V)

wastewater (1); increased
dilution under higher flow (V)

residence time and higher
water temperature (V)

Microorganisms  ?

Not described in literature MY)

Increased wash-off from v
upstream sources (1);

increased sewer overflows

(1); increased dilution (V)

Changes in runoff and leaching
(M); river flow induced
changes in dilution (V);
increased sewer overflows (1);
water temperature increases (M)

Metals v

Less dilution of metals v
in dissolved phase

(); lower suspended

sediment and reduced
sediment-adsorbed

metals (V)

Increased resuspension v
of sediment-adsorbed

metals (1); increased

dilution of metals in

dissolved phase (V)

River flow changes impacting
mobilization and transport of
sediment-adsorbed metals
(M); river flow changes
impacting dilution of metals
mainly in dissolved phase (M)
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Table 1 (continued) | Responses and mechanisms in different water quality constituents under various extreme weather

events and climate change

Droughts and heatwaves Rainstorms and floods Long-term climate change
Overall Mechanisms Overall Mechanisms Overall Mechanisms
response response response
Plastics ? Not described in literature ) Increased inundation of ? Not described in literature
contaminated industrial
and/or urban areas (1);
increased transport
capacity and dynamics (1);
increased dilution under
high flow (V)
Pharmaceuticals 7(V) Lower flow, less dilution v Increased dilution M) River flow changes

(1); increased decay under
higher water temperature
for less-persistent
pharmaceuticals (V)

under high flow (V);
increased resuspension
of (sediment) adsorbed
pharmaceuticals (1)

impacting dilution (M);
increased decay under
water temperature rises (V)

Summary of overall responses, such as predominant increase (1) or decrease (V) or mixed response (1V), in concentrations for different water quality constituents under various event types.
The main driving mechanisms for each response are listed. For mixed responses (™), the individual trends are shown for each mechanism to show where they differ. In the overall trend for
mixed responses cases, an arrow between brackets represents a response that is less important than the arrow that is not in brackets for that case. See Supplementary Notes 2-12 for reports on
more detailed water quality responses, mechanisms and impacts for sectors and ecosystems and associated literature. BOD, biochemical oxygen demand.

surface runoff, discharge) and water, sediment and soil temperature
changes and the complex interactions with geographic factors (land
use, geology and soil characteristics) and human activities (sectoral
water use and wastewater management).

Increasing water temperature, suspended sediment, salinity, algae
and dissolved oxygen concentrations are overall consistently reported
across the compilation under climate change and extreme weather
events (Table1). Mixed responses (both increase and decrease in con-
centration) are reported for nutrients, BOD, microorganisms, metals,
plasticsand pharmaceuticals owing to different constituent behaviours
and counteracting mechanisms during extreme weather events. For
instance, the initial increase of mobilization and transport of these
contaminants by high surface runoff during floods can counteract
increased dilution under wet periods, and the opposite occurs under
droughts (Table1).

With the compilation and associated discussion, we aim to pro-
vide insights into the main water quality responses and their driving
mechanisms, which are key in identifying suitable water quality solu-
tions. However, we acknowledge that each case study included in the
compilationmight have used different definitions and approaches for
identifying hydroclimatic extremes (droughts, heatwaves, rainstorms
andfloods) and climate change. These varying definitions complicate
systematic categorization and quantitative comparisons of river water
quality responses under these events. Nevertheless, our compilation
of water quality responses from local and regional case studies across
the globe corresponds well with the findings of global-scale analyses
of future surface water quality under the impacts of long-term climate
Changeul,wo.

This Review focuses on a set of 11 water quality constituents for
which responses and driving mechanisms under climate change and
extremes are most widely covered in the literature. We acknowledge
that there are many other water quality constituents, for example,
pesticides, polycyclic aromatic hydrocarbons, polyfluoroalkyl sub-
stances and other chemicals of emerging concern, which are also highly
relevant owing to their potential human health risks and threats to the
biodiversity"'. For these relatively new substances and chemicals of
emerging concern, we have overall limited understanding of their fate

and transportinwater systems, their complexinteractions withother
water quality constituents (such as demonstrated in Fig. 1b) and risks
ofincreased concentration levels for ecosystem health and water use
for different sectors (such as irrigation and drinking water)®". More
scientific evidence and an improved understanding of the fate and
transport, interactions and threshold levels of these substances in
water systems is therefore a main priority for future research so that
potential water quality risks can be assessed.

In addition, the complex interactions that exist among hydrocli-
matic drivers, land-use change and human activities (such as sectoral
water use and wastewater management) need to be disentangled, as
they all synergistically influence the sources, transport and transfor-
mation of nearly all water quality constituents. These compound-
ing interactions between different drivers should provide a basis for
developing robust water quality management strategies under climate
change and extreme events, for example, by upgrading sanitary sewer
infrastructure. Also treated wastewater reuse provides akey option to
fulfil the increase in irrigation water demands under climate change
and increasing droughts and heatwaves and shows a strong poten-
tial to alleviate water scarcity globally’. However, pollutants can still
enter the environment and adequate care should be taken to avoid
secondary risks.

Furthermore, thereisaneedto further developtools, data-driven
and process-based models and technologies for monitoring and
predicting regional or global water quality hotspots and bright
spots (Box 2) that are undergoing either a deterioration or improve-
ments in river water quality under hydroclimatic, land use and other
human-induced changes. Most river water quality case studies con-
sidered in this Review focus on rivers and streams in North America
and Europe, and this causes ageographicbiasinour literature review.
Existing water quality monitoring data are highly fragmented in several
regions of the world (most of Africaand parts of Asia) bothinspace and
in time (large data gaps in monitoring time series). This complicates
the analyses of long-term water quality trends'? under climate change
and short-term (daily and weekly) responses under hydroclimatic
extremes. There is a need to compile local or regional water quality
monitoring data to large data sets and also use (large-scale) water
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Box 2

Tools and techniques for assessing river water quality

at local-to-global scales

Remote sensing: Global satellite remote-sensing data sets of river
and lake water quality'®"'®® show promise for monitoring spatial
surface water quality patterns'®®’, particularly owing to advances
in space information science and increasing computer power. For
instance, these data sets can provide opportunities for identifying
driver-pressure-impact relationships of surface water quality with
climatic change'" and land-use change'”, given that spatially explicit
water quality data sets are currently available for multidecadal
periods. So far, chlorophyll a", turbidity”*"”®, suspended
sediment'’®, water temperature and thermal pollution”*""%,

coloured dissolved organic matter'”®, nutrients and eutrophication
levels'” in lakes and rivers have been estimated through satellite
remote sensing, although uncertainties differ depending on the
complexity of the water systems and water quality constituents'”.
Use of remote sensing can particularly be valuable in regions of the
world, where in situ water quality monitoring is scarce. However,
remote sensing is limited to selected water quality constituents and
some local in situ data are always still needed for mapping relations
between remote sensing multispectral signatures and ground

truth data (such as pollution concentration).

Internet of things, high-frequency water quality monitoring and
citizen science: The use of innovative measuring techniques,
including internet of things-solutions and use of high-frequency water
quality monitoring (sensors), allows for high frequency, continuous
water quality monitoring. This type of monitoring could also be
incorporated in novel early warning systems for water quality'”®

and is particularly important to capture the impact of short-term
hydroclimatic extremes, which are often missed in conventional
water quality monitoring. Citizen science'° also offers opportunities
for measuring and sharing river water quality data. For instance, a
nitrate app for smartphones has been developed to enable farmers
and citizens in the Netherlands, Denmark and the USA to measure and
share water quality measurement (nitrate and salinity) levels with

quality models, tools and techniques to strategically select streams
andrivers thatshouldbe prioritized in expanding in situ water quality
monitoring campaigns'>,

Most research on long-term climate change impacts focuses on
projections for (part of) the twenty-first century by using climate
scenarios, and in several cases, also combined with socio-economic
(population growth and wastewater treatment) scenarios to force
water quality models. Although trends in river water quality are pre-
sented specifically with climate change', limited work so far has
focused on projecting and attributing the occurrence of hydroclimatic
extremes™**°, Climate attribution could be animportant way forward
torelate water-quality extremes, their causes, occurrence and severity
directly to changes in climate™>'”. For a comprehensive assessment
of water quality under climate change and extremes, different water

the aim to establish the relationship between different agricultural

practices and water quality™'.

Process-based water quality models: Process-based surface

water quality models describe the main water quality processes
through a set of physical principles and mechanistic insights. They
have been developed to gain insight into the state (for example,
pollution hotspots and their causes) and trends in river water

quality in different regions of the world. These types of models

have been applied at local-to-global scales and are particularly
suitable for scenario analyses, such as climate change and the
interactions with land use and human drivers because they describe
the dominant water quality processes in a mechanistic way'®.
Combination of process-based models with high-resolution input
data sets (for example, wastewater treatment'®*'®*) and increased
computer power will allow for high spatiotemporal resolution
model simulations (at daily time steps'®"®), which show promise for
capturing short-term (daily to weekly) water quality responses under
hydroclimatic extreme events at the continental-to-global scale.

Data-driven water quality models and machine learning: The use
of machine learning (ML) techniques in water quality research and
prediction is increasing, both at local-to-global scales'®. These
methods show particular promise for capturing the impact of
hydroclimatic extremes on water quality. High-performance ML
techniques are advantageous for mimicking water quality responses
at high-spatiotemporal resolution (daily or even hourly level) and
revealing complex patterns between river water quality observations
and drivers that are not well represented in process-based models'®
(for example, impacts of sewer overflows on water quality during
floods). ML techniques used in water quality research include,
among others, artificial neural networks'®*"®, least-square support
vector machine®*°, fuzzy inference system™® and random forest''
techniques.

quality models may show different responses for a certain climate
scenario. We therefore need consistent multimodel and multidata
source assessment frameworks considering ensembles of various
water quality models to better account for model uncertainties in
future water quality projections'®, Examples have been envisaged
by World Water Quality Alliance™ and ISIMIP'* initiatives to provide
robust water quality changes under climate and socio-economic
changes, whichare needed to support large-scale water management
and decision-making.

The era of multiple pollutants, scales, sectors and sources
requiresintegrated, synergetic solutions that are more cost-effective'®
and can mitigate trade-offs between pollutants, considering multiple
Sustainable Development Goal (SDG) targets'®. In terms of water qual-
ity solutions, we should consider focusing on nature-based solutions'®

10,161-163
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and pollutant emission reduction measures in addition to improving
clean water infrastructure and technology (such as expanding waste-
water treatment plants). Current wastewater treatment targets (inline
with SDG 6.3) are still insufficient to achieve water quality targets in
most regions worldwide, especially developing countries”. These
pollution control measures should explicitly consider the increase in
frequency and intensity of hydroclimatic extremes. For instance, per-
mits for pollutant emissions should not only consider average river
discharges to calculate dilution capacities for effluents but also future
changes in extremes such as droughts and floods. To achieve clean
water for all (SDG6), we need animproved understanding of the feed-
backsamong hydroclimatic drivers, land-use change and human activi-
ties to design suitable water quality management strategies inaworld
facing more intense and frequent hydroclimatic extremes.

Data availability

Details ontheliterature review and reports for each water quality con-
stituent (group) are given in Supplementary Notes 1-12. The Supple-
mentary Data file includes a spreadsheet with collected meta-data of
allliterature case studies in the compilation. River water quality moni-
toring datafor Fig. 3 wereretrieved from the USGS Water-Quality Data
for the Nation database (https://waterdata.usgs.gov/nwis/qw) and
Rijkswaterstaat Dutch Ministry of Infrastructure and Water database
(https://waterinfo.rws.nl/#!/nav/expert/).

Published online: 12 September 2023
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Complexinterplay of water quality
and water use affects water scarcity
under droughts and heatwaves

Michelle T. H. van Vliet

R Check for updates

Droughts and heatwaves amplify water scarcity
by decreasing water availability, worsening
water quality and increasing sectoral water
use. These three driving mechanisms interact
strongly, butinsights into this complex
interplay, particularly between water quality
and sectoral water use, are urgently needed

to unravel the drivers of water scarcity and to
identify robust solutions for sustainable water
management.

Droughts and heatwaves pose serious challenges for water manage-
ment by drastically increasing water scarcity in many regions of the
world'. These events are marked by high associated economic losses.
For instance, the 2022 droughts in Europe, the USA and China were
among the ten costliest disasters, resulting in economic losses of at
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Fig.1| Water-source, water-pollution and water-use interactions, leading
to higher water scarcity under droughts and heatwaves. a, Water-use (green
arrows) and pollutant-loading (orange arrows) pathways are indicated for

the agriculture (irrigation, livestock), domestic, energy and manufacturing
sectors and along with main hydrological fluxes driving the availability of
water resources (blue arrows). There are multiple water-quality constituents
of sectoral water use, such as water temperature in the thermoelectric power

least US$22 billion, US$16 billion and US$7.6 billion, respectively?. With
droughts and heatwaves occurring more frequently, younger people
will nowadays be exposed to more of these hydroclimate extremes
over their lifetimes®. There is an urgent need to improve our water
management to alleviate severe water scarcity and the number of
affected people.

Water scarcity has traditionally been estimated by focusing solely
onwater quantity', but the useability of water for different sectoral uses
alsodepends onsuitable water quality. Water scarcity thus represents
morethanthe physical lack of water, taking into account theimbalance
betweenthe supply and demand of water resources of suitable quality
for various sectoral uses™*”.

Water-scarcity drivers under droughts and heatwaves

Both changesin climate (precipitation, temperature and evaporation)
and changesin socioeconomicsystems (populationand GDP) drive the
availability, use and quality of water resources (Fig. 1a), directly affect-
ing water scarcity"*. Hence, water scarcity increases when one or more
ofthe following three driving mechanisms intensify: decreasing water
availability; increasing sectoral water use, and worsening water quality.

Drought and
heatwave

Lower water - Higher sectoral

availability water use
+ l 2 4 l +
Water quality + Wate( qg{al!lty + Water
deterioration > Uil Sl scarcity
for sectors 3

sector; salinity, nutrients and pesticides in agricultural use; and pharmaceuticals,
pathogenic and organic pollution in domestic use. b, Complex interplay of lower
water availability (blue), higher sectoral water use (green) and deterioration

of water quality (orange). Positive and negative responses are indicated by +

and -, respectively, and numbered arrows refer to the descriptions of driving
mechanisms in the main text.
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Droughts and heatwaves are particularly critical, because they
adversely affect all three mechanisms, which are also highly inter-
related. Declines in water availability during these extreme events
increase water scarcity directly (arrow 1; Fig. 1b), but also indirectly
by degrading surface water quality (arrow 2; Fig. 1b), for instance, by
reducing the capacity of rivers to dilute pollutants. The effects on water
quality of droughts and heatwaves can be substantial and show adete-
rioration in 68% of analysed case studies (105) for rivers and streams
globally®. This deterioration in water quality aggravates water scarcity
when water-quality requirements for certain sectoral uses are not met,
forinstance if the salinity levels for irrigation water use are exceeded’
orifthe water temperature limits for cooling of thermoelectric power
plants are exceeded® (arrow 3; Fig. 1b). Droughts and heatwaves also
increase sectoral water demands, such as for domestic use and irriga-
tion’, resulting in higher water scarcity directly, from a water-quantity
perspective (arrow 4; Fig. 1b). Indirectly, pollutant emissions from
increasing sectoral water uses may increase water scarcity further by
worsening water quality, particularly in regions with limited (waste)
water treatment capacity* (arrow 5; Fig. 1b).

Water-use sectors depend strongly on clean water, but contribute
towater pollutionby its use, resulting ina complex, paradoxicaliinter-
play (arrows 5 and 6; Fig. 1b). For instance, increased water tempera-
tures severely constrain the use of cooling water and thermoelectric
power supply, particularly duringwarm dry spells®, but the thermoelec-
tric power sectorisalsoitselfthe dominant source of thermal pollution
inrivers globally'. Elevated freshwater salinity levels during droughts
severely constrainirrigation water use and crop production’, butirriga-
tion itself has been shown to be the main human driver of freshwater
salinization of river systems globally". Similarly, high concentrations
of pathogens, pharmaceuticals, organic pollution and various other
pollutants adversely affect the domestic use of water, particularly
when (waste)water treatment levels and capacities are low. However,
the domestic sector is also the major contributing sector and source
for most of these pollutants globally™.

Water quality can potentially constrain sectoral water use when its
thresholds in surface waters are exceeded. This, in turn, exacerbates
water scarcity. Global and regional studies have shown that water
scarcity is strongly driven by water-quality issues, particularly in the
water-scarcity hotspot regions*”. In such hotspots, excessive sectoral
water withdrawals not only contribute to water scarcity from a water-
quantity perspective, but also polluted return flows degrade water
quality downstream.

Identifying suitable solutions for sustainable water management
requires more than knowledge of these driving mechanisms. A better
understanding of the exact contribution of these mechanisms and
their complexinterplayis crucial. We need to develop tools and assess-
ment frameworks to unravel the drivers of water scarcity. Such tools
must enable ustoaccount for the complexinteractions and feedbacks
between the availability, quality and sectoral use of water; to provide
daily/weekly and high-spatial-resolution quantifications of water
scarcity and its driving mechanisms under hydroclimatic extremes;
and to allow for the implementation of suitable water-management
options towards the alleviation of water scarcity.

Interplay of water quality and sectoral water use

Toimprove our understanding of water scarcity and its driving mecha-
nisms under hydroclimatic extremes such as droughts and heatwaves,
we need to develop integrated water-scarcity assessment frameworks
that account for the full coupling between water availability, sectoral

water use and water quality. Although the interactions between sectoral
water use and surface/groundwater availability are studied widely™*,
their interplay and feedbacks with water quality have in general not
been studied. Water-quality models are usually run offline from hydro-
logical and water-resources models, and if they are coupled, there
is normally only a one-directional flow of hydrological and sectoral
water-use data into the water-quality models'. The interplay of how
water-quality constraints (thatis, exceeded water-quality thresholds for
sectoral use) reduce water-use potentials is overall disregarded. Fully
coupled modelling frameworks representing the two-way interplay of
water quality and sectoral use could help us to obtain more realistic
estimates of competition for water resources (in terms of both quantity
andwater quality indifferent sectors) and of water scarcity (particularly
during critical events such as droughts and heatwaves).

High-spatiotemporal-resolution estimates under
hydroclimatic extremes

Large-scale water-scarcity studies have so far focused mainly on average
conditions by using monthly or annual estimates of water availability
and sectoral water use’, and in some cases also of water quality**. How-
ever, thisgenerally resultsinignorance of theimpacts of hydroclimatic
extremes (droughts, heatwaves and compound drought-heatwave
events) on water-scarcity levels. Higher-temporal-resolution simula-
tions, either daily or weekly, of water availability, sectoral water use and
water quality are therefore key to capturing these impacts of hydro-
climatic extremes.

With increasing computational power and rapid developments
in high-performance computing, there are opportunities for higher-
spatiotemporal-resolution simulations of both the quantity and quality
of water resources'>". Although high-frequency water-quality monitor-
ing records are sparse and the quantification of temporally detailed
pollutionloadingin water systems remain challenging, new high-reso-
lution datasets (such as for wastewater treatment) have supported the
development of high-spatiotemporal-resolution water-quality model-
ling globally (with daily and 5-arcminute resolution)™. These model
developments can help us to account for water-quality responses
and interactions with sectoral water use and water availability under
droughts and heatwaves at regional to global levels.

Implementing water-management options for water-
scarcity alleviation

Understanding the interactions between the quality, availability and
sectoral use of water resources during present and future droughts
and heatwaves is paramount when searching for suitable water-man-
agement options aimed at alleviating water scarcity. We thus need
to unravel the drivers of water scarcity under these hydroclimatic
extremes to develop suitable solutions in the major water-scarcity
hotspots of the world. Water-scarcity alleviation options traditionally
focus onincreasing freshwater availability (such asincreasing reservoir
storage and desalination of seawater*) or increasing water-use effi-
ciencies (such as shifting to higher-efficiency irrigation techniques’
or changing the type of power-plant cooling system®). Recently, there
has been a growing focus on options that contribute to water-quality
improvements (such as reducing pollutant emissions or expand-
ing wastewater treatment and reuse*). Water-scarcity assessment
frameworks should account for the implementation of synergistic
combinations of solutions, including the synergies, trade-offs and
cost-effectiveness of these options. These could include sectoral water-
use reductions, water-quality improvements and increases in clean
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water availability to achieve the all-encompassing goal of sufficient
cleanwater for all —including future generations, which will face more
intense and more frequent droughts and heatwaves.
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