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ABSTRACT ARTICLE HISTORY
This paper is the outcome of a community initiative to identify major unsolved scientific problems in Received 28 March 2019
hydrology motivated by a need for stronger harmonisation of research efforts. The procedure involved Accepted 14 May 2019
a public consultation through online media, followed by two workshops through which a large number
of potential science questions were collated, prioritised, and synthesised. In spite of the diversity of the
participants (230 scientists in total), the process revealed much about community priorities and the
state of our science: a preference for continuity in research questions rather than radical departures or ASSOCIATE EDITOR
redirections from past and current work. Questions remain focused on the process-based understand- not assigned

ing of hydrological variability and causality at all space and time scales. Increased attention to KEYWORDS
environmental change drives a new emphasis on understanding how change propagates across hydrology; science
interfaces within the hydrological system and across disciplinary boundaries. In particular, the expan- questions; research agenda;
sion of the human footprint raises a new set of questions related to human interactions with nature and interdisciplinary; knowledge
water cycle feedbacks in the context of complex water management problems. We hope that this gaps

reflection and synthesis of the 23 unsolved problems in hydrology will help guide research efforts for

some years to come.

EDITOR
A. Castellarin

1 Soliciting ideas for a science agenda for hydrology to lift the veil behind which is hidden the future; to gaze at the
coming developments of our science and at the secrets of its
development in the centuries to come?” His set of 23 unsolved
problems is widely considered to be the most influential one
ever to be produced by an individual mathematician. Some of
Hilbert’s 23 problems have been solved in the meantime, for
others, the solution is still pending and, overall, they have
greatly stimulated focused research in mathematics.

Following the example of Hilbert, a number of collec-
tions of unsolved problems have been compiled since then,
such as the Millennium Prize problems of the Clay
Mathematics Institute. Other disciplines, such as biology
and ecology (Sutherland et al. 2013, Dev 2015), have also
followed suit.

A similar exercise could also invigorate research in
hydrology, given the need for stronger harmonisation of
research efforts and clearer articulation of the community’s
central research questions. As the societal problems related
to water are becoming ever more complex, streamlining a
community science agenda is more important than ever.
There have been a number of previous initiatives to compile
science agendas for hydrology or some subfield of hydrol-
ogy. Some of these agendas were compiled at the national
level (e.g. NRC (National Research Council) 1991; NRC
(National Research Council) 1998; KNAW 2005), others at

“Hydrology is in the same situation as many other sciences
which through rapid growth and sub-division have suffered
from lack of coordination of effort and incomplete correlation
of results. [...] There is, in hydrology, as already noted, (a) a
large mass of unassimilated data, (b) a mass of mostly unco-
ordinated results of research, and (c) a galaxy of unsolved
problems.” Horton (1931, p. 201). The calls of Robert
Horton have been echoed by numerous other hydrologists
since then (e.g. Dooge 1986, Kleme$§ 1986, Dunne 1998,
McDonnell et al. 2007, Thompson et al. 2013), changing in
emphasis as new technologies and new societal challenges
emerged, but the underlying theme of a need for better
coordinating the hydrological research agenda has been sur-
prisingly similar over almost a century (Sivapalan and Bloschl
2017).

Science profits from a continuous process of self-reflection,
and hydrology is no exception. David Hilbert gave a remark-
able example of how identifying a research agenda has invi-
gorated research (Hilbert 1900). He launched a set of 23
unsolved problems in mathematics at the Second
International Congress of Mathematicians held in Paris in
1900. The introduction of his speech reads as quite profound
as it is poetic (Fig. 1): “Who among us would not be tempted
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an international scale (Kundzewicz et al. 1987, Sivapalan et
al. 2003, OKi et al. 2006, Montanari et al. 2013, Thompson et
al. 2013). Such initiatives are highly commendable and they
influenced the progress of hydrology in various ways
(Hrachowitz et al. 2013, Rajaram et al. 2015, Sivapalan and
Bloschl 2017). The focus of most of these initiatives was on
assessing the status of the field and on developing and
justifying a science plan in depth. Thus, they were usually
pursued by a relatively small group of people. For example,
the Hydrology 2000 and 2020 foresight reports of the IAHS
(Kundzewicz et al. 1987, OKki et al. 2006) involved 12 com-
mittee members each; the US National Research Council
“blue book” (NRC (National Research Council) 1991)
involved 19 committee members. It is now of interest to
explore whether there is something to be learned by broad-
ening the consultation process, given past successful com-
munity initiatives.

Motivated by the previous efforts, an open community
process was initiated covering all areas of hydrology. The
goals of the initiative identified during the process were:

(1) Increasing the coherence of the scientific process in
hydrology (thus overcoming fragmentation) through
providing common research subjects. This could,
among other things increase the structure and coher-
ence of the sessions at IAHS,' EGU,> AGU” and IAH*
meetings.

(2) Energising the hydrological community through
increasing the awareness that we do not fully under-
stand many hydrological processes (thus overcoming
complacency). We need more discovery science and
outrageous hypotheses (Davis 1926).

(3) Speaking with one voice as a community to increase
public awareness and enhance funding opportunities
for community projects.

This paper presents the outcomes of this exercise and reflects
on the community input.

2 The process of community consultation
2.1 Overall approach and initiation of the process

The idea of compiling a set of unsolved scientific problems
in hydrology was first aired at the IAHS Scientific Assembly
in Port Elizabeth, South Africa, in July 2017. During the
plenary session, attended by some 100 scientists, discussions
took place regarding the initiative, the nature of the
unsolved problems or questions and the consultation
process.

From the beginning it was clear that hydrology is
different from mathematics in a number of ways.
Importantly, most hydrological problems, or science

questions, cannot be stated with the same accuracy as in
mathematics. This is because the boundary conditions and
system characteristics are never fully known, while mathe-
matics studies a well defined, closed system. Unlike
mathematics, hydrological problems do not necessarily
have objective, verifiable and general solutions. This is
because hydrology is a landscape-scale science where
repeatable experiments are rare and we rely on one-off
observations. Also, part of the hydrological cycle occurs
underground, and so cannot be observed directly. Lastly,
hydrology is a cross-cutting discipline with a close link to
practice. To account for these specifics of hydrology, three
types of questions were identified:

e “Why” questions relating to phenomena (e.g. Why are
there wind waves?)

e “What” questions relating to processes or estimation (e.g.
What is the effect of increased rainfall intensity on land-
slide probability?)

e “How” questions relating to methods (e.g. How can we
estimate runoff in ungauged basins?)

The TAHS Commissions and Working Groups were engaged
in providing inputs in terms of unsolved problems and pro-
cedure. Additional consultations were made with the hydrol-
ogy sections of EGU and AGU, as well as with the TAH. Ideas
on the process were also taken from similar exercises (e.g.
Sutherland et al. 2013). Finally, the following steps were
followed:

2.2 Seven steps

Step 1: Video launch

A video was published on YouTube on 14 November
2017° outlining the purpose of the initiative and the vision.
Specifically, it was requested that, to make tangible progress,
the problems should:

e ideally relate to observed phenomena and why they
happen;

e be universal (i.e. not only apply to one catchment or
region); and

e be specific (so there is a hope they can be solved).

The video also outlined the procedure and solicited input.
The video was advertised through the TAHS mailing list
(containing addresses of 8500 hydrologists across the
world), social media and other channels. That video had
been viewed about 1500 times by April 2018.

Step 2: Discussion via a LinkedIn group
The LinkedIn group IAHS - International Association of
Hydrological Sciences® was established. All IAHS members

"International Association of Hydrological Sciences.

2European Geosciences Union.

3American Geophysical Union.

“International Association of Hydrogeologists.
>https://www.youtube.com/watch?v=jyObwmNr7Ko&feature=youtu.be.
Shttps://www.linkedin.com/groups/13552921.


https://www.youtube.com/watch?v=jyObwmNr7Ko%26feature=youtu.be
https://www.linkedin.com/groups/13552921
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Mathematische Probleme.

Vortrag, gebalten auf dem internationalen Mathematiker-Kongref
zu Paris 1900.

Von
D. Hilbert.

Wer von uns wiirde nicht gern den Schleier liiften, unter dem
die Zukunft verborgen liegt, um einen Blick zu werfen auf die
bevorstehenden Fortschritte unsrer Wissenschaft und in die Ge-
heimnisse ihrer Entwickelung wihrend der kiinftigen Jahrhun-
derte! Welche besonderen Ziele werden es sein, denen die fiih-
renden mathematischen Geister der kommenden Geschlechter nach-
streben? welche nemen Methoden und neuen Thatsachen werden
die neuen Jahrhunderte entdecken — auf dem weiten und reichen
Felde mathematischen Denkens?

Die Geschichte lehrt die Stetigkeit der Entwickelung der
Wissenschaft. Wir wissen, daB jedes Zeitalter eigene Probleme
hat, die das kommende Zeitalter 16st oder als unfruchtbar zur
Seite schiebt und durch neue Probleme ersetzt. Wollen wir eine

Figure 1. Left: First page of Hilbert's “Mathematical problems” (Hilbert 1900). Right: David Hilbert around 1900. English translation® see Hilbert (1902).

were invited to join, and so were the sister associations and
partners, and all hydrologists. The IAHS Commissions and
Working Groups were tasked with contributing to streamlin-
ing the discussion and coming up with three unsolved pro-
blems each. The AGU Hydrology Section had a WebEx
meeting with each of the Chairs of the 13 Technical
Committees (TC). The TCs identified the three most impor-
tant questions in their sub-groups, which were later published
in the July 2018 Hydrology Section newsletter.” The Chairs of
the EGU-HS Sub-Divisions (SD) were invited to discuss the
initiative with their members and contribute to the LinkedIn
group. With IAH, the heads of the scientific commissions and
networks were asked to make up to three suggestions each,
from which a list of 10 groundwater-related questions was
compiled by the Executive and forwarded to IAHS. There was
a lively discussion in the group (Fig. 2). A total of 83 con-
tributions were posted as well as a total of 120 responses. The
LinkedIn group was used not only to generate ideas but also
to discuss some of them in terms of their relevance and focus.
The questions varied widely. The IAHS president (the first
author of this paper) encouraged “why” questions related to
discovery science, but it was noted that the majority of the
questions related to “what” and “how” questions.
Additionally, the questions varied widely in terms of their
specificity. The advice from previous exercises (Sutherland et
al. 2013) pointed towards the value of more specific ques-
tions, or at least a more uniform specificity across questions.
A question considered rather broad, for example, was “What
are the main processes controlling transport and transforma-
tion of contaminants across scales?”, while a rather specific
question suggested was “Why are the distances from a point
in the catchment to the nearest river reach exponentially
distributed?” The IAHS president gave feedback on his

assessment of the specificity of the questions posted until
then to be considered by the community.

The LinkedIn group was also used to communicate the
proposed procedure and seek feedback, although minimum
discussion on it took place. One of the limitations of the
group discussion was the introduction of login requirements,
even for reading, which was not anticipated at the start and
about which some colleagues expressed concern. As a
response, input was also solicited through email, which was
uploaded to the group.

Step 3: Splinter meeting at EGU

A Splinter meeting was scheduled for Friday 13 April 2018,
at the EGU General Assembly in Vienna, and widely
announced in order to maximise the input from the commu-
nity in the consultation process. Attendees were encouraged
to consult widely. The EGU-HS SD Chairs were asked to
provide the input and point of view of each EGU-HS com-
munity. The meeting was attended by about 60 scientists. The
initial plan for the Splinter meeting was to go through the
existing set of questions, brainstorm additional questions,
identify and merge questions, and set priorities. It turned
out that the participants only partly overlapped with the
contributors to LinkedIn, so most of the time of the meeting
was spent on brainstorming additional questions. At the end
of the meeting, a total of about 260 candidate problems had
been received through the LinkedIn group, email and the
Splinter meeting.

Step 4: Vienna Catchment Science Symposium (VCSS)

On the following day, Saturday 14 April 2018, the Ninth
VCSS was dedicated to the UPH initiative and attended by
about 110 scientists. The meeting started with a short round

’https://hydrology.agu.org/wp-content/uploads/sites/19/2018/07/HS-July-2018-Newsletter-Final.pdf.

8Who among us would not be glad to lift the veil behind which the future lies hidden; to cast a glance at the next advances of our science and at the secrets of its
development during future centuries? What particular goals will there be toward which the leading mathematical spirits of coming generations will strive? What
new methods and new facts in the wide and rich field of mathematical thought will the new centuries disclose?


https://hydrology.agu.org/wp-content/uploads/sites/19/2018/07/HS-July-2018-Newsletter-Final.pdf
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Figure 2. Example screenshot of the discussion forum on Linkedin.

of statements by panellists from IAHS, AGU, EGU, IAH and
the hydrology community at large. Subsequently, the partici-
pants broke up into four parallel discussion sessions of 105
minutes. To this end, the TAHS president had divided the
candidate problems into four groups:

(1) Floods and droughts; Hydrological change; Humans
and hydrology

(2) Snow and ice; Evaporation and precipitation;
Landscape processes and streamflow

(3) Scale and scaling; Modelling; Measurements and data

(4) Water quality; Groundwater and soils; Communicating
hydrology; Engineering hydrology

Each of the four parallel sessions received one group of
candidate problems to sort, merge, split, reword and prior-
itise. It was noted that the grouping was not final and should
not have a bearing on the final outcome of the unsolved
problems. The sorting, merging, splitting and rewording was
left to the groups led by moderators and assisted by scribes
who recorded the group decisions. It was suggested that

questions of comparable specificity would be of advantage,
and duplication should be avoided. For prioritising the lists, a
method inspired by Sutherland et al. (2013) was adopted. As a
start, discussions were held about which questions were unli-
kely to make it to the final list and should be excluded.
Subsequently, the questions were ranked into “gold”, “silver”,
“bronze” and “remove” in order of decreasing importance, by
majority voting of the participants present at each session
(Fig. 3).

These sessions were repeated twice more, and each time
the participants were asked to change sessions, so that the
four groups consisted of different combinations of people.
Also, new moderators were asked to chair the sessions. The
three rounds of sessions were considered essential, as the
sorting, merging, splitting, rewording and voting was an
iterative process. Only the gold and silver questions were
retained for a plenary session with an additional round of
voting (by all participants) for gold, silver or removal from
the list. The idea was to whittle down the 260 questions
initially proposed to a more coherent and smaller set of
most important questions. The process resulted in 16 gold




HYDROLOGICAL SCIENCES JOURNAL 1147

Figure 3. Bottom: Participants of the Symposium on 14 April 2018. Top left: voting in a break-out group. Top right: voting in the plenary session.

and 29 silver questions, which were then posted on the
LinkedIn group and the IAHS website.

Step 5: Synthesis and addressing biases by a small working
group

The synthesis process was inspired by that of Thompson
et al. (2011), which recognised that two complementary
classes of activities are required in synthesis: (a) generative
activities in which new questions are generated, and (b)
consolidation activities in which the questions are priori-
tised, revised, merged and put into the context of the litera-
ture (Fig. 4). Steps 2 and 3 involved the generative activities,
while Step 4 consisted of consolidation activities. During the
VCSS a small working group, involving representatives and
members of IAHS, IAH, EGU and AGU, was appointed to
consolidate, interpret and synthesise the questions, as well as
address potential biases in their selection. Biases may have

Unbiasing

(b) Consolidation
activities:
Contraction
Consistency

Context

arisen from the composition of the participants at the VCSS
due to differences in the visibility of the process in different
sub-areas of hydrology. Additionally, the voting may have
been affected by the specificity of the questions, with more
general questions receiving more votes than more specific
ones. The working group therefore consolidated the ques-
tions with a view to minimising bias. In this process, a few
candidate questions (from the set of 260) that were not
ranked gold or silver were reintroduced. The working
group also merged questions for unifying the level of speci-
ficity and reducing their number. The decision of whether
23 (following Hilbert) or another number of questions
would be appropriate was left open during the VCSS (Step
4), and the working group decided on 23, in line with the
initial call in Step 1. In consolidating the questions
(Supplementary material, Table S1), the intention of the
symposium group in terms of gold and silver categories

Initiation

Reflection

(a) Generative
activities:
Expansion
Creativity

Immersion

Figure 4. Conceptual diagram illustrating the underlying structure of the synthesis process. Modified from Thompson et al. (2011).
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was adhered to by giving higher weight to gold questions
than to silver and other questions. The working group also
pooled the questions into seven themes for clarity and com-
munication, but without changing the contents. As a result
of the synthesis process, the working group proposed a set of
23 questions and prepared a draft of the present manuscript.

Step 6: Final consultation process

It was agreed at the outset that all scientists actively con-
tributing to the process of community consultation should be
offered co-authorship of the final publication. This was to
recognise the individual contributions and to signal respon-
sibility for the final outcome of the process. The manuscript
draft including the 23 questions was sent to all 230 potential
co-authors. At this stage, no final poll was conducted, but
consensus among all co-authors was sought.

Step 7: Publication in Hydrological Sciences Journal (HSJ])

Finally, this manuscript was submitted to HSJ and peer
reviewed by three referees. The review process resulted in
some modifications of the manuscript to enhance its clarity,
but the set of unsolved problems was not modified.

2.3 Limitations of the process

An initiative such as this, of course, has limitations
(Sutherland et al. 2011). Most importantly, it is likely that
there are remaining biases due to the non-representativeness
of participants. The Splinter meeting and symposium were
held in Europe, which may have reduced the number of
participants from other continents and more generally from
countries where travelling abroad is difficult. The organisers
were aware of the potential for biases and worked on redu-
cing them from the beginning, e.g. through electronic com-
munication. Also, 11 of the 13 members of the working group
were from Europe, while the remaining two members were
from North America, possibly reflecting biases in the associa-
tions themselves. Additionally, some subfields of hydrology
were perhaps not well represented. It was noted during the
LinkedIn discussion that there were relatively few questions
related to groundwater, and an effort was made to get more
groundwater questions through representatives of the IAH.
Also, there were not many questions on rainfall processes and
ecohydrology. The members of the working group did repre-
sent all subfields of hydrology well. Finally, some scientists
noted that the discussion through LinkedIn may have formed
a potential barrier as registration was required, with which
some people might not have felt comfortable. For this reason,
candidate questions were also accepted through email.

3 Outcomes

The 23 unsolved questions are presented in Table 1. They are
listed by theme but not in rank order.

3.1 Time variability and change

The questions on time variability and change mainly revolve
around detecting, understanding and predicting changes in

Table 1. The 23 unsolved problems in hydrology identified by the community
process in 2018.

Time variability and change

1. Is the hydrological cycle regionally accelerating/decelerating under climate
and environmental change, and are there tipping points (irreversible
changes)?

. How will cold region runoff and groundwater change in a warmer climate

(e.g. with glacier melt and permafrost thaw)?

. What are the mechanisms by which climate change and water use alter

ephemeral rivers and groundwater in (semi-) arid regions?

What are the impacts of land cover change and soil disturbances on water

and energy fluxes at the land surface, and on the resulting groundwater

recharge?

Space variability and scaling

5. What causes spatial heterogeneity and homogeneity in runoff, evaporation,

subsurface water and material fluxes (carbon and other nutrients,

sediments), and in their sensitivity to their controls (e.g. snow fall regime,
aridity, reaction coefficients)?

What are the hydrologic laws at the catchment scale and how do they

change with scale?

Why is most flow preferential across multiple scales and how does such

behaviour co-evolve with the critical zone?

Why do streams respond so quickly to precipitation inputs when storm

flow is so old, and what is the transit time distribution of water in the

terrestrial water cycle?

Variability of extremes

9. How do flood-rich and drought-rich periods arise, are they changing, and if
so why?

10. Why are runoff extremes in some catchments more sensitive to land-use/
cover and geomorphic change than in others?

11. Why, how and when do rain-on-snow events produce exceptional runoff?

Interfaces in hydrology

12. What are the processes that control hillslope-riparian—-stream—
groundwater interactions and when do the compartments connect?

13. What are the processes controlling the fluxes of groundwater across
boundaries (e.g. groundwater recharge, inter-catchment fluxes and
discharge to oceans)?

14. What factors contribute to the long-term persistence of sources
responsible for the degradation of water quality?

15. What are the extent, fate and impact of contaminants of emerging
concern and how are microbial pathogens removed or inactivated in the
subsurface?

Measurements and data

16. How can we use innovative technologies to measure surface and
subsurface properties, states and fluxes at a range of spatial and temporal
scales?

17. What is the relative value of traditional hydrological observations vs soft
data (qualitative observations from lay persons, data mining etc.), and
under what conditions can we substitute space for time?

18. How can we extract information from available data on human and water
systems in order to inform the building process of socio-hydrological
models and conceptualisations?

Modelling methods

19. How can hydrological models be adapted to be able to extrapolate to
changing conditions, including changing vegetation dynamics?

20. How can we disentangle and reduce model structural/parameter/input
uncertainty in hydrological prediction?

Interfaces with society

21. How can the (un)certainty in hydrological predictions be communicated
to decision makers and the general public?

22. What are the synergies and tradeoffs between societal goals related to
water management (e.g. water—environment-energy—food-health)?

23. What is the role of water in migration, urbanisation and the dynamics of
human civilisations, and what are the implications for contemporary water
management?
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the water cycle due to human and natural causes during the
Anthropocene. Questions 1, 2 and 3 specifically relate to
climate change. Even though