
“Wer dies Wasser und seine Geheimnisse verstünde, so
schien ihm, der würde auch viel anderes verstehen, viele
Geheimnisse, alle Geheimnisse.”

It seemed to him that those understanding this water and its
secrets also understood much more, many secrets, all
secrets.



The only chemical formula in the vernacular – The weirdest liquid on the planet
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A precondition for human existence and all life as we know it
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Sea ice and icebergs are an example of the strange phenomenon of a solid floating on its liquid.

Photograph: Ralph A Clevenger/CORBIS

If you thought that was strange, how about this: hot water freezes faster than

cold water. It’s a peculiarity known as the Mpemba effect, after a Tanzanian

high-school student named Erasto B Mpemba, who found in 1963 that hot

ice-cream mix froze faster than a colder mix in a classroom experiment.

Though ridiculed by his teacher, Mpemba was not alone in noticing this

peculiar effect of water – Aristotle, Francis Bacon and René Descartes have all

written about it.

To understand why water bends all the rules, think about how an insect – a

water strider, say – can zip along the surface of a pond. It doesn’t fall into the

depths because of the water’s surface tension, which is immense when

compared with that of other liquids. This comes about because of the

intriguing ability of water molecules to stick to each other. In the liquid form,

the hydrogen atoms of one water molecule are attracted to the oxygen atom

of another molecule. Each water molecule can form up to four of these

hydrogen bonds and, collectively, they give water a cohesiveness unique in

liquids. This explains why water is a liquid on the surface of the Earth: the

hydrogen bonds hold the molecules together in such a way that more energy

than normal is needed to separate them, for example if you want to boil the

liquid into a gas.

Water striders stay afloat because of the liquid’s surface tension. Photograph: Getty Images/Age

fotostock RM/Keith Burdett

It’s hard to over-emphasise the importance of the hydrogen bonds in water.

They enable water molecules to pull each other through the tiniest blood

vessels in your body – often working against the force of gravity – carrying

oxygen and nutrients to parts that would otherwise be hard to reach. The

same mechanism means that plants can suck water up from deep below the

Earth’s surface to nourish the leaves and branches that grow in the sunshine.

Water’s stickiness makes possible other everyday phenomena we take for

granted: it means we can pump water around the radiators in our homes,

squeeze orange juice out of the carton at breakfast, and hose the flowerbeds

in our gardens. All these things are possible because water is difficult to

compress – the molecules attract each other and, in their natural state, tend

to stay closer together than the molecules in other liquids. The harder

something is to compress, the easier it is to move it around if you apply a

pressure to one side of it. (A liquid being incompressible might not sound too

abnormal, but water takes it to different levels – even at a mile deep, the

ocean’s water is squashed in volume by only about 1%.)

Water is not only attracted to itself but will stick to almost anything else it

comes across. It is the closest thing we have to a universal solvent, able to
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comes across. It is the closest thing we have to a universal solvent, able to

tear apart other compounds. Common salt, which is made up of crystals of

sodium chloride, easily dissolves in water because the hydrogen bonds pull

the sodium and chlorine atoms away from the crystal, leaving them to float

freely through the liquid. Water is such a good solvent, in fact, that it is

almost impossible to find naturally in a pure state; even producing pure

samples in the laboratory is difficult. Almost every known chemical

compound will dissolve in water to a small (but detectable) extent. Because

of that, water is one of the most reactive and corrosive chemicals we know.

That ability to interact with so many things is crucial for life. It means that

water can dissolve a wide variety of nutrients and other ingredients and

move them around our bodies. The basic molecules of life – DNA, proteins,

molecules that make up cell membranes, etc – wouldn’t work without water.

Evolution has shaped these long, sophisticated molecules so that they have

certain sections that easily mix with water, using hydrogen bonds, and other

sections that shun water, like oil refusing to mix. The billions of protein

molecules inside your body only fold into the right shapes to do their jobs

because their interaction with water nudges them into the correct three-

dimensional formats.

Think of a liquid and it will most likely be water. Even if

you think of blood, beer or apple juice, you’re thinking of

water with a small amount of other things dissolved or

suspended within it. There are other pure liquids that

appear in everyday life, such as petroleum or cooking oil,

but there aren’t many and we do not interact with them

anywhere near as frequently. Water is so common and so

familiar that it is mundane: every day we drink it, touch

it, wash with it, wet things, dry things, we boil it, freeze

it and swim in it. We live in a world where the

environmental conditions allow us to explore the

landscape of water at different temperatures and

pressures; where it can slide comfortably between solid,

liquid and gas (or sometimes all three at once). The more

we examine water, the stranger it gets. We study it

because we are made from it, and it is, perhaps,

surprising that the thing we are made from is still such a

mystery.

Alok Jha is science correspondent for ITV News and author
of The Water Book (Headline, £20). To order a copy for
£11.99, go to bookshop.theguardian.com or call the
Guardian Bookshop on 0330 333 6846. Free UK p&p over
£10, online orders only. Phone orders min. p&p of £1.99.

Water is almost impossible to

find naturally in a pure state.
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Science Water: the weirdest liquid on the
planet
The more scientists examine H2O, the stranger it starts to seem.
Water bends all the rules : but if it didn’t, ice would sink and
firefighters’ hoses would be useless

Water’s strange and unique behaviour has shaped our planet and the life that exists on it.

Photograph: Getty Images/EyeEm/Ron Karten
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W ater is the only substance on Earth whose chemical formula

has entered the vernacular. We all know H2O, even if we

don’t understand precisely what it means. But if it sounds

simple, the reality is different. This common, seemingly

boring substance baffles and confuses anyone who peers at it for long

enough.

Water breaks all the rules. Since the 19th century, chemists have developed a

robust framework to describe what liquids are and what they can do. Those

ideas are almost useless at explaining the weird behaviour of water. Its

strangeness underlies what happens every time you drop an ice cube into a

drink. Think about it for a moment: in front of you is a solid, floating on its

liquid. Solid wax doesn’t float on melted wax; solid butter doesn’t float on

melted butter in a hot saucepan; rocks don’t float on lava when it spews out

of a volcano.

Ice floats because water expands when it freezes. If you’ve left a bottle of fizz

in the freezer overnight, you’ll know that this expansion is a powerful force:

strong enough to shatter glass. This seems like a small and inconsequential

curiosity, but this anomaly – one of water’s plethora of strange and unique

behaviours – has shaped our planet and the life that exists on it.
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ABSTRACT: Water is an essential participant in the stability, structure, dynamics, and
function of proteins and other biomolecules. Thermodynamically, changes in the
aqueous environment affect the stability of biomolecules. Structurally, water participates
chemically in the catalytic function of proteins and nucleic acids and physically in the
collapse of the protein chain during folding through hydrophobic collapse and mediates
binding through the hydrogen bond in complex formation. Water is a partner that slaves
the dynamics of proteins, and water interaction with proteins affect their dynamics. Here
we provide a review of the experimental and computational advances over the past
decade in understanding the role of water in the dynamics, structure, and function of
proteins. We focus on the combination of X-ray and neutron crystallography, NMR,
terahertz spectroscopy, mass spectroscopy, thermodynamics, and computer simulations
to reveal how water assist proteins in their function. The recent advances in computer simulations and the enhanced sensitivity of
experimental tools promise major advances in the understanding of protein dynamics, and water surely will be a protagonist.
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My research perspective on water 

Macroscopic
Water in nature, our societies, all ecosystems, and the links between them

  But, perhaps ”to be everywhere is to be nowhere” …
(in Letters from a Stoic, Seneca)



In “This is Water” by David Foster Wallace, 2005

“the most obvious, important realities are often the 
ones that are hardest to see and talk about”



Turfmagazine.com
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Översvämningar som hotar samhällen, infrastruktur och företag
MSB har identifierat 25 tätorter i Sverige som har klassats som områden med betydande 
översvämningsrisk på grund av höga flöden eller förhöjda vattenstånd och där konse-
kvenserna av en översvämning bedöms bli betydande13. Många av områdena sammanfal-
ler med områden där de högsta högvattenflödena i sjöar och vattendrag kommer att öka 
som en e"ekt av klimatförändringen.  

Skyfall skapar också översvämningar främst i urbana miljöer, men även jordbruket 
drabbas. Vi påminns om detta allt oftare, exempelvis Köpenhamn 2011, Malmö 2014, 
Hallsberg 2015 och nu senast i Gävle augusti 2021. Skyfall förekommer i hela Sverige men 
är vanligast i de sydvästra delarna. Klimatförändringarna förväntas öka i förekomst och 
intensitet av skyfall med mellan 10 och 40 procent beroende på klimatets utveckling14. 
Förebyggande planering och arbete behövs för att minska riskerna för, och e"ekterna av, 
översvämningar i landskapet och i urbana miljöer.

Översvämning Gävle 2021, Södra Kungsvägen.

Ras, skred och erosion som hotar samhällen, infrastruktur och företag.
Ett förändrat klimat med ökade flöden, mer intensiva skyfall och förändrade markvat-
tenförhållanden kan leda till ökad risk för erosion, ras och skred i stora delar av landet. 
Genom en anpassad vattenhushållning och tillämpning av naturbaserade lösningar kan 
markförhållandena bedömas och om möjligt  säkras, för både befintlig och planerad 
exploatering15.

13) Översyn av områden med betydande översvämningsrisk, MSB 2018

14)  Extremregn i nuvarande och framtida klimat. Analyser av observationer och framtidsscenarier, Jonas 
Olsson et al,  SMHI Klimatologi nr 47, 2017

15)  SGI 2020, Klimat- och sårbarhetsanalys, enligt förordning 2018:1428 för myndigheters 
klimatanpassningsarbete

HaV Rapport 2022:2 – Gävle Sweden 2021

Too little, too much, too dirty water: where, when, why?

The Guardian Wed 27 Mar 2024
Gia Destouni
STIAS seminar , 9 Apr 2024



Outline 
My research through the risk narra1ves of too much, not enough, and polluted water 

• Some basics to start with
- From mundane to complex
- From just water to what’s in the water

• What we don’t know 
- ”Out of sight, out of mind” subsurface water vs visible water
- World vs Africa – fooled by data & model bias 
- Lost in translaDon - Earth System links & interacDons

• SATORI Research Lab for coupled natural-human systems
- The blue thread of water - in global change & sustainability research
- Towards consilience - topics, quesDons, methods 



“The water cycle consists 
of three key phenomena 

— evaporation, 
precipitation, and 

collection —

and all of them are 
equally boring”

The Grim Grotto,
Lemony Snicket 2004

Precipitation

Evaporation

Collection  



Hydrological catchment – basic spatial unit for water in nature

Watershed, River basins Drainage basin

analysis to investigate and quantify answers to these

questions for two specific regions.

MATERIALS AND METHODS

In order to quantify and compare the contributions of dif-

ferent landscape features (wetlands rSC-w, major lakes
rSC-l and others rSC-o) to total nutrient retention (rSC), we

have carried out a statistical analysis. Official data on
nutrient inputs (Min) and coastal outputs (Mout), and on

wetlands, major lakes and other landscape and catchment

characteristics, were compiled separately for numerous
sub-catchments within two Swedish WMDs: the North and

the South Baltic (Fig. 2).

Nutrient data

Nutrient data (nitrogen and phosphorus) were obtained
from the Fifth Baltic Sea Pollutant Load Compilation

(PLC5), used for national and international reporting and

carried out under the auspices of Swedish Environmental
Emissions Data (SMED) consortium (Swedish Environ-

mental Protection Agency 2009a). The official PLC5 data

are comprised of modeled data, based on the HBV and

HBV-NP models of the Swedish Meteorological and
Hydrological Institute (Lindström et al. 1997; Andersson

et al. 2005). The PLC5 data are provided for sub-catch-

ments within the WMDs (colored areas, Fig. 2). (From here
on, these sub-catchments are referred to as PLC5 catch-

ments, in accordance with the original report: Swedish

Environmental Protection Agency, 2009a). Average annual
nutrient inputs (Min) to PLC5 catchments are calculated for

point and diffuse inputs. Point source inputs are estimated
based on emission measurements or standard emission

values. Diffuse source inputs are calculated using land-use

leaching coefficients and runoff by means of the HBV
model (Lindström et al. 1997). Atmospheric deposition

rates are also included. Waterborne transport, retention

processes, and the coastal output (Mout) of nitrogen and
phosphorus are modeled using the HBV-NP model (An-

dersson et al. 2005), based on the nutrient inputs (Min) and

the long-term average annual run-off. The latter is calcu-
lated using measured flow data. For monitored catchments,

measured nutrient data are used to calibrate the model. For

unmonitored catchments, general model parameter sets are
derived on a regional basis, using nutrient data available

within the region. (Note that the PLC5 database does not
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catchments within it are shown in Fig. 1c (with clearer sub-catchment out-
lines and ID numbers shown in SI Fig. S1, right).

The two catchment sets represent quite different catchment scale
(area) distributions, with average area of 7544–10,086 km2 in the coastal
catchments (depending on considered water constituent, Fig. 1b) and
763–814 km2 in the Mälaren sub-catchments (depending on considered
water constituent, Fig. 1c). The combination of all study catchments thus
greatly extends the total scale/area range, as well as the ranges of different
land-use (Fig. 2b–c) and water quality conditions from the ranges covered
by each catchment set.

Regarding the water quality data range, the catchments have moni-
toring data for different water constituent combinations. In the coastal
catchment set, 17 catchments have required data time series for TN
(Fig. 1b left, and SI Fig. S1, left) and 32 catchments have required
data time series for TP and TOC (Fig. 1b right, and SI Fig. S1 right). In
the Mälaren sub-catchment set, 13 catchments have required data
time series for TN (Fig. 1c top, and SI Fig. S2a) and 20 catchments
have required data time series for TP and TOC (Fig. 1c middle and bot-
tom, and SI Fig. S2b–c). Combining the two sets of catchments facilitates
result comparisons both over the whole range of conditions covered by
all study catchments and between the different condition sub-ranges
covered by the catchments of each set.

Overall, the study catchments have been selected for maximal availabil-
ity of relevant monitoring data time series for monthly TN, TP and TOC
concentrations over a study period 1990–2018 for the main coastal catch-
ments, and sub-periods within it for the Mälaren sub-catchments (see fur-
ther all data times series and their exact time periods for each catchment
in the open access database provided by Cantoni et al. (2023)). The study
focuses on these water constituents because they are the most well-
monitored over Sweden and important for the regional water environment,

in particular for the persistent and severe eutrophication of Baltic coastal
waters regarding TN and TP (Vigouroux et al., 2021), and the increasing
browning of regional freshwater regarding TOC (Kritzberg et al., 2020).
The catchments are also selected so as to be non-overlapping, in order to
avoid biases of different catchment data points representing the same
area parts of a study region.

All data used in and resulting from the study of these catchments is
detailed and available in the open access database of Cantoni et al.
(2023), and summarized and described in the following. Measured
data for monthly TN, TP and TOC concentrations is obtained from the
Swedish national database on water quality; this is hosted by the Swed-
ish University of Agricultural Sciences (SLU) and includes all official,
quality-checked such national and regional monitoring data (SLU,
2020). Data for stream discharge (Qout) is rarely available at locations
close to the concentration measurement points in Sweden (Destouni
et al., 2017), but officially reported and quality-checked model data
for Qout (with daily resolution) is available and obtained from the Swed-
ish Meteorological and Hydrological Institute (SMHI) for all required
concentration monitoring locations (SMHI, 2021).

In comparison with the Qout dataset, the measured data for TN, TP
and TOC concentrations is temporally sparser (mostly monthly), but
the concentration values are relatively stable and consistent throughout
the data time series and, as such, can be considered reliable. In any case,
these are the best available, officially quality-checked concentration
and discharge databases covering multiple catchments of various scales
over Sweden. Any multi-catchment, cross-scale assessment of variabil-
ity and change in water quality and constituent load (product of concen-
tration and discharge) for Sweden has to rely on these databases and
share their uncertainties, and it is out of scope for this study to further
quality check and improve this data.

Fig. 1. (a) Map of Sweden with the Lake Mälaren catchment outlined in red. The study catchments (coloured fields with black outlines) and their main land uses are further
shown for: (b) themain coastal catchments along the Swedish coastline with data for total nitrogen (TN; left, 17 catchments), total phosphorus (TP; right, 32 catchments) and
total organic carbon (TOC; right, 32 catchments); and (c) the sub-catchments within themain LakeMälaren catchment with data for TN (top, 13 catchments), TP (middle, 20
catchments) and TOC (bottom, 20 catchments). The locations of the concentration and flow measurement points (monitoring stations, defining each catchment) are also
shown here with black dots, and are also better seen in the larger maps of SI Figs. S1–S2. For clarity, the land-use illustration in this figure focuses on the total forest and
total agricultural land uses (with different sub-categories included in each type), which are found to correlate well with the legacy concentration contributions distinguished
and quantified in this study. Water-covered areas are further shown in blue, while other types of land-uses (mainly urban areas within the Lake Mälaren catchment and sub-
catchments, and glacier and rock areas in the northern catchments) are lumped and shown together in dark orange.

J. Cantoni et al. Science of the Total Environment 879 (2023) 163092
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Collection  

analysis to investigate and quantify answers to these

questions for two specific regions.

MATERIALS AND METHODS

In order to quantify and compare the contributions of dif-

ferent landscape features (wetlands rSC-w, major lakes
rSC-l and others rSC-o) to total nutrient retention (rSC), we

have carried out a statistical analysis. Official data on
nutrient inputs (Min) and coastal outputs (Mout), and on

wetlands, major lakes and other landscape and catchment

characteristics, were compiled separately for numerous
sub-catchments within two Swedish WMDs: the North and

the South Baltic (Fig. 2).

Nutrient data

Nutrient data (nitrogen and phosphorus) were obtained
from the Fifth Baltic Sea Pollutant Load Compilation

(PLC5), used for national and international reporting and

carried out under the auspices of Swedish Environmental
Emissions Data (SMED) consortium (Swedish Environ-

mental Protection Agency 2009a). The official PLC5 data

are comprised of modeled data, based on the HBV and

HBV-NP models of the Swedish Meteorological and
Hydrological Institute (Lindström et al. 1997; Andersson

et al. 2005). The PLC5 data are provided for sub-catch-

ments within the WMDs (colored areas, Fig. 2). (From here
on, these sub-catchments are referred to as PLC5 catch-

ments, in accordance with the original report: Swedish

Environmental Protection Agency, 2009a). Average annual
nutrient inputs (Min) to PLC5 catchments are calculated for

point and diffuse inputs. Point source inputs are estimated
based on emission measurements or standard emission

values. Diffuse source inputs are calculated using land-use

leaching coefficients and runoff by means of the HBV
model (Lindström et al. 1997). Atmospheric deposition

rates are also included. Waterborne transport, retention

processes, and the coastal output (Mout) of nitrogen and
phosphorus are modeled using the HBV-NP model (An-

dersson et al. 2005), based on the nutrient inputs (Min) and

the long-term average annual run-off. The latter is calcu-
lated using measured flow data. For monitored catchments,

measured nutrient data are used to calibrate the model. For

unmonitored catchments, general model parameter sets are
derived on a regional basis, using nutrient data available

within the region. (Note that the PLC5 database does not
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Hydrological catchment – basic spatial unit for water in nature

Watershed, River basins Drainage basin

Collection  

At any scale – e.g., 1561 catchments with relevant open data time series 1980-2010 -  
around the world, and up to continental or global scale

Zarei, Destouni. Global HydroClima7c Database [Data set]. Zenodo (2024) 
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on Earth

All liquid 
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All water in
lakes, streams, 

wetlands

Credit: Howard Perlman, USGS; globe illustration 
by Jack Cook, Woods Hole Oceanographic 

Institution (©); Adam Nieman.
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https://water.usgs.gov/contact/gsanswers?pemail=hperlman,kimmartz&subject=USGS+Water+Science%20(Water%20on%20earth):&viewnote=If+you+have+a+question+or+comment,+use+this+form+to+contact+me,+Howard+Perlman,+at+USGS.%3cbr+/%3e&note=Generated+by+gsanswers+feedback+form.
http://www.whoi.edu/page.do?pid=80696&i=7301
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http://adamnieman.posterous.com/


Precipitation

Evaporation

99%

< 1%

Surface water

Groundwater

Unsaturated zo
ne

Soil water

tableGroundwater

99%

< 1%

Collection
àStorages  

Out of sight, out of mind

Vegetation water



Runoff (R)

Storage 
change 
(DS)

Collection
àFluxes

Runoff (R): output from catchment system 

Storage change (DS): 
output from storage (storage decrease) to other water fluxes
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What we don’t know

1. Introduction
The visible terrestrial surface water bodies are closely linked with groundwater, the largest store of liquid fresh-
water on Earth, in each hydrological catchment around the world and with groundwater flow also adding to the 
atmospheric moisture transport and engineered water transfers that constitute even larger-scale water connections 
between catchments and up to global scale (Abbott et al., 2019; Oki & Kanae, 2006; Sivapalan, 2018). Climate 
change and human activities combine in reshaping these terrestrial water cycle connections (Abbott et al., 2019; 
Destouni et al., 2013; Jarsjö et al., 2012; Mack et al., 2019) and related dynamic interactions with society and 
ecosystems (Albert et al., 2021; Cramer et al., 2018; Levia et al., 2020) from catchment to larger scales (Jaramillo 
& Destouni,  2015; Konapala et  al.,  2020; Wada et  al.,  2014). Many unknowns and open research questions 
remain for how local heterogeneity aggregates to large-scale terrestrial water system variability and change, both 
in response to and as integral part of ongoing and future Earth System change (Blöschl et al., 2019; Boretti & 
Rosa, 2019; Thorslund et al., 2017; Wada et al., 2016). It has also been suggested that recent terrestrial water 
research does not sufficiently push science forward to resolving such key unknowns and open research questions 
(Editorial, 2021).

Abstract The out-of-sight groundwater and visible but much less extensive surface waters on land 
constitute a linked terrestrial water system around the planet. Research is crucial for our understanding 
of these terrestrial water system links and interactions with other geosystems and key challenges of Earth 
System change. This study uses a scoping review approach to discuss and identify topical, methodological and 
geographical gaps and priorities for research on these links and interactions of the coupled ground- and surface 
water (GSW) system at scales of whole-catchments or greater. Results show that the large-scale GSW system 
is considered in just a small part (0.4%–0.8%) of all studies (order of 10 5 for each topic) of either groundwater 
or surface water flow, storage, or quality at any scale. While relatively many of the large-scale GSW studies 
consider links with the atmosphere or climate (8%–43%), considerably fewer address links with: (a) the 
cryosphere or coastal ocean as additional interacting geosystems (5%–9%); (b) change drivers/pressures of 
land-use, water use, or the energy or food nexus (2%–12%); (c) change impacts related to health, biodiversity or 
ecosystem services (1%–4%). Methodologically, use of remote sensing data and participatory methods is small, 
while South America and Africa emerge as the least studied geographic regions. The paper discusses why 
these topical, methodological and geographical findings indicate important research gaps and priorities for the 
large-scale coupled terrestrial GSW system and its roles in the future of the Earth System.

Plain Language Summary The water on the land surface (surface water) and that beneath it 
(groundwater), along with the water that is continuously and increasingly used and managed in human societies, 
are connected and constitute a coherent natural-social water system around the world. Many unknowns and 
open questions remain for how the small-scale variations add up to large-scale variability and change of this 
water system on land, as an integral part of the whole Earth System. Relevant research is crucial for reducing 
the unknowns and answering the questions, and this study’s scoping review aims to assess how they have 
been addressed in published research so far. The aim is to identify key research gaps and priorities for further 
research on how the integrated water system on land functions and evolves on large scales, from whole 
hydrological catchments and in multiple catchments around the world up to global scale. The scoping review 
results show key research gaps and priorities to be the coupling of surface water and groundwater on land, 
and the interactions of this coupled water system with other parts and major challenges of the Earth System. 
Geographically, the gaps and priorities emerge as particularly large and urgent for South America and Africa.
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1. Introduction
The visible terrestrial surface water bodies are closely linked with groundwater, the largest store of liquid fresh-
water on Earth, in each hydrological catchment around the world and with groundwater flow also adding to the 
atmospheric moisture transport and engineered water transfers that constitute even larger-scale water connections 
between catchments and up to global scale (Abbott et al., 2019; Oki & Kanae, 2006; Sivapalan, 2018). Climate 
change and human activities combine in reshaping these terrestrial water cycle connections (Abbott et al., 2019; 
Destouni et al., 2013; Jarsjö et al., 2012; Mack et al., 2019) and related dynamic interactions with society and 
ecosystems (Albert et al., 2021; Cramer et al., 2018; Levia et al., 2020) from catchment to larger scales (Jaramillo 
& Destouni,  2015; Konapala et  al.,  2020; Wada et  al.,  2014). Many unknowns and open research questions 
remain for how local heterogeneity aggregates to large-scale terrestrial water system variability and change, both 
in response to and as integral part of ongoing and future Earth System change (Blöschl et al., 2019; Boretti & 
Rosa, 2019; Thorslund et al., 2017; Wada et al., 2016). It has also been suggested that recent terrestrial water 
research does not sufficiently push science forward to resolving such key unknowns and open research questions 
(Editorial, 2021).

Abstract The out-of-sight groundwater and visible but much less extensive surface waters on land 
constitute a linked terrestrial water system around the planet. Research is crucial for our understanding 
of these terrestrial water system links and interactions with other geosystems and key challenges of Earth 
System change. This study uses a scoping review approach to discuss and identify topical, methodological and 
geographical gaps and priorities for research on these links and interactions of the coupled ground- and surface 
water (GSW) system at scales of whole-catchments or greater. Results show that the large-scale GSW system 
is considered in just a small part (0.4%–0.8%) of all studies (order of 10 5 for each topic) of either groundwater 
or surface water flow, storage, or quality at any scale. While relatively many of the large-scale GSW studies 
consider links with the atmosphere or climate (8%–43%), considerably fewer address links with: (a) the 
cryosphere or coastal ocean as additional interacting geosystems (5%–9%); (b) change drivers/pressures of 
land-use, water use, or the energy or food nexus (2%–12%); (c) change impacts related to health, biodiversity or 
ecosystem services (1%–4%). Methodologically, use of remote sensing data and participatory methods is small, 
while South America and Africa emerge as the least studied geographic regions. The paper discusses why 
these topical, methodological and geographical findings indicate important research gaps and priorities for the 
large-scale coupled terrestrial GSW system and its roles in the future of the Earth System.

Plain Language Summary The water on the land surface (surface water) and that beneath it 
(groundwater), along with the water that is continuously and increasingly used and managed in human societies, 
are connected and constitute a coherent natural-social water system around the world. Many unknowns and 
open questions remain for how the small-scale variations add up to large-scale variability and change of this 
water system on land, as an integral part of the whole Earth System. Relevant research is crucial for reducing 
the unknowns and answering the questions, and this study’s scoping review aims to assess how they have 
been addressed in published research so far. The aim is to identify key research gaps and priorities for further 
research on how the integrated water system on land functions and evolves on large scales, from whole 
hydrological catchments and in multiple catchments around the world up to global scale. The scoping review 
results show key research gaps and priorities to be the coupling of surface water and groundwater on land, 
and the interactions of this coupled water system with other parts and major challenges of the Earth System. 
Geographically, the gaps and priorities emerge as particularly large and urgent for South America and Africa.

ZAREI AND DESTOUNI

© 2024 The Authors. Earth's Future 
published by Wiley Periodicals LLC on 
behalf of American Geophysical Union.
This is an open access article under 
the terms of the Creative Commons 
Attribution License, which permits use, 
distribution and reproduction in any 
medium, provided the original work is 
properly cited.

Research Gaps and Priorities for Terrestrial Water and Earth 
System Connections From Catchment to Global Scale
Mohanna Zarei1   and Georgia Destouni1,2 
1Department of Physical Geography, Stockholm University, Stockholm, Sweden, 2Department of Sustainable Development, 
Environmental Science and Engineering, KTH Royal Institute of Technology, Stockholm, Sweden

Key Points:
•  Coupling of the ground-surface water 

system is a key gap in terrestrial water 
research, particularly at large scales

•  Research on terrestrial water 
interactions with other geospheres 
and key challenges of Earth System 
change is rare but impactful

•  Major geographic gaps in research 
on the large-scale coupled terrestrial 
water system emerge for South 
America and Africa

Correspondence to:
M. Zarei,
mohanna.zarei@natgeo.su.se

Citation:
Zarei, M., & Destouni, G. (2024). 
Research gaps and priorities for terrestrial 
water and Earth System connections 
from catchment to Global scale. Earth's 
Future, 12, e2023EF003792. https://doi.
org/10.1029/2023EF003792

Received 8 MAY 2023
Accepted 17 DEC 2023

Author Contributions:
Conceptualization: Mohanna Zarei, 
Georgia Destouni
Formal analysis: Mohanna Zarei
Funding acquisition: Georgia Destouni
Investigation: Mohanna Zarei
Methodology: Mohanna Zarei, Georgia 
Destouni
Software: Mohanna Zarei
Supervision: Georgia Destouni
Visualization: Mohanna Zarei, Georgia 
Destouni
Writing – original draft: Mohanna 
Zarei, Georgia Destouni
Writing – review & editing: Georgia 
Destouni

10.1029/2023EF003792
REVIEW ARTICLE

1 of 14



O
ki

 a
nd

 K
an

ae
(2

00
6)

 S
ci

en
ce

SEA
LAND

Water 
balances 
over all 
scales, up 
to global

Link: 
flo

w 

& st
orag

e 

ch
an

geLink: GW & SW 

flow (runoff)



• Groundwater flow contributions to total 
runoff
- 98% (Shiklomanov & Sokolov, 1985)
- 66% (Oki & Kanae, 2006)
- not reported (Abbott et al., 2019)

• Storage changes seldom estimated
Total R

Net water input P -ET

Water quantity – flow, storage change –
too little, too much water?

Important, e.g., for:

regulation / dampening of droughts, floods



Hugely important
• where the water comes from 
• how & where it flows
• for how long time 

For: 
• source-pathway attribution for different 

hydro-chemicals
• mitigation options, lag times to effects 
• water quality evolution
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Accumulated legacies 
increasingly proposed as 
possible main reason

Remaining in the 
subsurface (soil, slow-
moving groundwater and 
sediments) from earlier 
pollutant inputs at the 
surface

¨Basu et al., Managing Nitrogen Legacies to Accelerate Water Quality Improvement, Nature Geoscience, 2022
Destouni, Jarsjö, Zones of untreatable water pollution call for better appreciation of mitigation limits and opportunities WIREs Water, 2018

Legacy – delayed ~10-100 yrs

AcOve – fast ~1 yr
Acti

ve so
urce

Legacy so
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Carried by the water flow
Pollutant loads

Pollutant inputs

• In many countries, known 
point sources of nutrients & 
pollutants have been largely 
mitigated, improving water 
quality

• Major mitigation efforts 
have continued to target 
known active pollutant 
sources

But
• Small or no water quality 

improvements in recent 
decades, e.g., in nutrient 
load reduction of nutrient 
loads to the Baltic Sea



Testing approaches for active-legacy source distinction around the world

Han et al., Legacy sources determine current water quality: nitrogen and phosphorus in streams of Australia, China, Sweden 
and USA , 2023 (in review) 
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What don’t we know?

1. Introduction
The visible terrestrial surface water bodies are closely linked with groundwater, the largest store of liquid fresh-
water on Earth, in each hydrological catchment around the world and with groundwater flow also adding to the 
atmospheric moisture transport and engineered water transfers that constitute even larger-scale water connections 
between catchments and up to global scale (Abbott et al., 2019; Oki & Kanae, 2006; Sivapalan, 2018). Climate 
change and human activities combine in reshaping these terrestrial water cycle connections (Abbott et al., 2019; 
Destouni et al., 2013; Jarsjö et al., 2012; Mack et al., 2019) and related dynamic interactions with society and 
ecosystems (Albert et al., 2021; Cramer et al., 2018; Levia et al., 2020) from catchment to larger scales (Jaramillo 
& Destouni,  2015; Konapala et  al.,  2020; Wada et  al.,  2014). Many unknowns and open research questions 
remain for how local heterogeneity aggregates to large-scale terrestrial water system variability and change, both 
in response to and as integral part of ongoing and future Earth System change (Blöschl et al., 2019; Boretti & 
Rosa, 2019; Thorslund et al., 2017; Wada et al., 2016). It has also been suggested that recent terrestrial water 
research does not sufficiently push science forward to resolving such key unknowns and open research questions 
(Editorial, 2021).

Abstract The out-of-sight groundwater and visible but much less extensive surface waters on land 
constitute a linked terrestrial water system around the planet. Research is crucial for our understanding 
of these terrestrial water system links and interactions with other geosystems and key challenges of Earth 
System change. This study uses a scoping review approach to discuss and identify topical, methodological and 
geographical gaps and priorities for research on these links and interactions of the coupled ground- and surface 
water (GSW) system at scales of whole-catchments or greater. Results show that the large-scale GSW system 
is considered in just a small part (0.4%–0.8%) of all studies (order of 10 5 for each topic) of either groundwater 
or surface water flow, storage, or quality at any scale. While relatively many of the large-scale GSW studies 
consider links with the atmosphere or climate (8%–43%), considerably fewer address links with: (a) the 
cryosphere or coastal ocean as additional interacting geosystems (5%–9%); (b) change drivers/pressures of 
land-use, water use, or the energy or food nexus (2%–12%); (c) change impacts related to health, biodiversity or 
ecosystem services (1%–4%). Methodologically, use of remote sensing data and participatory methods is small, 
while South America and Africa emerge as the least studied geographic regions. The paper discusses why 
these topical, methodological and geographical findings indicate important research gaps and priorities for the 
large-scale coupled terrestrial GSW system and its roles in the future of the Earth System.

Plain Language Summary The water on the land surface (surface water) and that beneath it 
(groundwater), along with the water that is continuously and increasingly used and managed in human societies, 
are connected and constitute a coherent natural-social water system around the world. Many unknowns and 
open questions remain for how the small-scale variations add up to large-scale variability and change of this 
water system on land, as an integral part of the whole Earth System. Relevant research is crucial for reducing 
the unknowns and answering the questions, and this study’s scoping review aims to assess how they have 
been addressed in published research so far. The aim is to identify key research gaps and priorities for further 
research on how the integrated water system on land functions and evolves on large scales, from whole 
hydrological catchments and in multiple catchments around the world up to global scale. The scoping review 
results show key research gaps and priorities to be the coupling of surface water and groundwater on land, 
and the interactions of this coupled water system with other parts and major challenges of the Earth System. 
Geographically, the gaps and priorities emerge as particularly large and urgent for South America and Africa.
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1. Introduction
The visible terrestrial surface water bodies are closely linked with groundwater, the largest store of liquid fresh-
water on Earth, in each hydrological catchment around the world and with groundwater flow also adding to the 
atmospheric moisture transport and engineered water transfers that constitute even larger-scale water connections 
between catchments and up to global scale (Abbott et al., 2019; Oki & Kanae, 2006; Sivapalan, 2018). Climate 
change and human activities combine in reshaping these terrestrial water cycle connections (Abbott et al., 2019; 
Destouni et al., 2013; Jarsjö et al., 2012; Mack et al., 2019) and related dynamic interactions with society and 
ecosystems (Albert et al., 2021; Cramer et al., 2018; Levia et al., 2020) from catchment to larger scales (Jaramillo 
& Destouni,  2015; Konapala et  al.,  2020; Wada et  al.,  2014). Many unknowns and open research questions 
remain for how local heterogeneity aggregates to large-scale terrestrial water system variability and change, both 
in response to and as integral part of ongoing and future Earth System change (Blöschl et al., 2019; Boretti & 
Rosa, 2019; Thorslund et al., 2017; Wada et al., 2016). It has also been suggested that recent terrestrial water 
research does not sufficiently push science forward to resolving such key unknowns and open research questions 
(Editorial, 2021).

Abstract The out-of-sight groundwater and visible but much less extensive surface waters on land 
constitute a linked terrestrial water system around the planet. Research is crucial for our understanding 
of these terrestrial water system links and interactions with other geosystems and key challenges of Earth 
System change. This study uses a scoping review approach to discuss and identify topical, methodological and 
geographical gaps and priorities for research on these links and interactions of the coupled ground- and surface 
water (GSW) system at scales of whole-catchments or greater. Results show that the large-scale GSW system 
is considered in just a small part (0.4%–0.8%) of all studies (order of 10 5 for each topic) of either groundwater 
or surface water flow, storage, or quality at any scale. While relatively many of the large-scale GSW studies 
consider links with the atmosphere or climate (8%–43%), considerably fewer address links with: (a) the 
cryosphere or coastal ocean as additional interacting geosystems (5%–9%); (b) change drivers/pressures of 
land-use, water use, or the energy or food nexus (2%–12%); (c) change impacts related to health, biodiversity or 
ecosystem services (1%–4%). Methodologically, use of remote sensing data and participatory methods is small, 
while South America and Africa emerge as the least studied geographic regions. The paper discusses why 
these topical, methodological and geographical findings indicate important research gaps and priorities for the 
large-scale coupled terrestrial GSW system and its roles in the future of the Earth System.

Plain Language Summary The water on the land surface (surface water) and that beneath it 
(groundwater), along with the water that is continuously and increasingly used and managed in human societies, 
are connected and constitute a coherent natural-social water system around the world. Many unknowns and 
open questions remain for how the small-scale variations add up to large-scale variability and change of this 
water system on land, as an integral part of the whole Earth System. Relevant research is crucial for reducing 
the unknowns and answering the questions, and this study’s scoping review aims to assess how they have 
been addressed in published research so far. The aim is to identify key research gaps and priorities for further 
research on how the integrated water system on land functions and evolves on large scales, from whole 
hydrological catchments and in multiple catchments around the world up to global scale. The scoping review 
results show key research gaps and priorities to be the coupling of surface water and groundwater on land, 
and the interactions of this coupled water system with other parts and major challenges of the Earth System. 
Geographically, the gaps and priorities emerge as particularly large and urgent for South America and Africa.
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Few studies

But how about data for these regions? 



1561 catchments around the world with open data time series for R over 1980-2010

Zarei, Destouni. Global HydroClimatic Database [Data set]. Zenodo (2024) 
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Dataset: “Obs” “Mixed” “GLDAS” “ERA5”

Variable

Ground 
observations

Ground and 
satellite 

observations

Reanalysis with Land Surface 
Modeling

Reanalysis with 
Earth System 

Modeling
Precipitation GPCC-V7a GPCC-V7a GLDAS NOAH025 M2.0f ERA5g

Evapotranspiration Water Balanceb GLEAM v3.3ae GLDAS NOAH025 M2.0f ERA5g

Runoff GSIMc GSIMc GLDAS NOAH025 M2.0f ERA5g

Soil moisture - GLEAM v3.3ae GLDAS NOAH025 M2.0f ERA5g

Temperature GHCN-CAMSd GHCN-CAMSd GLDAS NOAH025 M2.0f ERA5g

What can we learn from the openly available data time series?
E.g., about less/more available water, trends to wetter/drier land conditions?

Comparative datasets

Zarei, Destouni. Global HydroClimatic Database [Data set]. Zenodo (2024) 



Variable
Median values

Obs Mixed GLDAS ERA5

T trend
(°C/year)

0.03 0.03 0.024 0.025

P trend
(mm/year2)

0.4 0.4 0.098 -0.72

R trend
(mm/year2)

-0.29 -0.29 -0.44 -0.75

ET trend
(mm/year2)

0.78 0.98 1 .0 0.57

Global

Divergent P 
wetting/drying

Consistent 
warming

Consistent R 
drying

Consistent ET 
wetting

Concurrently for water on land both wetting/flux acceleration & drying/flux deceleration

Not simple binary either / or

Precipitation wetting/drying trend does not alone determine the wetting/drying trends of 
runoff and evapotranspiration in the landscape

Warming

Wetting

Drying

Zarei, Destouni. Global HydroClima7c Database [Data set]. Zenodo (2024) 



Variable
Median values

Obs Mixed GLDAS ERA5

T trend
(°C/year)

0.03 0.03 0.024 0.025

P trend
(mm/year2)

0.4 0.4 0.098 -0.72

R trend
(mm/year2)

-0.29 -0.29 -0.44 -0.75

ET trend
(mm/year2)

0.78 0.98 1 .0 0.57

Warming

Wetting

Drying

Water balance closure à

Highly divergent annual 
average storage change DS 
~zero or heavily drying

Global

Obs

DS

Divergent P 
wetting/drying

Consistent 
warming

Consistent R 
drying

Consistent ET 
wetting
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Variable Obs Mixed GLDAS ERA5

T trend
(°C/year)

0.03 0.03 0.02 0.02

P trend
(mm/year2)

-2.9 -2.9 0.63 -13.9

R trend
(mm/year2)

1.5 1.5 0.28 -12.3

ET trend
(mm/year2)

-4.4 0.66 0.29 -0.46

Congo River Basin

Variable Obs Mixed GLDAS ERA5
T trend
(°C/year)

0.03 0.03 0.024 0.025

P trend
(mm/year2)

0.4 0.4 0.098 -0.72

R trend
(mm/year2)

-0.29 -0.29 -0.44 -0.75

ET trend
(mm/year2)

0.78 0.98 1 .0 0.57

Global

Consistent 
warming ~similar

Divergent P 
drying/wetting

Divergent P 
wetting/drying

Consistent 
warming

Consistent R 
drying

Consistent ET 
wetting

Divergent R 
wetting/drying

Zarei, Destouni. Global HydroClimatic Database [Data set]. Zenodo (2024) 



Variable Obs Mixed GLDAS ERA5

T trend
(°C/year)

0.012 0.012 0.02 0.015

P trend
(mm/year2)

0.23 0.23 -0.37 0.47

R trend
(mm/year2)

0.27 0.27 0.14 0.013

ET trend
(mm/year2)

-0.44 1.14 -0.55 -1.23

Africa

South Africa Variable Obs Mixed GLDAS ERA5

T trend
(°C/year)

0.011 0.011 0.02 0.015

P trend
(mm/year2)

-0.09 -0.09 -0.5 0.22

R trend
(mm/year2)

0.3 0.3 0.14 -0.02

ET trend
(mm/year2)

-0.6 1.06 -0.6 -1.3

Variable Obs Mixed GLDAS ERA5

T trend
(°C/year)

0.04 0.04 0.008 0.017

P trend
(mm/year2)

7.2 7.2 3.9 8.6

R trend
(mm/year2)

0.040 0.040 0.035 1.3

ET trend
(mm/year2)

6.2 7.0 2.5 -1.1

Namibia

Largely 
wetting

Divergent 
drying/wetting

Divergent 
wetting/drying



Highly divergent annual average 
storage change DS 

Warning: ERA5 largely ”odd one 
out” for terrestrial water fluxes à 
heavy drying storage change bias for 
water on land

Particularly for Africa / Southern 
Hemisphere

Global

Obs

à Average DSWater balance closure

Congo River Basin Africa

South Africa Namibia



Mixed GLDAS ERA5

The 
ERA5 Southern Hemisphere / Africa 

bias 

of unrealistic & unexplained  
systematic, continuous average 

storage drying 

for water on land

Global

Africa

Annual average storage 
change DS (mm/year)

Over the global land area

&

Its evolution with time over 
Africa

Zarei, Destouni. Global HydroClimatic Database [Data set]. Zenodo (2024) 



What don’t we know?

1. Introduction
The visible terrestrial surface water bodies are closely linked with groundwater, the largest store of liquid fresh-
water on Earth, in each hydrological catchment around the world and with groundwater flow also adding to the 
atmospheric moisture transport and engineered water transfers that constitute even larger-scale water connections 
between catchments and up to global scale (Abbott et al., 2019; Oki & Kanae, 2006; Sivapalan, 2018). Climate 
change and human activities combine in reshaping these terrestrial water cycle connections (Abbott et al., 2019; 
Destouni et al., 2013; Jarsjö et al., 2012; Mack et al., 2019) and related dynamic interactions with society and 
ecosystems (Albert et al., 2021; Cramer et al., 2018; Levia et al., 2020) from catchment to larger scales (Jaramillo 
& Destouni,  2015; Konapala et  al.,  2020; Wada et  al.,  2014). Many unknowns and open research questions 
remain for how local heterogeneity aggregates to large-scale terrestrial water system variability and change, both 
in response to and as integral part of ongoing and future Earth System change (Blöschl et al., 2019; Boretti & 
Rosa, 2019; Thorslund et al., 2017; Wada et al., 2016). It has also been suggested that recent terrestrial water 
research does not sufficiently push science forward to resolving such key unknowns and open research questions 
(Editorial, 2021).

Abstract The out-of-sight groundwater and visible but much less extensive surface waters on land 
constitute a linked terrestrial water system around the planet. Research is crucial for our understanding 
of these terrestrial water system links and interactions with other geosystems and key challenges of Earth 
System change. This study uses a scoping review approach to discuss and identify topical, methodological and 
geographical gaps and priorities for research on these links and interactions of the coupled ground- and surface 
water (GSW) system at scales of whole-catchments or greater. Results show that the large-scale GSW system 
is considered in just a small part (0.4%–0.8%) of all studies (order of 10 5 for each topic) of either groundwater 
or surface water flow, storage, or quality at any scale. While relatively many of the large-scale GSW studies 
consider links with the atmosphere or climate (8%–43%), considerably fewer address links with: (a) the 
cryosphere or coastal ocean as additional interacting geosystems (5%–9%); (b) change drivers/pressures of 
land-use, water use, or the energy or food nexus (2%–12%); (c) change impacts related to health, biodiversity or 
ecosystem services (1%–4%). Methodologically, use of remote sensing data and participatory methods is small, 
while South America and Africa emerge as the least studied geographic regions. The paper discusses why 
these topical, methodological and geographical findings indicate important research gaps and priorities for the 
large-scale coupled terrestrial GSW system and its roles in the future of the Earth System.

Plain Language Summary The water on the land surface (surface water) and that beneath it 
(groundwater), along with the water that is continuously and increasingly used and managed in human societies, 
are connected and constitute a coherent natural-social water system around the world. Many unknowns and 
open questions remain for how the small-scale variations add up to large-scale variability and change of this 
water system on land, as an integral part of the whole Earth System. Relevant research is crucial for reducing 
the unknowns and answering the questions, and this study’s scoping review aims to assess how they have 
been addressed in published research so far. The aim is to identify key research gaps and priorities for further 
research on how the integrated water system on land functions and evolves on large scales, from whole 
hydrological catchments and in multiple catchments around the world up to global scale. The scoping review 
results show key research gaps and priorities to be the coupling of surface water and groundwater on land, 
and the interactions of this coupled water system with other parts and major challenges of the Earth System. 
Geographically, the gaps and priorities emerge as particularly large and urgent for South America and Africa.
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1. Introduction
The visible terrestrial surface water bodies are closely linked with groundwater, the largest store of liquid fresh-
water on Earth, in each hydrological catchment around the world and with groundwater flow also adding to the 
atmospheric moisture transport and engineered water transfers that constitute even larger-scale water connections 
between catchments and up to global scale (Abbott et al., 2019; Oki & Kanae, 2006; Sivapalan, 2018). Climate 
change and human activities combine in reshaping these terrestrial water cycle connections (Abbott et al., 2019; 
Destouni et al., 2013; Jarsjö et al., 2012; Mack et al., 2019) and related dynamic interactions with society and 
ecosystems (Albert et al., 2021; Cramer et al., 2018; Levia et al., 2020) from catchment to larger scales (Jaramillo 
& Destouni,  2015; Konapala et  al.,  2020; Wada et  al.,  2014). Many unknowns and open research questions 
remain for how local heterogeneity aggregates to large-scale terrestrial water system variability and change, both 
in response to and as integral part of ongoing and future Earth System change (Blöschl et al., 2019; Boretti & 
Rosa, 2019; Thorslund et al., 2017; Wada et al., 2016). It has also been suggested that recent terrestrial water 
research does not sufficiently push science forward to resolving such key unknowns and open research questions 
(Editorial, 2021).

Abstract The out-of-sight groundwater and visible but much less extensive surface waters on land 
constitute a linked terrestrial water system around the planet. Research is crucial for our understanding 
of these terrestrial water system links and interactions with other geosystems and key challenges of Earth 
System change. This study uses a scoping review approach to discuss and identify topical, methodological and 
geographical gaps and priorities for research on these links and interactions of the coupled ground- and surface 
water (GSW) system at scales of whole-catchments or greater. Results show that the large-scale GSW system 
is considered in just a small part (0.4%–0.8%) of all studies (order of 10 5 for each topic) of either groundwater 
or surface water flow, storage, or quality at any scale. While relatively many of the large-scale GSW studies 
consider links with the atmosphere or climate (8%–43%), considerably fewer address links with: (a) the 
cryosphere or coastal ocean as additional interacting geosystems (5%–9%); (b) change drivers/pressures of 
land-use, water use, or the energy or food nexus (2%–12%); (c) change impacts related to health, biodiversity or 
ecosystem services (1%–4%). Methodologically, use of remote sensing data and participatory methods is small, 
while South America and Africa emerge as the least studied geographic regions. The paper discusses why 
these topical, methodological and geographical findings indicate important research gaps and priorities for the 
large-scale coupled terrestrial GSW system and its roles in the future of the Earth System.

Plain Language Summary The water on the land surface (surface water) and that beneath it 
(groundwater), along with the water that is continuously and increasingly used and managed in human societies, 
are connected and constitute a coherent natural-social water system around the world. Many unknowns and 
open questions remain for how the small-scale variations add up to large-scale variability and change of this 
water system on land, as an integral part of the whole Earth System. Relevant research is crucial for reducing 
the unknowns and answering the questions, and this study’s scoping review aims to assess how they have 
been addressed in published research so far. The aim is to identify key research gaps and priorities for further 
research on how the integrated water system on land functions and evolves on large scales, from whole 
hydrological catchments and in multiple catchments around the world up to global scale. The scoping review 
results show key research gaps and priorities to be the coupling of surface water and groundwater on land, 
and the interactions of this coupled water system with other parts and major challenges of the Earth System. 
Geographically, the gaps and priorities emerge as particularly large and urgent for South America and Africa.
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therefore require detailed analysis of multiple underlying drivers and associated causal chains, where support 
from machine learning approaches can greatly improve the analysis efficiency. 

 
C. Relevance to the call (including themes) 
 

 
 
The proposed project and its four work packages (WPs; Figure 1) is of high relevance for the following call 
themes and topics: 
Topic 1 “Resilience, adaptation and mitigation to hydroclimatic extreme events”, including 1.1 “Addressing 
knowledge gaps in our understanding of the causes of water scarcity, drought events […]” and 1.2 to 
“mitigation strategies to cope with hydro-climatic extreme events”.  

x We expect progress on these topics, by addressing important knowledge gaps on compound extremes, 
acknowledging e.g. that severe water scarcity is a result of interlinked changes in both water quantity 
and water quality. This will be addressed in project WP3 (Figure 1, bottom), using a data-driven 
analysis approach to identifying and quantifying emergent patterns in water quality/ quantity extremes 
considering their causes, and relevant associated mitigation strategies. 

Topic 2 “Tools for water management - in the context of hydroclimatic extreme events”, including all three 
subtopics 2.1 “Developing tools”, 2.2 “Generating new methodologies [for data scarce areas]”, and 2.3 
“Smartening the water system”. 

x We will contribute to the development of necessary predictive capability for extreme, compound events 
in water quantity and quality. This will be done through development of machine learning predictive 
capacity with regard to both water quality and water quantity in WPs 1 and 2 (Figure 1, left and right). 
We will use and further develop machine learning based tools to estimate water quantity (river flow) at 
ungauged locations at national to European scales (WP1). 

Topic 3 “Improved water governance in the context hydroclimatic extreme events and international contexts”, 
including 3.1 “developing robust Governance models” 

x In project WP4 (Figure 1, top) we will develop policy and management approaches and concepts, 
considering explicitly governance for sustainable handling of and resilience to compound extremes in 
water quantity and water quality, for instance through the project partner UNU (United Nations 
University) and its unique character of a transnational university within the UN system. 

Figure 1. Illustration of 
the four project work 
packages (WPs) 
addressing the overall 
project aim of developing 
science‐based tools for 
machine learning (ML) 
predictive capacities, and 
mitigating effects of 
compound extreme 
events 
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C. Relevance to the call (including themes) 
 

 
 
The proposed project and its four work packages (WPs; Figure 1) is of high relevance for the following call 
themes and topics: 
Topic 1 “Resilience, adaptation and mitigation to hydroclimatic extreme events”, including 1.1 “Addressing 
knowledge gaps in our understanding of the causes of water scarcity, drought events […]” and 1.2 to 
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x We will contribute to the development of necessary predictive capability for extreme, compound events 
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including 3.1 “developing robust Governance models” 

x In project WP4 (Figure 1, top) we will develop policy and management approaches and concepts, 
considering explicitly governance for sustainable handling of and resilience to compound extremes in 
water quantity and water quality, for instance through the project partner UNU (United Nations 
University) and its unique character of a transnational university within the UN system. 
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agriculture drives asymmetrical flux to 
vegetation over runoff, One Earth, 2023

Orth, Destouni, Drought 
reduces blue-water fluxes more 
strongly than green-water 
fluxes in Europe, Nature 
Communications, 2018

Quin, Destouni. Large-scale comparison of 
flow-variability dampening by lakes and 
wetlands in the landscape. Land 
Degradation & Development, 2018
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Kåresdotter, Destouni, Ghajarnia, et al.,
Distinguishing direct human-driven effects on 
the global terrestrial water cycle. Earth's 
Future, 2022

Kan, Ferreira, Destouni, et al., 
Predicting agricultural drought 
indicators: ML approaches 
across wide-ranging climate 
and land use conditions, 
Ecological Indicators, 2023

Panahi, Khosravi, Rezaie, 
Ferreira, Destouni, Kalantari, 
National-Scale Spatial Flood 
Modeling with an Optimized 
Deep Learning Approach, Earth’s 
Future, 2023



Unravelling the legacy of historical, 
emerging and future groundwater 
pollution to the coastal ocean

Knut & Alice 
Wallenberg Foundation

Stefano Bonaglia, Gia 
Destouni, Zahra Kalantari, 

Isaac Santos 
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Water pollution propagation across aquatic interfaces

Too dirty water … where, when, why?

Project
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Cantoni, Kalantari, Destouni, 
Legacy contributions to diffuse 
water pollution: Data-driven multi-
catchment quantification for 
nutrients and carbon, Science of the 
Total Environment, 2023

Destouni, Cantoni, Kalantari, Distinguishing 
active and legacy source contributions to 
stream water quality: Comparative 
quantification for chloride and metals, 
Hydrological Processes, 2021
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Zhang, Yi, Destouni, et al., 
Water limita\on regulates 
posi\ve feedback of increased 
ecosystem respira\on, Nature 
Ecology & Evolu9on, 2024 (in 
review)

Vigouroux, ët al., Trend correlations 
for coastal eutrophication and its 
main local and whole-sea drivers –
Application to the Baltic Sea, Science 
of the Total Environment, 2021
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Porkka, et al., Is wetter better? Exploring 
agriculturally-relevant rainfall characteristics 
over four decades in the Sahel, 
Environmental Research Letters, 2021

Engström, Destouni, et al., Cross-
Scale Water and Land Impacts of 
Local Climate and Energy Policy 
…, Sustainability, 2019
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Kalantari, et al., Nature-based solutions 
for flood-drought risk mitigation in 
vulnerable urbanizing parts of East-
Africa, Current Opinion in Environmental 
Science & Health, 2018

Kong, et al., Urban flood risk 
management needs nature-based 
solutions: a coupled social-ecological 
system perspective, npj Urban 
Sustainability, 2024 (in press).



Change trends in infectious disease occurrence 
under hydro-climatic change

Hydro-climatic sensitivity of infectious diseases

Ma, PhD thesis, 2023Nordic Excellence Project, NordForsk

2

Vol:.(1234567890)

Scientific Reports |        (2021) 11:20678  |  https://doi.org/10.1038/s41598-021-00167-z

www.nature.com/scientificreports/

open-access high-resolution gridded datasets of the Climate Research Unit (CRU)15, and aggregated to the 
relevant spatiotemporal scale for linking with corresponding disease data.

!e statistical relationships between reported disease and climate data were analyzed using Spearman’s cor-
relation coe"cient and stepwise regression (signi#cance level p < 0.01; see further “Methods”). Consistent spatial 
aggregation of both climate and disease data over various scales was also used to distinguish a possible emerging 
large-scale signal from the noise of geographic/spatial variability in the climate-disease relationships. !e dif-
ferent scales considered were sub-national, national, and the south/north parts of and the whole multi-national 
Northern/Arctic Region spanned by the di$erent countries/country parts with data. Such multi-scale exploration 
of climate-disease relationships reveals their local variability, the degree to which this is dampened on larger 
scales to reveal a clearer overarching regional relationship pattern, and the representativeness of this pattern for 
various parts of the region.

Results and discussion
Climate change in the Northern/Arctic Region. During the entire study period, determined by rel-
evant data coverage (1995–2015), the climate has overall become warmer and wetter across the Northern/Arctic 
Region (Fig. 1a), with mean annual temperature and precipitation both increasing from the #rst (1995–2005) to 
the second (2005–2015) half of the period (Supplementary Fig. S1a,b). Changes in average monthly values di$er 
among months and seasons (Fig. 1b,c; Supplementary Fig. S1c,d). All countries or areas studied, i.e., those with 
relevant data availability in the region (Fig. 1a), display similar patterns of change in monthly temperature, with 
the highest increases during March-June and September-December, and declines around February (Fig. 1b). 
!is implies warming in spring, summer, and autumn, but little change in average winter temperature (Sup-

Table 1.  Basic information on the targeted zoonotic infectious  diseases16–18.

Infection agent Disease Transmission pathways

Bacteria

Borreliosis By vector Ixodidae ticks
Tularemia Multiple transmission modes: vector-borne (mosquitoes, horse&ies, ticks); direct contact; oral; airborne; water-borne

Leptospirosis Main hosts are rodent species in natural foci, and livestock and dogs in anthropurgic foci. Leptospira follow the fecal–oral trans-
mission mechanism via water. Humans are usually infected during contact with water contaminated with animal waste

Q fever !e main reservoirs are farm animals and pets, and transmission to human is mainly through inhalation of contaminated 
aerosols

Virus
Tick-borne encephalitis (TBE) By vector Ixodidae ticks
Puumala virus infection By inhalation of infected rodent excreta

Parasite Cryptosporidiosis By ingestion of cryptosporidium oocysts

Figure 1.  (a) !e Northern/Arctic Region with countries/country parts represented by the data, together 
with the associated monthly (b) temperature and (c) precipitation changes from 1995–2005 to 2005–2015, 
represented by subtracting the average value of the former period from the average of the latter. !e map was 
generated using ArcGIS 10.5.1 (https:// www. esri. com/ en- us/ home).
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Interdisciplinary research team

• Biologists

• Ecologists

• Economists

• Hydrologists

• Veterinarians

• Climatologists 

• Social philosophers

• Human health experts

• Sociologists and anthropologists

• Mathematicians and bioinformaticians

• Experts on gender and traditional knowledge
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Evengård, Destouni, et al., Healthy 
ecosystems for human and animal 
health: Science diplomacy for 
responsible development in the 
Arctic, Polar Record, 2021

Ma, Destouni, et al., Linking 
climate and infectious 
disease trends in the 
Northern/Arctic Region, 
Scientific Reports, 2021

Tiller, Destouni, et al., Understanding 
stakeholder synergies through system 
dynamics: Integrating multi-sectoral 
stakeholder narratives into quantitative 
environmental models. J. Frontiers in 
Sustainability, 2021



Critical Zones Africa South & East Network (CzASE)
led by Professor Lesley Green of Environmental Humanities South (EHS) at the University of Cape 
Town - funded by the Science for Africa Foundation

Research over the coming four years on how lived experience in Africa’s Anthropocene can 
support decision-makers to improve habitability in peri-urban areas
• Critical Zone rapid appraisal: assessing metabolism of water, nutrients and contaminants 
• Small-scale farming: soil and seed care to address emerging climate-based gender struggles 
• African environmentalism: landscape knowledge as ecological philosophy 
• Contaminant legacies and environmental justice: cleaning up the Critical Zone 
• Ecological economics for governance of the commons in the Critical Zone 
• Reducing precarity by amplifying habitability: toward Critical Zone-based environmental governance 

policy 

African partners and cases in: South Africa, Ethiopia, Mozambique, Tanzania, Malawi, Zimbabwe
+ University of Leeds, UK

Based on my work and networking while at STIAS, look forward to further collabora1on on:


