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Abstract

Globally, many different kinds of water resources management issues call for policy
and infrastructure based responses. Yet responsible decision making about water re-
sources management raises a fundamental challenge for hydrologists: making predic-
tions about water resources on decadal-to-century long timescales. Obtaining insight
into hydrologic futures over 100yr timescales forces researchers to address internal
and exogenous changes in the properties of hydrologic systems. To do this, new hydro-
logic research must identify, describe and model feedbacks between water and other
changing, coupled environmental subsystems. These models must be constrained to
yield useful insights, despite the many likely sources of uncertainty in their predic-
tions. Chief among these uncertainties are the impacts of the increasing role of human
intervention in the global water cycle — a defining challenge for hydrology in the An-
thropocene. Here we present a research agenda that proposes a suite of strategies
to address these challenges. The research agenda focuses on the development of co-
evolutionary hydrologic modeling to explore coupling across systems, and to address
the implications of this coupling on the long-time behavior of the coupled systems.
Three research directions support the development of these models: hydrologic re-
construction, comparative hydrology and model-data learning. These strategies focus
on understanding hydrologic processes and feedbacks over long timescales, across
many locations, and through strategic coupling of observational and model data in spe-
cific systems. We highlight the value of use-inspired and team-based science that is
motivated by real-world hydrologic problems but targets improvements in fundamental
understanding to support decision-making and management.

1 Predictions under change

The effect of human activities on the water cycle is deepening and widening rapidly
across the planet, driven by increased demands for energy (King and Webber, 2008;
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Koutsoyiannis et al., 2009), water (Jackson et al., 2001), food (Vérésmarty et al.,
2000) and living space (Zhao et al., 2001), and the unintended consequences and
secondary effects of land use and climate change. Cumulatively, these demands re-
sult in increased human appropriation of water resources, significant modification of
landscapes, and a strong human imprint on water cycle dynamics from local to global
scales (Carpenter et al., 2011; Falkenmark and Lannerstad, 2005; Rdckstrom et al.,
2009; Voérésmarty et al., 2010). The combination of these effects mean that the world
faces a sharp decline in water security (Gleick and Palaniappan, 2010; Postel and Wolf,
2001), which is likely to be most severe in the least resilient of nations (Milly et al., 2002,
2008; Sheffield and Wood, 2008).

The increasing human impacts on the water cycle demand effective management,
such as the development of infrastructure, policy and law to respond to contempo-
rary problems and create frameworks for future management. Management actions
taken today — whether infrastructure or policy related — will have long legacies. The
lifetimes of artificial reservoirs, for instance, are on the order of 10s to 100s of years
(Einsele and Hinderer, 1997). Similarly, the laws governing water rights in the western
United States have had decadal — century scale effects (~ 200 yr for the Prior Appro-
priation Act, ~90yr for the Law of the River), where incorrect assumptions about flow
continue to constrain water management (Garner and Ouellette, 1995; Hundley, 2009;
Tarlock, 2002). Thus, the legacies of historical water resource management decisions
contribute to contemporary water management problems (Srinivasan et al., 2012). It is
likely that humankind will be constrained by water resource availability for the foresee-
able future. Contemporary water resources management decisions should therefore
attempt to account for their impacts on time horizons commensurate with those of their
legacies. These time horizons encompass a period in which we anticipate dramatic
changes in climate, population, land uses, and energy and food demand (Huang et al.,
2011). Indeed, the human driven changes in water, nutrient, energy cycles, and land-
scape evolution may now overwhelm natural variability, leading to the contemporary
geologic era being labeled the Anthropocene — the human era (Crutzen and Stoemer,
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2000; Poff et al., 2013; Rdckstrom et al., 2009; Vitousek et al., 1997; Vérdsmarty et al.,
2010; Zalasiewicz et al., 2010). To make good decisions about water management
today requires a drastic improvement in our ability to predict the dynamics of water
resources on long timescales, in the presence of rapid change in multiple elements
of the water system, and subject to the direct and indirect influence of human activity
(Milly et al., 2008; Wagener et al., 2010). To continue to make good water management
decisions as projected changes impact water systems behavior also requires detecting
and attributing emergent changes (Maurer et al., 2007), making predictions about their
effects on hydrology, and altering management decisions accordingly. The complexity
of these issues means that we have taken a broad view of the term “prediction”, rec-
ognizing that traditional, deterministic forecasts are likely to be impossible for complex
systems containing human agents, particularly on long timescales. It may be more real-
istic to develop predictive insights of a phenomenological or qualitative nature (Kumar,
2011). These insights would assist in decision making on long timescales by helping
to constrain the range of possible outcomes, to make plausible simulations, and to
identify, account for and observe important interactions and transitions.

The hydrological prediction frameworks that are widely applied for managing water
resources today derive from a reductionist paradigm, and are not well aligned towards
developing predictive insight into complex systems. Several commentators have al-
ready called for new ways to do water science that will support hydrologic predictions
in the Anthropocene (Killeen and Abrajano, 2008; Wagener et al., 2010; Reed and
Kasprzyk, 2009). Such a research approach, however, raises pragmatic questions.
For instance, the respective roles of single-investigator research approaches versus
community-wide “big science” endeavors in this arena must be better defined (Torg-
ersen, 2006). Use-inspired hydrologic science must also be careful to avoid devaluing
“pure science” approaches to hydrology (Dunne et al., 1998). Thus, developing pre-
dictive insight to support water management in the Anthropocene not only poses fun-
damental scientific challenges, but also non-trivial practical challenges for the water
science community.
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As a response to these issues, we convened a series of workshops for the hydrologic
community in 2009—2010 to discuss the grand challenge of making predictions in the
Anthropocene (Sivapalan, 2011). This article represents a distillation of the ideas gen-
erated from this large, grass-roots effort. Here we firstly identify core impediments to
hydrologic prediction in the Anthropocene and argue that there are tangible research
methods available to the hydrologic research community that can begin to address
these problems. Secondly, we propose that a “use-inspired” approach towards the plan-
ning and execution of this research (Stokes, 1997) provides a way to simultaneously
advance fundamental knowledge and its applicability to water resources management,
and thus navigating some of the tensions that arise between doing science to expand
fundamental knowledge, and doing science to improve human and environmental well-
being.

2 Scientific needs and challenges

Several scientific challenges derive directly from the need to develop predictive in-
sight on the decadal-to-century scale timeframes commensurate with the lifetimes of
our water management decisions. As argued above, century-long timescales encom-
pass periods of time over which multiple environmental subsystems are anticipated
to change as a direct or indirect result of human activity. These changes mean that
the hydrologic system, taken as a whole, is characterized by time-dependent proper-
ties that may change rapidly relative to the timescales on which prediction is desired.
Following Milly et al. (2008), we will refer to this time-dependence of system proper-
ties as “non-stationarity”. Although there is a long literature dealing with non-stationary
modeling in hydrology (Clarke, 2007; Cohn and Lins, 2005; Klemes, 1974; Koutsoyian-
nis, 2006), coping with non-stationarity still generates several specific challenges re-
lated to its interpretation and description: (i) firstly, predicting the effects of change
in inter-connected environmental subsystems on hydrologic behavior. To do this, we
must (ii) secondly identify, develop functional descriptions for change, which may imply
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to parameterize the interactions and feedbacks between inter-connected subsystems.
Thirdly, (iii) the interaction of multiple inter-connected subsystems with many degrees
of freedom is likely to amplify uncertainty in our predictions, and techniques to constrain
this uncertainty must be developed. Finally, (iv) interconnected environmental subsys-
tems include the special case of human-water interactions. Improving our understand-
ing of these interactions is a particularly difficult and important challenge worthy of
special consideration (Leung et al., 2013).

2.1 Challenge 1: non-stationarity

Over the next 10-100yr, most hydrologic systems will be exposed to continuous (al-
beit uncertain) changes in climatic forcing. Climate change signals are now detectable
in some global and regional hydrologic processes (Maurer et al., 2007; Seneviratne
et al., 2010). New patterns of rainfall extremes are predicted in many regions of the
world (Dominguez et al., 2012; Huntingford et al., 2006). Although their behaviors do
not exhibit a consistent global tendency (Sun et al., 2012), such patterns have a direct
impact on rainfall statistics, which will no longer reflect their historical distribution. Mak-
ing predictions on century-long timescales requires propagating these changes into hy-
drological predictions, carrying out impact studies which involve significant unknowns
and uncertainties (Bléschl and Montanari, 2010). Significantly non-linear responses to
these climatic changes alone are anticipated (Fig. 1a), making the extrapolation of his-
torical data to future scenarios challenging. Contemporary approaches that perform
this extrapolation directly, e.g. historically based frequency analysis approaches (Milly
et al., 2008), or indirectly, through calibrating models to historical data (Wagener, 2007),
are thus problematic.

Climate and land use change directly impact hydrology through changing the forcing
and response of hydrologic systems. Moreover, they are also likely to induce further
changes in a range of physical, ecological and social processes. Making hydrologic
predictions on century-long timescales is therefore not only a matter of developing
modeling approaches that are robust to non-stationarity in the forcing variables, but
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also requires addressing how these changes propagate into the structure and proper-
ties of catchments (Sivapalan et al., 2003). For example, climate and land use changes
are likely to promote changes in vegetation and ecological communities (Loarie et al.,
2009). Vegetation composition in a catchment can change over decadal timescales,
(Foley et al., 2000; Rose et al., 1995; Thompson and Katul, 2008). Vegetation compo-
sition can also have large impacts on water resources — e.g., 30 % decline in annual
runoff and 60 % decline in peak flows following pine invasion of grasslands (Fahey and
Jackson, 1997). “Second-order” effects can thus occur rapidly compared to the 100 yr
prediction horizon, while being hydrologically significant. Describing second order ef-
fects requires a predictive framework that extends beyond purely hydrologic dynamics.
The interactions of coupled systems are often complex (Tucker and Slingerland, 1997),
and may be counter-intuitive. For instance, in direct opposition to the pine-invasion ex-
ample quoted above; drought mortality of Pifion pine in the South-West USA caused
a 50 % decline in runoff ratio (Guardiola-Claramonte et al., 2011) (Fig. 1b). Second
order effects of climate or land use change thus present a major scientific knowledge
gap (Foley et al., 2003; Lloyd and Farquhar, 2008; Gupta et al., 2000) which is only
exacerbated when considering the potential feedbacks between human and hydrologic
systems (Fig. 1c, and Sect. 2.4).

2.2 Challenge 2: identifying, describing and accounting for feedbacks

Addressing both first- and second-order effects of non-stationarity greatly expands the
domain of hydrologic inquiry, and generates a series of new challenges of its own: (i)
identifying whether or not systems are coupled to each other; (ii) describing the mecha-
nisms that mediate this coupling; and (iii) parameterizing these functional relationships.
The explosion of research activity in interdisciplinary subfields of hydrology — eco-
hydrology (Smettem, 2008; Rodriguez-lturbe, 2000), eco-geomorphology (Wheaton
et al., 2011), ecohydraulics (Nepf, 2012), hydro-climatology (DeAngelis et al., 2010)
hydro-pedology (Lin et al., 2005), and socio-hydrology (Sivapalan et al., 2012) etc. —
reflects a growing understanding of the mechanisms and importance of coupling be-
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tween hydrologic and other environmental subsystems. However it is unclear whether
the processes generally targeted by interdisciplinary hydrology describe all relevant
interactions exhaustively. For instance, adopting a data-driven approach, Ruddell and
Kumar (2009a, b) identified multiple process couplings on widely varying timescales
that described the interaction of agricultural crops with the atmospheric boundary-layer.
Many of these couplings did not map to known or hypothesized land-atmosphere inter-
action pathways. We may not, therefore, understand the full range of process coupling,
even in relatively well-studied coupled systems.

Process-based investigations will not identify modes of coupling that investigators
do not deliberately look for. Data-based investigations will not identify the presence of
unobserved coupling. Thus, it is likely that feedbacks will only be identifiable if their
effects change. Identifying unanticipated interactions as they emerge can be challeng-
ing, since observation systems are often optimized towards the status quo, and treat
deviations from the status quo as erroneous or aberrant. For example, a combination of
uncertainties about satellite performance, anticipated gradual rather than rapid ozone
loss due to CFC chemistry, and erroneous ground-based measurements of ozone con-
centrations delayed identification of the Antarctic ozone hole via NASA measurements
(Moehring, 1990). We are challenged to find observation and inference techniques that
would avoid similar delays in hydrologic systems.

Assuming the presence of coupling can be identified, the relationships that lead to
this coupling must be functionalized, and ultimately represented in terms of measurable
physical quantities. Functionalization and parameterization are non-trivial challenges
that generally require many observations and dedicated sets of experimentation and in-
vestigation (Thompson et al., 2010). Due to the large efforts required to generate these
functional relationships and parameters, constraining the set of target processes to-
wards those which will significantly change hydrological dynamics over the timescales
of interest is another challenge posed by interconnected systems.
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2.3 Challenge 3: uncertainty, predictability and observations of inter-connected
systems

The dynamics of hydrological systems arising from a co-evolving complex of intercon-
nected processes pose significant challenges in terms of uncertainty and predictability.
Predictions made for coupled, high dimensional systems are likely to exaggerate the al-
ready formidable problem of uncertainty in hydrological models (Beven, 1993, 2006a;
Montanari, 2011; Montanari et al., 2009). Coupling additional processes into hydro-
logical prediction systems will increase the number of parameters, and multiply the
challenges of calibration and validation. It is likely to exacerbate uncertainty purely due
to the complex and coupled nature of the modeling systems (Wagener, 2007; Beven,
1993, 2007). In particular, the uncertainty and error arising from predictions made by
static models will grow over time as catchments change (due to changing climate, land
use or their second order effects) and the model assumptions diverge from reality.
Despite this uncertainty, water resource management will still require quantitative
predictions or assessments of plausible futures to assist in decision-making. While it
may never be feasible to make predictive 100 yr time series predictions of hydrologic
response under these conditions, improving short-timescale predictions will be essen-
tial for evaluation, adaptation and ongoing water resources management (Dessai et al.,
2009; Lindenmayer and Likens, 2009; Tanaka et al., 2006). Quantifying and constrain-
ing the uncertainty in these predictions provides a feasible, yet still challenging goal.
The counterweight to predictive uncertainty is provided by observations of hydro-
logic systems. To use observations to constrain uncertainty, diagnose model short-
comings and identify change requires overcoming several limitations. Firstly, it is un-
clear how to prioritize limited resources for observations towards those of the highest
value or greatest need in constraining uncertainties or adapting predictive frameworks
(Kollat et al., 2011; Mishra and Coulibaly, 2009; Reed et al., 2006; Reed and Kollat,
2012). Secondly, it is unclear which features of model output offer the most diagnos-
tic insight, particularly when attempting to identify the effects of change (Gupta et al.,
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2008). Most current diagnostic efforts rely on evaluation of flow time series (Maurer
et al., 2007; Moss, 1979a,b), which represent only a small component of the informa-
tion within a model. New metrics are needed that can evaluate the ability of models to
represent non-stationary water systems (Laio and Tamea, 2007; Montanari and Kout-
soyiannis, 2012; Sikorska et al., 2013). Finally, observations will be essential to identify
the presence of events and trends that were not predicted. Observations can also be
used to correct the inherent shortcomings of predictive tools, through conventional or
next-generation data assimilation approaches and model diagnostics (Kollat and Reed,
2008; Reed and Kasprzyk, 2009). Thus, the challenge of managing uncertainty relates
to the challenge of combining all sources of predictive insight — data and model de-
rived — to constrain uncertainty, improve models, identify important and unexpected
transitions and to make quantitative predictions over short(er) timescales.

2.4 Challenge 4: social factors underlying coupled human-water system
behavior

Addressing the interaction between people and water systems is critical due to the
overwhelming direct and indirect influence of human activities on the water cycle — as
illustrated for the impact of reservoir construction in Fig. 1¢c (Vérésmarty et al., 2000,
2010). Yet there is at present limited understanding of the major modes of interaction
between human and hydrologic systems on long timescales, and significant challenges
arise when attempting to develop predictions about this interaction. These challenges
are (i) pragmatic; are (ii) related to the complexity of human societies, including their in-
teraction with water, and (iii) encompass a set of theoretical difficulties that also arise in
systems subject to Darwinian evolution — a state-dependence of the underlying “rules”
that govern system change (analogous to change of model structure) known as self-
reference.

Numerous pragmatic challenges arise when attempting to understand human-water
interactions. For instance, quantification of the role or value of water in different social-
economic (Olmstead et al., 2007; Harou et al., 2009; Characklis et al., 2006), or socio-
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ecological settings (Schroter et al., 2005; Suen and Eheart, 2006; Bekele and Nicklow,
2005; Poff et al., 2010) is nontrivial. The different methods, scales, institutions and legal
frameworks by which societies around the world manage water (Gleick and Palaniap-
pan, 2010; Réckstrom et al., 2009) generate tremendous specificity in water systems.
Access to water ranges from largely uncontrolled (Lal, 2005, 2011; Srinivasan et al.,
2010a, b); to controlled but decentralized (Tanaka et al., 2006), to centralized and highly
controlled (Coulibaly et al., 2001).

Partly as a result of this specificity, the dynamics of the resulting systems are in-
herently complex. Although the availability of water resources must feed back upon
society, the manifestations of this feedback vary strikingly, depending on the wealth
of societies (Vorésmarty et al., 2010), legal frameworks (Feldman, 2009), institutional
involvement (Ostrom, 2009), global trade (Suweis et al., 2011; D’Odorico et al., 2010;
Seekell et al., 2011), stewardship of local resources (Jewitt, 2002) and probably more.
Feedbacks are weakened by technological interventions (Brown and Lall, 2006). For
example, pre-industrial societies living in floodplains were directly and negatively im-
pacted by flooding and avulsions, which may have caused the abandonment of cities
in the Indus Valley and Middle East (An Heyvaert and Baeteman, 2008; Schulden-
rein et al., 2004). Contemporary industrial societies, however, persist in floodplains
despite periodic destructive events (Di Baldassarre et al., 2009), using technological
(e.g. levees) and economic (e.g. insurance) mechanisms to militate against flooding.
These mechanisms weaken the coupling between hydrological and societal dynamics,
at the expense of amplifying the impact of extreme events when these mechanisms
fail. In the USA this was tragically illustrated by failure of levees in New Orleans (Kates
et al., 2006), and remains a risk in e.g. the San Joaquin — Sacramento Delta (Bur-
ton and Cutter, 2008). The increased nonlinearity of the interaction is characteristic
of weak couplings, and seems to be a generic outcome of interactions between so-
ciety and hydrologic systems (Sivapalan et al., 2012). The risk of such nonlinearities
is likely to increase in the context of non-stationarity, creating the potential for thresh-
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old or “black swan” phenomena (Taleb, 2007) outside the observed range of variability
(Kumar, 2011).

While complex, these kinds of nonlinear dynamics can be reproduced in models and
understood through conventional theory. Yet the success of modern physics in making
predictions about complex physical systems has not been replicated in biological and
social systems. In a discussion of how to extend concepts from statistical mechanics to
Darwinian evolution, Goldenfeld and Woese (2011) hypothesized that the core of this
problem lies in the self-referential nature of the evolutionary process. By this, they mean
that the set of “rules” or governing equations that describe the dynamics of a system
depend upon the system’s state. In the case of Darwinian evolution, the system in ques-
tion is the genome and its environment. Human societies, and their interactions with
water, are also self-referential. For example, the legal framework surrounding human
use of water often constrains water balance partitioning. Yet, via human agency, this le-
gal framework also changes in response to the management outcomes. In evolutionary
biology, self-reference occurs with respect to reproductive fithess as a goal function. In
human societies, the goal functions relate to a suite of desired outcomes for the water
system, which change based on cultural and social mores, as well as increased under-
standing of system dynamics (Kandasamy et al., 2013). Self-reference leads to very
different trajectories of development for apparently similar physical/environmental situ-
ations. For example, Feldman (2009) analyzed the history of the development of water
supply in Los Angeles and Atlanta, two large cities with a similar development history,
with both having experienced significant water supply limitations. In the 1920s Los An-
geles expanded its supply network, draining Owens Lake and deferring demand man-
agement until later in its development history. Encountering similar supply limitations
for the first time in 2009, Atlanta also sought to expand its water supply, but was pre-
vented by limits in regional water transfers and the Endangered Species Act (Congress
of the United States, 1966) which had passed in the interim. The “governing equations”
describing how cities appropriate water in the USA changed between the 1920s and
1960s, causing the water history of the two cities to diverge. Despite the complexity
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of self-referential systems, they have been explored via numerical simulations in the
context of e.g. protein evolution (Earl and Deem, 2004). Similar approaches may be
appropriate for exploring human — environmental interactions. While human behavior
and decision-making itself may in fact be genuinely unpredictable in many contexts
(Dessai et al., 2009; Kasprzyk et al., 2013; Lempert, 2002; National Research Council,
2009), the current situation — where there have been limited studies exploring human-
hydrologic feedbacks in a focused manner — can only be improved by developing and
synthesizing knowledge around this critical topic.

3 Aresearch agenda

We have argued that hydrological science faces a fundamental challenge of obtain-
ing predictive insight on decadal-to-century timescales that match the timescales on
which the effects of water resources management decisions persist. Gaining such in-
sight is contingent on formulating predictive frameworks. These frameworks will differ
from conventional hydrological models in that they must account for the interactions
between hydrologic and multiple other environmental subsystems, in the presence
of persistent change in climatic forcing and land use. We refer to these frameworks
as Co-evolutionary Models. Developing co-evolutionary models forms the lynchpin of
a research agenda to address predictions about non-stationary systems, as shown in
Fig. 2. Co-evolutionary models are necessary tools for making predictions and evaluat-
ing water resource management options. The goal of developing, validating, using and
improving these models provides a framework for other research activities.

We propose two elements of a research agenda that contribute to the development
of co-evolutionary models. The first of these is Hydrologic Reconstruction, which aims
to generate long-term datasets encompassing hydrologic, climatic, land use, human,
ecological and geomorphologic data. Long-term datasets that address both hydrologic
variability and the variability in potentially interconnected environmental subsystems
provide a basis for identifying and quantifying feedbacks — critical for developing co-
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evolutionary models. In particular, research efforts that address changes in human-
water interactions should be included in reconstruction, so that a basis for exploring
human-hydrologic feedbacks on long timescales can be developed. These datasets
will also facilitate testing, falsification and improvement of co-evolutionary models. To-
gether, co-evolutionary modeling and hydrologic reconstruction begin to address the
major challenges to prediction posed by non-stationarity, while hydrologic reconstruc-
tion also provides a basis for the identification, description and parameterization of
feedback mechanisms. These feedback mechanisms can also be identified via Com-
parative Hydrology, which uses diverse observations of a large population of sites to
infer the existence and nature of process interactions and their outcomes. Comparative
hydrology creates opportunities for validation and testing of co-evolutionary models by
confronting them with datasets from multiple locations, across gradients of social, cli-
matic or ecological variations. By superseding the specificities of individual places or
case studies, comparative hydrology will also help the identification of common features
and the development of general prediction methodologies. By incorporating different
features of human-water interactions into comparative hydrological studies, they also
provide a mechanism to address some of the challenges posed by human interaction
with hydrologic systems.

The final component of the research agenda addresses the use of co-evolutionary
models, recognizing the challenges posed by uncertainty and predictability. Through
Model-Data Learning, we suggest that uncertainty can be assessed by creatively link-
ing observations of non-stationary, human impacted systems and models of these sys-
tems. These links include using data modeling and assimilation for short-term fore-
cast improvements, and longer-term programs of diagnosis and evaluation to allow co-
evolutionary models to change and adapt as new evidence of unanticipated feedbacks,
unpredicted human interventions and other sources of error emerge in observations.
The data-model learning component of the research activity is essential to address the
likelihood that emergent trends in coupled non-stationary systems — particularly those
impacted by human activity — are not predictable a priori, but must nevertheless be in-
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corporated into models of the co-evolving water system. These elements of a research
agenda are elaborated on below.

3.1 Co-evolutionary modeling

Co-evolutionary modeling represents the research effort to describe how change in one
component of connected environmental subsystems propagates to the others and ulti-
mately impacts hydrologic behavior (Milly et al., 2008; Vogel, 2011; Vérésmarty et al.,
2010). It requires developing quantitative descriptions of the connections between wa-
ter and other earth surface (Brantley et al., 2006), biological (Poff et al., 2010) and so-
cial disciplines (Braden et al., 2009), and propagating these descriptions through time
to describe the trajectory of the coupled systems. As such, it requires both extension
and synthesis of existing hydrologic modeling techniques. While existing mechanistic
hydrologic models can be coupled, through the inter-dependence of their parameters,
to models of other physical or biological systems (Flores et al., 2009; Qu and Duffy,
2007; Tucker et al., 2001; Beven, 2007), indiscriminately extending such complex mod-
els rapidly becomes intractable. Thus, other modeling approaches are essential. In
particular, an understanding of the dynamics of coupled systems via low-dimensional,
nonlinear modeling can be used to judiciously focus the development of co-evolutionary
models towards the most important processes influencing hydrologic change.

We suggest that research into co-evolution modeling could be structured specifically
around the challenges identified with making predictions about coupled systems: (i)
identifying, (ii) functionalizing, and (iii) parameterizing process coupling, and coping
with the significant theoretical challenges associated with human behavior.

To begin with, data-driven modeling approaches offer an avenue towards the identifi-
cation of process coupling as revealed in time series records (Abrahart et al., 2012; See
et al., 2007; Young, 2013). The information theoretic approach of Ruddell and Kumar
is one methodology that can extract signatures of coupling from time series records
(Ruddell and Kumar, 2009a,b). Other approaches, such as those developed to identify
synchrony and time delays (Quian Quiroga et al., 2002), or causality metrics developed
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for non-linear systems or time-local systems (Detto et al., 2012; Hatala et al., 2012;
Molini et al., 2010) are also appropriate to identify coupling. None of these approaches
provides process descriptions or parameterizations, but they generate a suite of diag-
nostic tools that can be used to identify signatures of coupling from observations, guide
hypothesis development, and assist with model evaluations. Data availability provides
the major constraint on data modeling. Incorporating data-driven approaches within
the hydrologic reconstruction activities proposed in Sect. 3.2 could help provide data
about coupling with long characteristic timescales, which is likely to be important when
considering hydrologic predictions of changing systems. Other approaches for identi-
fication of process coupling, such as focused observational studies, remain relevant;
but an expansion of data-driven approaches would capitalize on recent theoretical de-
velopments and the large quantities of information about process coupling that must
reside within existing datasets.

Having identified the existence of process coupling, quantitative descriptions of the
feedbacks between systems may be inferred from time series data or from targeted
observations of the process interactions. At this point, a second class of modeling be-
comes valuable: low dimensional models targeted at understanding system dynamics
(Koutsoyiannis, 2010). Such “toy models” parsimoniously represent the feedbacks and
nonlinearities that drive co-evolutionary relationships, remaining simple enough to al-
low analytical exploration, deployment in stochastic frameworks without requiring large
computing infrastructure and accessibility (Kumar, 2011). These kinds of models have
been successfully used to predict threshold-like transitions in ecology — for example be-
tween oligotrophic and eutrophic conditions in shallow lakes (Dent et al., 2002; Scheffer
et al., 2001), vegetated and desertified conditions in semi-arid shrublands (Kefi et al.,
2007; Rietkerk et al., 2002), between grass or shrub dominated semi-arid rangelands
(D’Odorico et al., 2006; Okin et al., 2009), or even between conditions in which mus-
sel colonies can or cannot establish (van de Koppel et al., 2005). Efforts in resource
economics have demonstrated that low-dimensional models that couple human and
natural systems can have significant explanatory power (Taylor and Brander, 1998), for
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example, by interpreting the specific interactions and conditions that explain the col-
lapse of the monument building culture on Easter Island (Fig. 3). In hydrology, these
models could help identify the different “regimes” of hydrological behavior that can
arise in hydrologic systems as a function of climatic, geologic or other control parame-
ters (Sivapalan, 2011); could indicate the potential for thresholds or locally irreversible
transitions to arise in hydrologic systems; or for helping to identify warning signs of
changes (Scheffer et al., 2009; Wolff, 1990; Dakos et al., 2008). They could also (criti-
cally) identify process couplings that are relatively unimportant for nonlinear transitions
or changes in processes, and as such provide a rationalization for simplifying the scope
of modeling activities. Of course these models also have limitations: for instance it is
challenging to use these low dimensional frameworks as a basis for making detailed
predictions in a distributed fashion. Developing low- and high- dimensional models in
such a way that they can be tested against each other and against observations might
facilitate the creation of a suite of tools that can span different orders of complexity (see
Sect. 4.2).

Ultimately, we will wish to use detailed mechanistic (bottom up) models of coupled
systems to generate quantitative predictive insights. Several such models already exist
for different eco-hydrological, hydro-geomorphological and other applications (Flores
et al., 2009; Qu and Duffy, 2007; Tucker et al., 2001). It is unclear, however, whether
existing models are well prepared to cope with non-stationary systems (Wagener et al.,
2010). Testing these models with datasets developed through hydrologic reconstruc-
tion provides one way to evaluate their performance under changing conditions. An
alternative approach would be to apply modeling frameworks to contemporary loca-
tions experiencing significant imposed change. These tests would aim to “push” the
parameterizations and process representations of existing models beyond the phase-
space defined by stationary conditions. The performance of the models experiencing
such a push would provide a basis to consider future refinements, which could e.g.
consider new process interactions identified from data modeling and shown to change
system dynamics through dynamical systems arguments.
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A final element of co-evolutionary modeling that requires special consideration is
the challenge of incorporating the role of people into predictive frameworks. As dis-
cussed in Sect. 2.4, there are fundamental theoretical challenges associated with this
synthesis of hydrologic and socio-economic issues. Self-reference, complexity, weakly
coupled systems and the potential for genuine unpredictability are new challenges
for hydrologists — and some of them remain novel challenges for mathematicians,
economists and theoretical physicists. Incorporating metrics of human-water interac-
tion into comparative hydrologic studies and reconstruction efforts provides a partial
response to this challenge. Developing models that describe human-water interactions
and determining if these have explanatory power (as per e.g. Di Baldassarre et al.,
2013a) also offers a partial response. None of these approaches, however, are likely
to be sufficient to fully address the theoretical complexity raised by the particular fea-
tures of human-water interactions. The final component of the co-evolutionary model-
ing exercise must thus be to progress with fundamental theoretical studies that shed
insight into the behavior of complex, self referential systems with weak coupling, and
potentially unpredictable agents. This is a challenge particularly appropriate to the new
science of socio-hydrology (di Baldassarre et al., 2013b), and suggests that this is
a discipline in which mathematicians and theoretical physicists, as well as hydrologists
and social scientists, may need to be involved (Sivapalan et al., 2012).

3.2 Hydrologic reconstruction

Lack of understanding, description and modeling of co-evolving coupled hydrologic
systems over long timeframes poses a major impediment to the formulation and test-
ing of co-evolutionary models to address hydrologic change: for this reason studies
of co-evolution on hundred year timeframes are a priority. Hydrologists have already
attempted empirical reconstructions of hydrological change and water system histo-
ries in specific locations, generally motivated by the need to understand the genesis
of contemporary hydrological problems (An Heyvaert and Baeteman, 2008; Brazdil
and Kundzewicz, 2006; Brazdil et al., 2006; Merritts et al., 2011; Nicholson, 1979;
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Schuldenrein et al., 2004). While empirically informative, these studies could also pro-
vide valuable theoretical test-beds for co-evolutionary models over decadal to century-
scale timeframes. In this respect, we take inspiration from climate scientists and paleo-
hydrologists who have benefitted extensively from reconstruction studies (Ganopolski
et al., 1998; Lean et al., 1995; Mann and Rutherford, 2002; Nicholson, 1979), which
attempt to infer the trajectories of historical (and deep-time) climates, and to reproduce
and explain their features via predictive frameworks (Bell et al., 2003; Nicholson, 1979;
Smerdon, 2012). Climate reconstruction has provided historical insights (McCormick,
2011); long-term data records that can be used as an empirical baseline against which
to compare contemporary changes (Mann and Rutherford, 2002); and opportunities to
compare model predictions to empirical (or at least semi-empirical) data over millennial
timescales (Bell et al., 2003; Hargreaves et al., 2011).

These reconstruction efforts in climate sciences provide a template for an effort in
hydrologic reconstruction, which might be anticipated to provide the same benefits to
hydrologists analyzing changing systems: namely (i) the generation of baseline data
against which to evaluate contemporary changes; (ii) analysis of natural variability and
long term cycles affecting hydrological systems (Markonis and Koutsoyiannis, 2013;
Montanari, 2012); (iii) investigation of hydrological influence on human societies in
historical contexts (Brown, 2009; Endreny and Diemont, 2012; French et al., 2012);
(iv) evaluation of the nature and magnitude of changes that have been imposed on
basins over pre-historical and historical timescales, and assessment of the sensitivity
and response of hydrological systems to these changes; and (v) generation of datasets
against which to evaluate and improve models of hydrological systems over timescales
that exceed the length of the instrumented record.

Hydrologic reconstruction can draw on the methodologies developed for historical
and paleo-hydrological studies, whether geological proxies such as lake levels (Lowry
and Morrill, 2011; Steinman et al., 2010; Bradley et al., 2010; Nunnery et al., 2010;
Luo et al., 2013) or historical documentation such as taxation records (Brazdil et al.,
2012). Historical hydrology has used historical experiences to inform risk assessment
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and to contextualize the present hydrology (Brazdil et al., 2006, 2012; Brazdil and
Kundzewicz, 2006; Montanari, 2012) and provides a logical starting point for recon-
struction efforts, which would focus on identifying and attributing hydrologic changes in
historical datasets. An example of such a research perspective is provided by Di Bal-
dassarre et al. (2013a) who interpret changes in flood severity on the Po River (Fig. 4)
in terms of levy construction and urban population.

The empirical aspects of hydrologic reconstruction pose clear challenges. Historical
records suitable for historical hydrology are not globally available, perhaps explaining
an initial bias in these studies towards European catchments (Brazdil and Kundzewicz,
2006). The value of “typical’ paleo-hydrological proxies (Baker et al., 1993; Jarrett,
1991) for evaluating century-scale changes in watersheds is not well understood. Ac-
cessing the hydrologically relevant information embedded in historical datasets — for
instance information regarding construction of run-of-river dams for mill operation in
the USA (Merritts et al., 2011; Walter and Merritts, 2008) — is likely to require interdis-
ciplinary research, methods for fusing “hard” and “soft” data, and ways to address the
reliability of information derived from “human sensors” (Hall et al., 2010).

The predictive aspects of hydrological reconstruction raise questions about prag-
matic methods for running and evaluating co-evolutionary models, particularly in their
infancy (Milly et al., 2008). For instance, changes in these models may be imposed as
non-stationarity in parameters; or it could be explicitly modeled through mechanistic
representations; or it could drive a non-stationary model structure. The simplest initial
strategy may be to begin by evaluating the ability of widely used models to reproduce
observed changes when change is captured by non-stationary values of model pa-
rameters. Mechanistic complexity and full coupling between different processes could
then be added into predictive frameworks as motivated by the model performance — a
“top down” approach that broadly mimics the trajectory of climate model development
(Edwards, 2011; Sivapalan et al., 2003).

Reconstruction efforts can begin by focusing on existing, empirically well-
documented examples of hydrological change such as the drying of the Aral Sea (Mick-
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lin, 1988), the genesis of dryland salinity (Clarke et al., 2002) or nitrogen fluxes from
the Mississippi (Turner et al., 2008). Focusing on these problems would capitalize on
the significant empirical efforts that have already been invested in understanding them,
as well as generating useful quantitative tools for their analysis. Future reconstruction
efforts could concentrate on basins that are identified as facing significant threats due
to climate change and population growth (Vérésmarty et al., 2000, 2010), that offer
particular modeling challenges, or which experience non-stationarity in different ways
(e.g. changes in precipitation regimes, water abstraction, sea level rise, or land use
change).

3.3 Comparative hydrology

Comparative hydrology can be used to identify or test hypotheses about trends in hy-
drological behavior as a function of climatic and/or watershed properties. Comparative
hydrology supersedes case study or watershed-specific approaches to hydrologic re-
search, and has the potential to separate site-specific phenomena from generalizable
trends (Falkenmark and Chapman, 1989; McDonnell et al., 2007). With information
about hydrological behavior in a large number of watersheds, robust testing of hypothe-
ses generated from comprehensive investigations of a small number of sites (Thomp-
son et al., 2011b) can be generalized via the statistical power of a large dataset. Alter-
natively, statistical and top-down modeling approaches (Sivapalan et al., 2003) applied
to many watersheds can be used to identify and explore emergent patterns (Voepel
et al., 2011), which can then become targets of hypothesis formation and mechanistic
inquiry. These studies can be specifically used to assist in co-evolutionary modeling
by targeting them towards identification of feedbacks between hydrologic and other
systems.

Comparative hydrology is not a new concept: rather, it is the approach that under-
pinned Budyko’s analyses of hydroclimatology (Budyko, 1974); Abrahams’ investiga-
tions of geomorphological features (Abrahams and Ponczynski, 1984), and was for-
malized in the 1980s by Falkenmark and Chapman (Falkenmark and Chapman, 1989).
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In recent years, comparative studies have also addressed the classification of veg-
etation biomes via water balance (Stephenson, 1990, 2003), hydro-climatic controls
on NDVI and transpiration (Thompson et al., 2011b; Voepel et al., 2011), controls
on hydrologic regimes (Carrillo et al., 2011; Olden et al., 2011; Sawicz et al., 2011),
the relationship between available energy and soil development (Pelletier et al., 2013;
Rasmussen, 2012; Rasmussen et al., 2011), and — in an initial sense — emergent pat-
terns in human-hydrologic interactions (Srinivasan et al., 2012). Figure 5 illustrates
three different relationships that emerge from 430 watersheds when considering pat-
terns of hydro-climate (Budyko’s curve), geomorphology (Abrahams’ curve) and vege-
tation cover (aridity — NDVI curve). Research that uses these emergent relationships
as a constraint has provided insight into catchment processes (Brooks et al., 2011;
Troch et al., 2009), while empirically these patterns provide a minimal basis for pre-
diction and extrapolation (Zhang et al., 2001, 2008). Comparative hydrology recently
formed the basis for a comprehensive synthesis (across processes, places and scales)
of runoff prediction model performance, undertaken as part of the Predictions in Un-
gauged Basins (PUB) initiative (Bléschl et al., 2013; Hrachowitz et al., 2013).
Although comparative hydrology is an existing technique, there is potential to expand
its application and orient it specifically towards changing or anthropogenically impacted
water systems. Comparative hydrology offers a way to identify hydrologic responses to
imposed change and the modes by which these responses occur. Inter-comparison of
watersheds experiencing similar trends in warming, drying or changing rainfall patterns
may reveal commonalities in terms of bulk hydrological responses (Wagener and Mon-
tanari, 2011), and longer-term watershed evolution, perhaps manifested in ways that
are readily detectable by remote sensing, such as vegetation cover or land use. Such
“data-mining” approaches may prove to be the best way to begin understanding the
diversity of responses of complex systems to exogenous forcing, when theory does not
immediately offer a clear prediction. Subdivision of large datasets into training and pre-
diction groups provides one approach that facilitates testing, falsification and improve-
ment of hypotheses generated through these methods. Alternatively, methodological
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explanations for emergent patterns can be sought, used to formulate new predictions
about the nature of change in unobserved aspects of the study watersheds (Wagener,
2007). These new predictions then form a target for hypothesis testing and improve-
ment.

Secondly, comparative hydrology offers a test-bed for hypothesis and theoretical
evaluation, and model validation. Theories that are robust to changes in climate and
land use should be valid across gradients of watershed properties as manifested by
individual places (Beven, 2000). Comparative hydrology facilitates space-for-time sub-
stitution along gradients of climatic, geological or land use properties. The breadth and
diversity of human societies can and should also be represented in comparative hy-
drologic studies, to allow emergent patterns that may primarily reflect socio-economic
drivers to be elucidated. There is currently a bias towards large numbers of observa-
tions in North America and Europe, with fewer observations available at a global level:
addressing this disparity through targeted international data gathering and sharing is
a core need.

Thirdly, and pragmatically, comparative investigations that treat watersheds as the
unit of inquiry generate findings at the spatial scale relevant to management and
decision-making. Thus, comparative hydrology can help to circumvent the extrapola-
tion challenges implicit when generalizing high-resolution studies to regional scales,
and offers a holistic analytical method in contrast to reductionist approaches that may
become intractable at large spatio-temporal scales (Killeen and Abrajano, 2008).

Identifying an appropriate metric by which to evaluate hydrologic behavior across
watersheds is critical to comparative hydrology. Previously studies have successfully
used signatures of the hydrologic regime, such as annual water balance partitioning
(Budyko, 1974), or the flow duration curve (Vogel and Fennessey, 1994, 1995), or
several of these signatures together (Bldschl et al., 2013). Signatures of hydrologic
change, as well as methods to detect such change are needed to apply comparative
hydrology to changing watersheds. Over long timescales, hydrologic proxies drawn
from dendro-chronology or paleo-hydrology may prove useful, and provide the capac-
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ity to extend the hydrologic record over long-enough periods to generate statistical
power (Margolis et al., 2011; Mundo et al., 2012; Woodhouse et al., 2013; Yang et al.,
2012; Baker et al., 1993; Jarrett, 1991). To allow comparative hydrology to provide
insight into human-hydrologic relationships, signatures that specifically relate to this
interaction over historical and modern time periods must also be identified. Numerous
existing datasets collect hydrological data within reasonably well-characterized eco-
logical, geological and climatic contexts. Extending these approaches to incorporate
socio-economic data will be critical for consideration of change in managed watersheds
(Haberl et al., 2006; Redman et al., 2004): fusing hydrological and socio-economic
datasets productively will require interdisciplinary efforts.

3.4 Model-data learning

Model-data learning refers to the synthesis of models and observations for short-term
prediction and long-term adaptation of the predictive frameworks to account for the
effects of un-represented, unpredicted or unanticipated change in hydrologic systems.
There are several ways in which model-data learning can support improved predictions
in changing systems: (i) reduction of uncertainty in short-term forecasts; (ii) as a means
for identifying model weaknesses in reproducing essential system-level dynamics of
change and updating model structures or approaches as the system of interest under-
goes change; (iii) by identifying deviations from expected system behavior which may
be attributable to previously undetected feedback mechanisms, and (iv) by updating
observation networks through time to maximize the value of the observations for pre-
diction. We illustrate the relationship of these activities to prediction and to each other
in Fig. 6.

The “short-term” mode of model-data fusion relies upon using observations to correct
predictions made by uncertain models. Given the inherent limitations of both observa-
tions and models in describing the “true” states and dynamics of systems, this com-
bination will be facilitated by the use of Bayesian frameworks that can extract useful
information while simultaneously acknowledging these limitations (e.g., Drécourt et al.,
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2006; Kollat and Reed, 2008; Gupta et al., 2008; McLaughlin, 2002; Haimes, 1979).
The ability to unambiguously identify optimal model structures or parameter sets via ob-
servation, however, remains highly constrained (Neuman, 2002; Beven, 2006b; Lang-
bein, 1979; Moss, 1979b; Dooge, 1986). These constraints may be alleviated in part by
exploring new kinds of observations or metrics to use in model analysis. For instance,
model predictions could be conditioned on diagnostic metrics that evaluate catchment
function, hydrologic signatures or system-scale emergent relationships. Examples of
such emergent features might include connectivity metrics between catchment and
hillslope, or patterns of connection across nodes in a complex network (Jencso et al.,
2009, 2010; Ruddell and Kumar, 2009a, b). The scope to improve model predictions by
improving model representation of processes — rather than reproduction of single state
variables — remains incompletely explored. Novel, data driven approaches towards con-
straining model error on short timescales — for instance by applying machine-learning
approaches to interpret systematic model errors and filter them out in future prediction
steps — may also have value for improving short-term predictions in changing systems,
when models have not yet adjusted to keep up.

Over longer timescales, of course, changing hydrologic systems demand that model
structures as well as model parameters should change to reflect new dynamics. Model
changes must be based upon identification of poor model predictability, and deliberate
efforts to address it (Beven, 2007). Model-data confrontation provides the best basis for
identification of error; and the information provided by these confrontations will likely
improve when using multiple, theoretically relevant metrics of model performance to
document the divergence of simulated and observed catchment responses to change.
Dedicated investigation (informed by analysis of model errors) can then target these
areas and improvements.

It is also possible to imagine model changes arising through combinations of multiple
models, and an automated machine-learning approach to selecting the optimal model
combination based on data updates. In effect, model structure itself then becomes
a target for assimilation approaches. The learning systems component of such a frame-
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work has the potential to advance rapidly given developments in cyber-infrastructure
and computational techniques for data analysis and hydro-informatics (Beck, 2010;
Hanson, 2007; Porter et al., 2009; Solomatine and Ostfeld, 2008).

The final benefit of model-data fusion for making predictions in changing hydrological
systems lies in optimizing observations of these systems for detection of novel dynam-
ics (and thus identification of feedbacks), and also improvement of predictive strate-
gies. Environmental change should not only drive adaptation of hydrologic models, but
also of hydrologic observational strategies (Reed et al., 2006). At present our national,
regional, and local observation strategies are largely ad-hoc, non-adaptive, aligned
towards understanding status quo behaviors (rather than changing systems) and dis-
connected from evolving water resources policy and management needs (Davis et al.,
1979; Moss, 1979a; Langbein, 1979; United States Geological Survey, 1999; Kaushal
etal., 2010; Lindenmayer and Likens, 2009). As a result there is incongruence between
water resources prediction needs and their support from existing observation networks.
Adaptive observation networks could enable us to transition hydrology towards real-
time learning. By coupling model learning and observation strategies, we can envisage
a systematic feedback between observation, investigation, prediction and management
under continuously changing conditions (Reed et al., 2006).

4 Organizing framework for proposed research agenda

The implementation of the research agenda proposed in the last section raises major
organizational challenges. Global water problems demand urgent input from the hydro-
logic community: and yet the value of this input is contingent on continuing improve-
ments in the fundamental scientific understanding of complex water systems. The first
organizational challenge, therefore, is for hydrologic research to produce science with
direct applications to water management problems while simultaneously maintaining
progress in fundamental water science (Dunne et al., 1998; Stokes, 1997; Torgersen,
2006). Next, many features of the proposed agenda, including its increasingly inter-
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disciplinary focus; the ambitious proposals for long-term data-model learning; and the
need to gather, interpretation and share large datasets to facilitate comparative hydrol-
ogy and reconstruction; suggest scientific tasks that lie beyond the scope of individual
researchers, but instead require interdisciplinary science teams, along with the infras-
tructure to support their work.

The proposed organizational framework for implementing the research agenda
therefore invokes (i) use-inspired basic science, also known as “Pasteur’s Quadrant”
(Stokes, 1997), and (ii) “big or team science” (Torgersen, 2006; Borner et al., 2005;
Hall et al., 2008; Stokols et al., 2008), both of which pose their own challenges, includ-
ing financial support and coordination, nationally and globally. In this section we outline
some of the activities and products that could support this research framework.

4.1 Use-inspired basic science to study hydrologic change

Use-inspired basic science is an approach that attempts to frame pure science prob-
lems within the framework of the applications of that science. Elements of use-inspired
basic science were invoked in past discussions of hydrologic research orientation,
emerging strongly in articulating the research role of the National Laboratories in the
USA and other locations, and more recently in the NRC report on the state of hydrologic
science (Dooge, 1988; Dunne et al., 1998; Stokes, 1997; National Research Council,
2012). It is proposed here as a way to supersede tensions between fundamental and
applied research. We propose two complementary elements of use-inspired science
for hydrology: firstly, using “real world”, societally relevant problems as motivation for
defining pure science questions; and secondly, viewing managed and modified sys-
tems as targets and opportunities for fundamental scientific inquiry.

4.1.1 Motivation from real-world problems

Use-inspired science — as the name suggests — takes real problems, in this case wa-
ter sustainability or water management problems — as a starting point. The goal of
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use-inspired science is not, however, to provide immediate solutions to these problems
(Stokes, 1997), but to determine what the fundamental knowledge gaps are that im-
pede or lower the quality of the solutions that are developed. These gaps then become
the targets of investigation. In this way, fundamental research can be framed and pur-
sued while maintaining a direct connection to its applications, while research priorities
can be linked to management priorities. Table 1 shows how significant water sustain-
ability problems that are likely to arise in response to global trends in the next 100yr
present water science questions that represent targets for scientific investigation. Each
of these problems generates a cascade of secondary effects that will influence the sci-
ence questions, illustrating the complexity and coupled nature of the water science that
must be invoked to address these problems.

4.1.2 Managed real-world water systems as targets for scientific understanding

The second element of use-inspired science that we propose is to recognize that the
extent of human appropriation of water supplies means that we need to improve our
fundamental understanding of the hydrology of managed and impacted systems. The
dichotomy in water science, where researchers focusing on “blue sky” hydrologic re-
search mostly considered natural systems, with managed water systems addressed
from a pragmatic standpoint, has led to an under-representation of managed water
systems as targets of scientific research. A major element of use-inspired hydrologic
science is to resolve this dichotomy by treating managed systems as legitimate targets
of research.

4.1.3 Implementation of use-inspired science

It is worth considering a model for how use-inspired science might be implemented.
Figure 7 provides the conceptual outline of an adaptive hydrologic research process.
In this model, scientific investigation, model development and management mutually
improve each other (Dooge, 1986), with science applications (uses) being integrated
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into the scientific investigative process. The long timescales of management and eval-
uation pose a challenge for this approach at the level of individual investigators. Thus,
the model proposed in Fig. 7 would most fruitfully apply to institutional relationships,
relating to data collection, sharing, and ongoing prediction and evaluation efforts. In-
dividual investigators could then engage with this process on shorter timescales. The
data collected and insights gained would provide a basis for historical reconstruction.
Alternatively, comparative studies could explore hydrologic outcomes as legacies of
past management actions in multiple settings.

4.2 Team Science to study hydrologic change

Although many of the activities proposed in the research agenda can be implemented
by individual researchers, there is a clear impetus towards addressing the problem
of hydrologic predictions through team efforts by supporting both individual and col-
lective ideas. The need for team science arises from the interdisciplinary nature of
the problem of change in water systems; from the high levels of cyber-infrastructure
needed to implement the vision of model-data learning; and from the large investments
in data generation and sharing that are needed to facilitate reconstruction and compar-
ative studies. Thus, the organizational framework for implementation requires targeted
approaches towards team science. Fortunately, many of these needs are highly com-
patible with the mission statements and goals of existing institutions such as CUAHSI
(United States) and IAHS (international), and can thus build from consolidation and
extension of existing initiatives (Montanari et al., 2013).

4.2.1 Fostering interdisciplinary teams

Interdisciplinary engagement is critical for undertaking comparative hydrologic stud-
ies, hydrologic reconstruction and formulating modeling frameworks that could account
for change. Yet fostering successful interdisciplinary engagement remains a nontriv-
ial challenge (Larson et al., 2011; McGuire, 1999; Morse et al., 2007; Salazar et al.,
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2012), particularly when team members may be geographically separated. Fostering
the creation and success of interdisciplinary teams depends on (i) creating an envi-
ronment that supports interdisciplinarity, (ii) crafting problems around which teams can
focus their efforts, and (iii) access to the tools and infrastructure that can facilitate the
activity of these teams. Given the use-inspired science framework, we will add that
these teams should also include representatives from the research community in wa-
ter resources and hydrology, as well as managers and representatives from agencies.
Teams can be supported by building on existing mechanisms such as the Research Co-
ordination Networks (RCNs) supported by the US National Science Foundation, which
specifically aim to bring disparate communities of knowledge together at national and
international levels. Existing forums — e.g. at large international conferences — are avail-
able for these groups to promote their ideas and communicate their findings, providing
a route to credibility within the field. Working cooperatively between primarily research
oriented forums (e.g. AGU, EGU) and forums with a stronger focus on application and
management (e.g. EWRI, ASCE) could provide an institutional mechanism for sup-
porting use-inspired science. These mechanisms are simple, low cost, and capitalize
on existing momentum towards interdisciplinary science in many research communi-
ties. Successful interdisciplinary teams are often centered around an attempt to un-
derstand multifaceted, real-world problems (Irwin et al., 2012). Tangible problems and
desired outcomes assist in creating common goals, and motivate researchers through
the challenging processes of developing common vocabulary, conceptual frameworks
and methods (Thompson et al., 2011a). In this way, use-inspired science may also
provide a framework for team science.

Given that most interdisciplinary teams are not co-located, common infrastructure,
particularly online infrastructure, can also help to foster these teams. The opportunities
for developing tools to assist in research are expansive. They range from innovations
in database design to facilitate the generation of interdisciplinary datasets, to commu-
nications platforms, to online platforms that provide toolkits for specific research tasks.
For example, within the climate and atmospheric science community, the online Data
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Assimilation Research Testbed (DART) supports model-data fusion in a model-neutral
fashion (Anderson et al., 2009). By being model-neutral, DART has tremendous flex-
ibility in its applications. It is well supported by staff, training courses, web-resources
and a physical presence at UCAR. Institutions such as CUAHSI have a clear interest
in similar kinds of infrastructure, and there remains tremendous scope for innovations
in this area. Creative uses of online platforms are particularly critical as research be-
comes more international and interdisciplinary. Critical changes in water systems occur
worldwide, but the distribution of research capacity and observations remains strongly
skewed towards North America and Europe. There are scientific and ethical impera-
tives to address these discrepancies, at least by ensuring open access to datasets (as
users or contributors) and research platforms. The expertise of international institu-
tions such as the IAHS and UNESCO in promoting international hydrological cooper-
ation can be leveraged to promote equal access to and participation in community-led
efforts.

4.2.2 Collaborating to share data and make observations

The research activities proposed in Sect. 3 generate a need for data that spans (i)
multiple locations, (ii) multiple timeframes, and (iii) multiple disciplines (Bléschl, 2006;
Paola et al., 2006). Consolidating existing hydrological (and earth science and ecolog-
ical) data collection and curation efforts (summarized in Table 2) will go a long way
towards addressing the first two needs (Hipsey and Arheimer, 2013). The value of
such curated and standardized datasets is illustrated by the MOPEX dataset which
was made public in 2006 and has, since then, resulted in the publication of over 40
diverse comparative studies (Duan et al., 2006). The quality control, core metadata
accessibility, and standardized format of the MOPEX dataset make this dataset highly
valuable to hydrologists for comparative hydrology studies. More such datasets are
needed, with additional information to support interdisciplinary analysis and over an
expanded geographic area. Strategically, many existing observation networks could be
leveraged to generate valuable datasets for interdisciplinary hydrology (see Table 2).
7928

Jadedq uoissnosiq | Jadeq uoissnosigq | J4adeq uoissnosig | Jaded uoissnosig

HESSD
10, 78977961, 2013

Use-inspired
hydrologic science
for the Anthropocene

S. E. Thompson et al.

: II“ III


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/10/7897/2013/hessd-10-7897-2013-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/10/7897/2013/hessd-10-7897-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

For instance, the Fluxnet datasets provide unrivalled, high resolution information about
evapo-transpiration dynamics, but insufficient soil moisture observations to allow wa-
ter budget closure (Thompson et al., 2011b). Adding these soil moisture observations
would increase the hydrologic value of these sites at a relatively small cost, compared
to the costs of the eddy-covariance instrumentation already present. Interdisciplinary
observation networks such as the Critical Zone Observatories (CZOs) and National
Ecological Observation Network (NEON) are also increasingly focused on human im-
pacts and will include urban locations and regions of rapid land use change. These
efforts reflect that funding agencies are increasingly aware of the importance of scien-
tific understanding in human-modified environments, an awareness that will benefit the
proposed research activities.

Integrating information about human-water feedbacks into these datasets is another
challenge for the community. The challenge relates to the determination of the most
valuable kinds of information to collate, obtaining datasets that may be privately held
or confidentially compiled by government agencies, and by virtue of its nature. For
instance, archiving historical or legal information, or extracting quantitative metrics from
such information to make it easy for hydrologists to use, this information is not a routine
activity (Haberl et al., 2006; Redman et al., 2004). Booming opportunities in novel
data collection techniques, including the use of human sensors, distributed sensors
linked in to mobile phone or wireless networks; and the need to manage uncertainty in
these datasets pose further challenges. Strong multi-disciplinary and multi-investigator
partnerships could be valuable as ways to learn about techniques for gathering, storing,
using and synthesizing these non-traditional datasets.

4.2.3 Models and modeling frameworks

Given the diversity of approaches that we have identified as being important for co-
evolutionary modeling, there is a role for community-based model formulation projects
and targeted model inter-comparison exercises. Taking real problems as targets for
investigation, model building could proceed from interdisciplinary discussions that clar-

7929

Jadedq uoissnosiq | Jadeq uoissnosigq | J4adeq uoissnosig | Jaded uoissnosig

HESSD
10, 78977961, 2013

Use-inspired
hydrologic science
for the Anthropocene

S. E. Thompson et al.

; II“ III


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/10/7897/2013/hessd-10-7897-2013-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/10/7897/2013/hessd-10-7897-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

ify research questions, suitable state variables and critical feedbacks and couplings.
Multiple different models could be crafted for the same system, each reflecting dif-
ferent philosophies and approaches. These models could form the basis for formal
inter-comparison exercises that attempt to illuminate the contribution of the different
efforts. Such activities could be productively supported via existing synthesis centers
such as SESYNC (http://www.sesync.org/) — suitable for ecohydrological and socio-
hydrologically focused modeling efforts; or NCED (http://www.nced.umn.edu/) — for hy-
drological — land surface process studies.

5 Conclusions

We have argued that the long legacy of water resource management decisions places
an imperative upon hydrologists to predict the behavior of water systems over a one-
hundred year timescale that represents the potential lifetime of policy and infrastruc-
ture. Since this lifetime spans a period in which we anticipate rapid changes in many
environmental subsystems, hydrologists are challenged to find ways to address the
implications of these changes for water system behavior. It is unclear that the current
reductionist, mechanistic framework for hydrology is well positioned to address this
challenge (Killeen and Abrajano, 2008; Torgersen, 2006; Wagener et al., 2010). Spe-
cific issues that confront hydrologists include identifying, describing and parameteriz-
ing the feedbacks between water and other systems; addressing uncertainty arising
from changing systems on multiple timescales and developing methods to address the
large and growing role of humans in water systems. Research that aims to address
the goal of developing long-term predictive insight must contribute to the development,
evaluation and improvement of co-evolutionary modeling approaches: we have sug-
gested that theoretical efforts in this area will be supported by empirical studies along
long timescales (hydrologic reconstruction), over gradients in environmental (including
human) features at the catchment scale (comparative hydrology), and by new develop-
ments in the strategic use of data to constrain, improve and evaluate models (model-
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30

data learning). While there are precedents for all these research activities, we suggest
focusing research efforts on these approaches with a particular emphasis on under-
standing system change. Community-led “big-science” initiatives could play a signifi-
cant role in these efforts, whether focused on data curation, observational networks
or interdisciplinary model development. Yet none of these scientific approaches lie be-
yond the scope of individual researchers worldwide, and it seems highly probable that
any big science initiatives in this arena would generate positive “trickle-down” impacts
for individual researchers generally (Torgersen, 2006).

Although we have focused on the major challenges that inhibit our ability to make
predictions that support management decisions, this research agenda does not ad-
vocate abandoning fundamental hydrologic research. We do, however, argue that the
pragmatic focus adopted here can improve the likelihood that this fundamental science
can contribute to solving societally relevant problems — the core aim of use-inspired
science. The use-inspired approach is strongly supported by the launch of Panta Rhei,
the new international decadal initiative of the International Association of Hydrological
Sciences (IAHS) (Montanari et al., 2013), which focuses on changing human and water
systems; and by the synergies already identified between the research program out-
lined in this paper and that of CUAHSI (CUAHSI, 2010). Such synergies can provide the
building blocks for an international hydrological effort to address the effects of hydro-
logical change on society in our ever more human dominated world. These efforts will
provide more opportunities for hydrological researchers to synthesize across places,
disciplines and timescales, to explore non-stationary complex systems, and to engage
with the wide, deep footprint of human intervention on water systems worldwide.
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Table 1. Links between some anticipated trends in hydrologic drivers, the water problems that
these trends are likely to cause, and the cascade of secondary effects that are generated over
a long timeframe. Science questions that result from these problems are framed in broad terms,

and largely relate to emergent features of water systems.

100yr Trends (an-
ticipated)

Resulting Water Prob-
lems

Secondary effects

Science needs

Changing demog-
raphy (population
size and lifestyle)

- Water demand
- Food demand
- Energy demand

- Infrastructure

- Technology

- Land use change

- Development of real and vir-
tual water markets

- Attitudes, policy, law

- Define spatio-temporal dynam-
ics of water supply, demand and
water stress

Urbanization of
population

- Urban modification of
hydro-climatology

- Resource demands

- Water transfers be-
tween urban area and its
region

- Infrastructure

- Technology

- Changes in water quality
- Attitudes, policy, law

- Interaction of urban centers,
their hinterlands and beyond

- Emergent properties of urban
centers, their water infrastructure
and resulting hydrology & clima-
tology

- Valuation of ecosystem ser-
vices

Warming climate’

- Reduced snowpack
storage
- Increased evaporative
demand

- Changing agriculture, land
use, vegetation

- How does changing tempera-
ture alter water budget partition-
ing, supply and demand?

- Ecohydrological and biogeo-
chemical transitions

Changing rainfall
variability

- Flood risk
- Supply shortfalls

- Infrastructure development
to militate against extremes
(e.g. deslination)
- Changing agriculture, land
use, vegetation

- How is rainfall variability (includ-
ing extremes) propagated into
flow, water balance, water qual-
ity, demand, ecology etc?

Rising sea levels

- Aquifer salinization,
flooding

- Infrastructure
- Attitudes, policy, law

- How are coastal surface and
subsurface water systems con-
nected to the ocean?

Globalization of
water systems

- Interdependence of wa-
ter systems

- Increased spatial scale
of water problems

- Land appropriation

- Changing agriculture, land
use, vegetation

- Creation of externalities,
globalization of disparity

- Conflict

- Define spatio-temporal dynam-
ics of water (and pollution) and
virtual water supply, demand and
resulting stresses

' Climate change effects are separated into impacts on temperature and rainfall (since rainfall projections are more uncertain).
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Table 2. Existing data networks that are relevant to hydrological research.

Dataset/Network

Agency Responsible

Primary Focus, References

Critical Zone Observatories
Long-Term Ecological Research

National Ecological Observatory
Network

Global Lake Ecological
Observatory Network

Fluxnet

National Water Information
System

Hydrological Information
System

EarthCube

HCDN

MOPEX

HELP

FRIEND

NSF, USA
NSF, USA

NSF, USA

DOE, USA
USGS, USA
CUAHSI

NSF, USA

UNESCO

UNESCO

Physical processes

Brantley et al. (2006)

Ecology

Kratz et al. (2003)

Ecology

Lowman et al. (2009); Schimel et al. (2007)
Lacustrine environments

Hanson (2007)

Land—-atmosphere interaction

Baldocchi et al. (2001)

Hydrology, Water quality

Goodall et al. (2008)

Hydrology

Hooper et al. (2004)

Earth System Sciences

Moore et al. (2011)

Hydrology

Lins (2012)

Hydrology

Duan et al. (2006)

Hydrology (international)

van Lanen et al. (2002); Bonell et al. (2006)
Hydrology (international)

van Lanen et al. (2002); Bonell et al. (2006)
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Fig. 1. Three fundamental challenges facing hydrological predictions in the Anthropocene. (A)
Changing boundary conditions, illustrated by the 20 % decline in annual rainfall in Western
Australia, generate strongly nonlinear responses in hydrological systems — in this case, a 75 %
decline in reservoir inflows, forcing water supply to transition from surface water resources to
desalination and groundwater extraction. (B) Propagation of changing boundary conditions into
changes in interacting systems, illustrated here by Pifion pine mortality in the South-West USA.
Despite significant loss of forest cover and transpiring areas, runoff ratios in these regions
remain at historically low levels, with the degree of runoff suppression proportional to forest
mortality. (C) The potential for human action to generate large changes in hydrology in ways
that hydrologists are not well equipped to predict. For instance, dam construction near the city
of Raleigh; North Carolina in 1978 has transformed the streamflow PDF in ways that could not
be predicted from historical observation of the streamflow alone.
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Fig. 2. Components of the proposed research agenda to develop predictive insight over 100 yr
timeframes in non-stationary water systems.
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Fig. 3. lllustration of the potential value of minimal nonlinear models to interpret interactions
between nature and society. This illustration follows the analysis of (Taylor and Brander, 1998)
who considered a resource-economics model of the society on Easter Island, which was de-
pendent on a palm forest resource (A). Archaeological evidence illustrates the interaction of
this forest resource with the human population, which follows a cyclical pattern with varying
amplitude, including a large “crash” in human population (B). Similar dynamics are not seen on
other Islands in Polynesia, and arose in Easter Island (according to the modeling and biological
evidence) because of the unusually slow growth rates of the palm trees (C). Simple models can
make predictions about complex system behavior — for instance as a function of the birth rate
(and other control parameters), the long term dynamics of this system tend to either complete
collapse (explaining, perhaps the 12 “mystery” islands of Polynesia which were once colonized
but ultimately abandoned), a simple approach to a stable population through time or a complex
approach to a stable population via limit cycles with variable amplitude.
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Fig. 4. A simple illustration of hydrologic reconstruction from this issue (Di Baldassarre et al.,
2013a): as societies develop in floodplains they modify the floodplain to alter the risk of flood-
ing. In doing so, however, flow behavior within the floodplains change, altering the severity of
specific events. Data shown are for the Pontelagoscuro region on the Po River, Italy.
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Fig. 5. lllustration of three studies in comparative hydrology: Budyko’s curve provides con-
straints on the hydroclimatic regime of individual catchments with a typical relationship emerg-
ing between aridity (potential evaporation normalized by precipitation) and the catchment evap-
orative fraction. Here it is reproduced from data from 430 MOPEX catchments across the USA
(Budyko, 1974; Duan et al., 2006). Abrahams’ curve indicates a typical relationship between
the drainage density in a catchment and aridity, here again MOPEX data have been used to
derive the curve (Wang and Wu, 2013). Finally, vegetation green-ness, as measured by NDVI,
also follows characteristic patterns with aridity (Voepel et al., 2011).
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Fig. 6. Conceptual illustration of how model-data fusion could be built into a use-based science - -
paradigm incorporating scientists, managers and the community for real-time management of

water systems. The diagram highlights a system whereby (a) model uncertainty reduces over
successive iterations of model development, (b) the model’s ability to reproduce new dynamics
evolves as model structures improve, motivated by new learning from observations, and (c) the
observation network adapts in response to changing land-use and management priorities.
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Fig. 7. A conceptual structure for “use-based” hydrology, encompassing management, prag-

matic prediction and fundamental science.
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