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Abstract. Globally, many different kinds of water resources the development of these models: hydrologic reconstruc-
management issues call for policy- and infrastructure-basedion, comparative hydrology and model-data learning. These
responses. Yet responsible decision-making about water restrategies focus on understanding hydrologic processes and
sources management raises a fundamental challenge for hjeedbacks over long timescales, across many locations, and
drologists: making predictions about water resources orthrough strategic coupling of observational and model data
decadal- to century-long timescales. Obtaining insight intoin specific systems. We highlight the value of use-inspired
hydrologic futures over 100 yr timescales forces researcherand team-based science that is motivated by real-world hy-
to address internal and exogenous changes in the propertigsologic problems but targets improvements in fundamental
of hydrologic systems. To do this, new hydrologic researchunderstanding to support decision-making and management.
must identify, describe and model feedbacks between wakully realizing the potential of this approach will ultimately
ter and other changing, coupled environmental subsystemsequire detailed integration of social science and physical sci-
These models must be constrained to yield useful insightsence understanding of water systems, and is a priority for the
despite the many likely sources of uncertainty in their predic-developing field of sociohydrology.

tions. Chief among these uncertainties are the impacts of the
increasing role of human intervention in the global water cy-
cle —a defining challenge for hydrology in the Anthropocene.
Here we present a research agenda that proposes a suite Predictions under change

of strategies to address these challenges from the perspec-

tives of hydrologic science research. The research agendEhe effect of human activities on the water cycle is deepening
focuses on the development of co-evolutionary hydrologic@nd widening rapidly across the planet, driven by increased
modeling to explore coupling across systems, and to addresdemands for energy (King and Webber, 2008; Koutsoyiannis
the implications of this coupling on the long-time behavior €t al-, 2009), water (Jackson et al., 2001), food (VrGsmarty

of the coupled systems. Three research directions suppoft al., 2001) and living space (Zhao et al.,, 2001), and the un-
intended consequences and secondary effects of land use and

Published by Copernicus Publications on behalf of the European Geosciences Union.



5014 S. E. Thompson et al.: Use-inspired hydrologic science for the Anthropocene

climate change. Cumulatively, these demands result in in-containing human agents, particularly on long timescales. At
creased human appropriation of water resources, significarthe other extreme, we disagree with the assertion that deep
modification of landscapes, and a strong human imprint onuncertainty would render improved understanding, model-
water cycle dynamics from local to global scales (Carpentering and predictive assessments meaningless. Instead, we sug-
et al., 2011; Falkenmark and Lannerstad, 2005; Rockstrongest a middle path that asserts that the combination of spe-
et al., 2009; Vérosmarty et al., 2010). The combination of cific initial and boundary conditions and process interactions
these effects mean that the world faces a sharp decline in waamong physical, socio-cultural and ecological domains, will
ter security (Gleick and Palaniappan, 2010; Postel and Wolfconstrain the possible future trajectories of water systems,
2001), which is likely to be most severe in the least resilientrendering some outcomes more (or less) likely. Identification
of nations (Milly et al., 2002, 2008; Sheffield and Wood, of the critical initial and boundary conditions and interacting
2008). processes is a non-trivial task that itself requires a significant
The increasing human impacts on the water cycle demandesearch focus (see Sect. 3). Assuming the problem can be
effective management, such as the development of infrastrucsuitably defined, and depending on the timescale of the pre-
ture, policy and law to respond to contemporary problemsdiction, which affects the development of uncertainty, such
and create frameworks for future management. Manageeonstraints may provide a basis for visualization, understand-
ment actions taken today — whether infrastructure- or policy-ing and intervention, and for the formulation of a constrained
related — will have long legacies (Swyngedouw, 2009). Therange of potential future scenarios for analysis. Indeed, the
lifetimes of artificial reservoirs, for instance, are on the orderlead-time of the prediction is the fundamental driver of the
of 10s to 100s of years (Einsele and Hinderer, 1997). Simi-nteractions between model structure, prediction goals and
larly, the laws governing water rights in the western United increase of uncertainty. We refer to these modest goals as
States have had decadal- to century-scale effee00yr  the development of predictive insights, which include pre-
for the Prior Appropriation Act~90yr for the Law of the  dictions of a phenomenological or qualitative nature (Kumar,
River), where incorrect assumptions about flow continue t02011).
constrain water management (Garner and Ouellette, 1995; The hydrological prediction frameworks that are widely
Hundley, 2009; Tarlock, 2002). Thus, the legacies of histori-applied for managing water resources today derive from a
cal water resource management decisions contribute to correductionist paradigm that attempts to upscale microscopic
temporary water management problems (Srinivasan et alprocess knowledge to large spatial and temporal scales
2012). Itis likely that humankind will be constrained by wa- (Wagener et al., 2010), and may not be well aligned to-
ter resource availability for the foreseeable future. Contem-wards developing predictive insight into complex systems.
porary water resources management decisions should ther&everal commentators have already called for new ways to
fore attempt to account for their impacts on time horizonsdo water science that are based on exploration of patterns,
commensurate with those of their legacies. These time horimacroscopic or “top-down” hydrologic prediction and com-
zons encompass a period in which we anticipate dramatiparative approaches (Bléschl, 2006; McDonnell et al., 2007;
changes in climate, population, land uses, and energy an8ivapalan et al., 2003), with the intention that such tech-
food demand (Huang et al., 2011). Indeed, the human-drivemiques could support hydrologic predictions in the Anthro-
changes in water, nutrient, energy cycles, and landscape ev@ocene (Killeen and Abrajano, 2008; Wagener et al., 2010;
lution may now overwhelm natural variability, leading to the Reed and Kasprzyk, 2009). Such a research approach, how-
contemporary geologic era being labeled Amthropocene- ever, raises pragmatic questions. For instance, the respec-
the human era (Crutzen and Stoemer, 2000; Poff et al., 2013jve roles of single-investigator research approaches versus
Roéckstrom et al., 2009; Vitousek et al., 1997; Vérosmarty community-wide “big science” endeavors in this arena must
et al., 2010; Zalasiewicz et al., 2010). To make good deci-be better defined, since team science approaches may be bet-
sions about water management today requires a drastic inter suited to synthesis research (Bloschl, 2006; Torgersen,
provement in our ability to predict the dynamics of water re- 2006). Use-inspired hydrologic science must also be care-
sources on long timescales, in the presence of rapid chandel to avoid devaluing “pure science” approaches to hydrol-
in multiple elements of the water system, and subject to theogy (Dunne et al., 1998). Thus, developing predictive insight
direct and indirect influence of human activity (Milly et al., to support water management in the Anthropocene not only
2008; Wagener et al., 2010). To continue to make good waposes fundamental scientific challenges, but also non-trivial
ter management decisions as projected changes impact wafactical challenges for the water science community.
ter systems behavior also requires detecting and attributing As a response to these issues, we convened a series of
emergent changes (Maurer et al., 2007), making predictionsvorkshops for the hydrologic community in 2009-2010 to
about their effects on hydrology, and altering managementliscuss the grand challenge of making hydrological predic-
decisions accordingly. The complexity of these issues meansions in the Anthropocene (Sivapalan, 2011). This article rep-
that we have taken a broad view of the term “prediction”. resents a distillation of the ideas generated from this large,
At one extreme, we recognize that traditional, determinis-grassroots effort. Here we firstly identify core impediments
tic forecasts are likely to be impossible for complex systemsto hydrologic prediction in the Anthropocene and argue that
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there are tangible research methods available to the hydras likely to amplify uncertainty in our predictions, and tech-
logic research community that can begin to address thesaiques to constrain this uncertainty must be developed. Fi-
problems. Secondly, we propose that a “use-inspired” ap-nally, (iv) interconnected environmental subsystems include
proach towards the planning and execution of this researclhe special case of human—water interactions. Improving our
(Stokes, 1997) provides a way to simultaneously advanceinderstanding of these interactions is a particularly diffi-
fundamental knowledge and its applicability to water re- cult and important challenge worthy of special consideration
sources management, and thus navigating some of the terfeung et al., 2013).
sions that arise between doing science to expand fundamen-
tal knowledge, and doing science to improve human and en2.1 Challenge 1: non-stationarity
vironmental well-being. The agenda outlined here aspires to
improve the capacity of hydrologic researchers to meet theDver the next 10—-100yr, most hydrologic systems will be
prediction needs posed by water resources management chaxposed to continuous (albeit uncertain) changes in cli-
lenges. Itis focused, however, on addressing gaps that can beatic forcing. Climate change signals are now detectable in
identified within the current portfolio of physical hydrologic some global and regional hydrologic processes (Maurer et
science, its theory, tools, methods and capabilities. It doesl., 2007; Seneviratne et al., 2010). New patterns of rain-
not attempt to address improved and integrated approachdall extremes are predicted in many regions of the world
for water resources management or the science—policy intetDominguez et al., 2012; Huntingford et al., 2006). Although
face. Numerous authors have highlighted the importance ofheir behaviors do not exhibit a consistent global tendency
water resources management that accounts for socio-culturgSun et al., 2012), such patterns have a direct impact on rain-
contexts, needs and equity (Gual and Norgaard, 2010; Landall statistics, which will no longer reflect their historical dis-
2013; O'Brien, 2013; Pahl-Wostl et al., 2007; Pahl-Wostl andtribution. Making predictions on century-long timescales re-
Hare, 2004; Tippett et al., 2005) by recognizing that socialquires propagating these changes into hydrological predic-
and hydrologic systems are in many cases inseparable. Howons, carrying out impact studies which involve significant
to most effectively communicate and collaborate across scitinknowns and uncertainties (Bléschl and Montanari, 2010).
ence, policy and stakeholder communities to achieve benefiSignificantly non-linear responses to these climatic changes
cial water resource management outcomes is a critically im-alone are anticipated (Fig. 1a), making the extrapolation of
portant question, but one that lies beyond the scope of thidistorical data to future scenarios challenging. Contemporary
scientifically oriented paper. approaches that perform this extrapolation directly, e.g., his-

torically based frequency analysis approaches (Milly et al.,

2008), or indirectly, through calibrating models to historical
2 Scientific needs and challenges data (Wagener, 2007), are thus problematic.

Climate and land use change directly impact hydrology

Several scientific challenges derive directly from the need tathrough changing the forcing and response of hydrologic sys-
develop predictive insight on the decadal- to century-scalgems. Moreover, they are also likely to induce further changes
time frames commensurate with the lifetimes of our wa-in a range of physical, ecological and social processes.
ter management decisions. As argued above, century-lonylaking hydrologic predictions on century-long timescales
timescales encompass periods of time over which multipleis therefore noonly a matter of developing modeling ap-
environmental subsystems are anticipated to change as a dioaches that are robust to non-stationarity in the forcing
rect or indirect result of human activity. These changes mearvariables, butalso requires addressing how these changes
that the hydrologic system, taken as a whole, is characterizegropagate into the structure and properties of catchments
by time-dependent properties that may change rapidly rela{Sivapalan et al., 2003). For example, climate and land use
tive to the timescales on which prediction is desired. Follow-changes are likely to promote changes in vegetation and eco-
ing Milly et al. (2008), we will refer to this time-dependence logical communities and their properties (Loarie et al., 2009;
of system properties as “non-stationarity”. Although there isDonohue et al., 2013). Vegetation composition in a catch-
a long literature dealing with non-stationary modeling in hy- ment can change over decadal timescales, (Foley et al., 2000;
drology (Clarke, 2007; Cohn and Lins, 2005; Klemes, 1974;Rose et al., 1995; Thompson and Katul, 2008). Vegetation
Koutsoyiannis, 2006), coping with non-stationarity still gen- composition can also have large impacts on water resources
erates several specific challenges related to its interpretatior e.g., 30 % decline in annual runoff and 60 % decline in
and description: (i) firstly, predicting the effects of change peak flows following pine invasion of grasslands (Fahey and
in interconnected environmental subsystems on hydrologicJackson, 1997). “Second-order” effects of climate change
behavior. To do this, we must (ii) secondly identify and de- on hydrology — such as a climate-induced change in vege-
velop functional descriptions for change, which may imply tation community composition that alters land surface wa-
parameterizing the interactions and feedbacks between inteter budget partitioning — can thus occur rapidly compared to
connected subsystems. Thirdly, (iii) the interaction of multi- the 100yr prediction horizon. Describing second-order ef-
ple interconnected subsystems with many degrees of freedorfects requires a predictive framework that extends beyond
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Fig. 1. Three fundamental challenges facing hydrological predictions in the Anthropd@@n€hanging boundary conditions, illustrated

by the 20 % decline in annual rainfall in Western Australia, generate strongly non-linear 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 extrac-
tion. (B) Propagation of changing boundary conditions into changes in interacting systems, illustrated here by Pifion pine mortality in the
Southwest USA. Despite significant loss of forest cover and transpiring areas, runoff ratios in these regions remain at historically low levels,
with 1969 the degree of runoff suppression proportional to forest mort@ijyT he 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
has transformed the streamflow PDF in ways that could not be predicted from historical observation of the streamflow alone.

purely hydrologic dynamics. The interactions of coupled sys-2.2 Challenge 2: identifying, describing and accounting
tems are often complex (Tucker and Slingerland, 1997), and for feedbacks
may be counterintuitive. For instance, in direct opposition
to the pine invasion example quoted above; drought morAddressing both first- and second-order effects of non-
tality of Pifion pine in the Southwest USA caused a 50 %sStationarity greatly expands the domain of hydrologic in-
declinein runoff ratio (Guardiola-Claramonte et al., 2011) quiry, and generates a series of new challenges of its own:
(Fig. 1b). Second-order effects of climate or land use changdi) identifying whether or not systems are coupled to each
thus present a major scientific knowledge gap (Foley et al.other; (ii) describing the mechanisms that mediate this cou-
2003; Lloyd and Farquhar, 2008; Gupta et al., 2000) whichpling; and (iii) parameterizing these functional relation-
is only exacerbated when considering the potential feedships. The explosion of research activity in interdisciplinary
backs between human and hydrologic systems (Fig. 1c, angubfields of hydrology—ecohydrology (Smettem, 2008;
Sect. 2.4). Rodriguez-Iturbe, 2000), eco-geomorphology (Wheaton et
al., 2011), eco-hydraulics (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 between hydrologic and other environmental
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subsystems. However it is unclear whether the processes ge007). In particular, the uncertainty and error arising from
erally targeted by interdisciplinary hydrology describe all predictions made by static models will grow over time as
relevant interactions exhaustively. For instance, adopting aatchments change (due to changing climate, land use or
data-driven approach, Ruddell and Kumar (2009a, b) identitheir second-order effects) and the model assumptions di-
fied multiple process couplings on widely varying timescalesverge from reality.
that described the interaction of agricultural crops with the Despite this uncertainty, water resource management will
atmospheric boundary layer. Many of these couplings did nofstill require quantitative predictions or assessments of plau-
map to known or hypothesized land—atmosphere interactiorsible futures to assist in decision-making. While it may never
pathways. We may not, therefore, understand the full rangdoe feasible to make predictive 100 yr time series predictions
of process coupling, even in relatively well-studied coupledof hydrologic response under these conditions, improving
systems. short timescale predictions will be essential for evaluation,
Process-based investigations will not identify modes ofadaptation and ongoing water resources management (Dessai
coupling that investigators do not deliberately look for. Data- et al., 2009; Lindenmayer and Likens, 2009; Tanaka et al.,
based investigations will not identify the presence of un-2006). Quantifying and constraining the uncertainty in these
observed coupling. Thus, it is likely that some feedbackspredictions provides a feasible, yet still challenging goal.
will only be identifiable if their effects change. Identifying  The counterweight to predictive uncertainty is provided
unanticipated interactions as they emerge can be challenddy observations of hydrologic systems. To use observa-
ing, since observation systems are often optimized towards$ions to constrain uncertainty, diagnose model shortcomings
the status quo, and treat deviations from the status quo aand identify change requires overcoming several limitations.
erroneous or aberrant. For example, a combination of un¥irstly, it is unclear how to prioritize limited resources for
certainties about satellite performance, anticipated graduabbservations towards those of the highest value or great-
rather than rapid ozone loss due to CFC chemistry, and erroest need in constraining uncertainties or adapting predictive
neous ground-based measurements of ozone concentratioframeworks (Kollat et al., 2011; Mishra and Coulibaly, 2009;
delayed identification of the Antarctic ozone hole via NASA Reed et al., 2006; Reed and Kollat, 2012). Secondly, it is
measurements (Moehring, 1990). It is a challenge to find ob-unclear which features of model output offer the most diag-
servation and inference techniques that would avoid similamostic insight, particularly when attempting to identify the
delays in hydrologic systems. effects of change (Gupta et al., 2008). Most current diag-
Assuming the presence of coupling can be identified, thenostic efforts rely on evaluation of flow time series (Maurer
relationships that lead to this coupling must be functional-et al., 2007; Moss, 1979a, b), which represent only a small
ized, and ultimately represented in terms of measurable physsomponent of the information within a model. New metrics
ical quantities. Functionalization and parameterization areare needed that can evaluate the ability of models to repre-
non-trivial challenges that generally require many observasent non-stationary water systems (Laio and Tamea, 2007;
tions and dedicated sets of experimentation and investigaMontanari and Koutsoyiannis, 2012; Sikorska et al., 2013).
tion (Thompson et al., 2010). Due to the large efforts re-Finally, observations will be essential to identify the presence
quired to generate these functional relationships and paramsf events and trends that were not predicted. Observations
eters, constraining the set of target processes towards thos@an also be used to correct the inherent shortcomings of pre-
which will significantly change hydrological dynamics over dictive tools, through conventional or next-generation data
the timescales of interest is another challenge posed by inteassimilation approaches and model diagnostics (Kollat and

connected systems. Reed, 2008; Reed and Kasprzyk, 2009). Thus, the challenge
of managing uncertainty relates to the challenge of combin-
2.3 Challenge 3: uncertainty, predictability and ing all sources of predictive insight — data and model derived
observations of interconnected systems — to constrain uncertainty, improve models, identify impor-

tant and unexpected transitions and to make quantitative pre-
The dynamics of hydrological systems arising from a co- dictions over short(er) timescales.
evolving complex of interconnected processes pose signif-
icant challenges in terms of uncertainty and predictabil-2.4 Challenge 4: social factors underlying coupled
ity. Predictions made for coupled, high-dimensional systems human—water system behavior
are likely to exaggerate the already formidable problem of
uncertainty in hydrological models (Beven, 1993, 2006b; Addressing the interaction between people and water sys-
Montanari, 2011; Montanari et al., 2009). Coupling addi- tems is critical due to the overwhelming direct and indi-
tional processes into hydrological prediction systems will rect influence of human activities on the water cycle — as
increase the number of parameters, and multiply the chalillustrated for the impact of reservoir construction in Fig. 1c
lenges of calibration and validation. It is likely to exacer- (Vorosmarty et al., 2000, 2010). Yet there is at present lim-
bate uncertainty purely due to the complex and coupled naited understanding of the major modes of interaction between
ture of the modeling systems (Wagener, 2007; Beven, 1993human and hydrologic systems on long timescales, and
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significant challenges arise when attempting to develop pre2007) outside the observed range of variability (Kumar,
dictions about this interaction. These challenges are (i) prag2011).
matic; (i) related to the complexity of human societies, in-  While complex, these kinds of non-linear dynamics can be
cluding their interaction with water; and (iii) encompass a setreproduced in models and understood through conventional
of theoretical difficulties that also arise in systems subject totheory. Yet the success of modern physics in making pre-
Darwinian evolution — a state-dependence of the underlyingdictions about complex physical systems has not been repli-
“rules” that govern system change (analogous to change o€ated in biological and social systems. In a discussion of how
model structure) known as self-reference. to extend concepts from statistical mechanics to Darwinian
Numerous pragmatic challenges arise when attemptevolution, Goldenfeld and Woese (2011) hypothesized that
ing to understand human—water interactions. For instancethe core of this problem lies in theelf-referentialnature of
quantification of the role or value of water in differ- the evolutionary process. By this, they mean that the set of
ent social-economic (Olmstead et al., 2007; Harou et al.,'rules” or governing equations that describe the dynamics
2009; Characklis et al., 2006), or socio-ecological settingsof a system depend upon the system’s state. In the case of
(Schroter et al., 2005; Suen and Eheart, 2006; Bekele an®arwinian evolution, the system in question is the genome
Nicklow, 2005; Poff et al., 2010) is non-trivial. The differ- and its environment. Human societies, and their interactions
ent methods, scales, institutions and legal frameworks bywith water, are also self-referential. For example, the legal
which societies around the world manage water (Gleick andramework surrounding human use of water often constrains
Palaniappan, 2010; Réckstrom et al., 2009) generate trememwater balance partitioning. Yet, via human agency, this le-
dous specificity in water systems, while variation in norms gal framework also changes in response to the management
and cultural practices leads to a diversity of water manageoutcomes. Similar changes in norms and values also appear
ment behavior. Access to water ranges from largely unconto reflect the context of local water systems (Wutich et al.,
trolled (Lal, 2005, 2011; Srinivasan et al., 2010a, b); to con-2013). In evolutionary biology, self-reference occurs with re-
trolled but decentralized (Tanaka et al., 2006), to centralizedspect to reproductive fitness as a goal function. In human
and highly controlled (Coulibaly et al., 2001). societies, the goal functions relate to a suite of desired out-
Partly as a result of this specificity, the dynamics of the re-comes for the water system, which change based on cul-
sulting systems are inherently complex. Although the avail-tural and social mores, as well as increased understanding
ability of water resources must feed back upon society, theof system dynamics (Kandasamy et al., 2013). Self-reference
manifestations of this feedback vary strikingly, dependingleads to very different trajectories of development for appar-
on the wealth of societies (Vérosmarty et al., 2010), le-ently similar physical/environmental situations. For example,
gal frameworks (Feldman, 2009), institutional involvement Feldman (2009) analyzed the history of the development of
(Ostrom, 2009), global trade (Suweis et al., 2011; D’Odoricowater supply in Los Angeles and Atlanta, two large cities
et al., 2010; Seekell et al., 2011), stewardship of local re-with a similar development history, with both having experi-
sources (Jewitt, 2002) and probably more. Feedbacks arenced significant water supply limitations. In the 1920s Los
weakened by technological interventions (Brown and Lall, Angeles expanded its supply network, draining Owens Lake
2006). For example, pre-industrial societies living in flood- and deferring demand management until later in its devel-
plains were directly and negatively impacted by flooding opment history. Encountering similar supply limitations for
and avulsions, which may have caused the abandonment dhe first time in 2009, Atlanta also sought to expand its water
cities in the Indus Valley and Middle East (An Heyvaert and supply, but was prevented by limits in regional water trans-
Baeteman, 2008; Schuldenrein et al., 2004). Contemporaryers and the Endangered Species Act (Congress of the United
industrial societies, however, persist in floodplains despiteStates, 1966) which had passed in the interim. The “govern-
periodic destructive events (Di Baldassarre et al., 2009), using equations” describing how cities appropriate water in the
ing technological (e.g., levees) and economic (e.g., insurUSA changed between the 1920s and 1960s, causing the wa-
ance) mechanisms to militate against flooding. These mechter history of the two cities to diverge. Despite the complex-
anisms weaken the coupling between hydrological and soity of self-referential systems, they have been explored via
cietal dynamics, at the expense of amplifying the impact ofnumerical simulations in the context of, e.g., protein evolu-
extreme events when these mechanisms fail. In the USA thision (Earl and Deem, 2004). Similar approaches may be ap-
was tragically illustrated by failure of levees in New Or- propriate for exploring human—environmental interactions.
leans (Kates et al., 2006), and remains a risk in, e.g., th&Vhile human behavior and decision-making itself may in
San Joaquin—Sacramento Delta (Burton and Cutter, 2008¥act be genuinely unpredictable in many contexts (Dessai et
The increased non-linearity of the interaction is characteris-al., 2009; Kasprzyk et al., 2013; Lempert, 2002; National Re-
tic of weak couplings, and seems to be a generic outcome ofearch Council, 2009), the current situation — where there
interactions between society and hydrologic systems (Sivahave been limited studies exploring human-hydrologic feed-
palan et al., 2012). The risk of such non-linearities is likely backs in a focused manner — can only be improved by devel-
to increase in the context of non-stationarity, creating theoping and synthesizing knowledge around this critical topic.
potential for threshold or “black swan” phenomena (Taleb,
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Fig. 2. Components of the proposed research agenda to develop predictive insight over 100 yr time frames in non-stationary water systems.

3 Aresearch agenda that address changes in human—water interactions should
be included in reconstruction, so that a basis for exploring

We have argued that hydrological science faces a fundaluman-hydrologic feedbacks on long timescales can be de-
mental challenge of obtaining predictive insight on decadal-\{e|°ped- .These data sets will also facmtate testing, falsifica-
to century timescales that match the timescales on whictfion and improvement of co-evolutionary models. Together,
the effects of water resources management decisions pefo-evolutionary modeling and hydrologic reconstruction be-
sist. Gaining such insight is contingent on formulating pre- 9in to address the major challenges to prediction posed by
dictive frameworks. These frameworks will differ from con- Non-stationarity, while hydrologic reconstruction also pro-
ventional hydrological models in that they must account forvide.s a basis for the identificati.on, description and param-
the interactions between hydrologic and multiple other en-eterization of feedback mechanisms. These feedback mech-
vironmental subsystems (e.g., vegetation cover, pedology2NiSms can also be identified vemparative hydrology
landscape evolution, biogeochemistry, land use dynamics‘,’Vh.'Ch uses dl\{erse observations of a large pqpulatlor) of sites
anthropogenic water demands etc.), in the presence of pef© mfer the existence and_nature of process |nteract|ons.§1nd
sistent change in climatic forcing and land use. We referthewo.utcc.)mes. Comparative hydrology creates opportunities
to these frameworks as co-evolutionary models. Developfor validation and testing of co-evolutionary models by con-
ing co-evolutionary models forms the lynchpin of a researchffonting them with data sets from multiple locations, across
agenda to address predictions about non-stationary systemgradients of social, climatic or ecological variations. By su-
as shown in Fig. 2. Co-evolutionary models are necessar‘Persed'”g the_specmcmes of |_nd|V|duaI places.or case gtud—
tools for making predictions and evaluating water resourcd€S, comparative hydrology will also help the identification
management options. The goal of developing, validating, us©f common features and the development of general pre-
ing and improving these models provides a framework fordiction methodologies. By incorporating different features
other research activities. of human—water interactions into comparative hydrological
We propose two elements of a research agenda that corffudies, they also provide a mechanism to address some of
tribute to the development of co-evolutionary models. Thethe challenges posed by human interaction with hydrologic
first of these isydrologic reconstructiopwhich aims to gen- ~ SyStéms.
erate long-term data sets (on the order of 100s of years) en- The final component of the research agenda addresses the
compassing hydrologic, climatic, land use, human, ecologi-USé of co-evolutionary models, recognizing the challenges
cal and geomorphologic data, ideally at the watershed/riverP0Sed by uncertainty and predictability. Throughdel-data
basin scales at which questions of management becomi&arming we suggest that uncertainty can be assessed by
most pertinent. Long-term data sets that address both hydrd:reatively linking observations of non-stationary, human im-
logic variability and the variability in potentially intercon- Pacted systems and models of these systems. These links in-
nected environmental subsystems provide a basis for idertlude using data modeling and assimilation for short-term
tifying and quantifying feedbacks — critical for develop- f(_)recastlmproyements, and Ionger-t_erm programs of diagno-
ing co-evolutionary models. In particular, research effortsSIS and evaluation to allow co-evolutionary models to change
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and adapt as new evidence of unanticipated feedbacks, umescriptions or parameterizations, but they generate a suite
predicted human interventions and other sources of erroof diagnostic tools that can be used to identify signatures of

emerge in observations. The data-model learning componertoupling from observations, guide hypothesis development,

of the research activity is essential to address the likelihoodand assist with model evaluations. Data availability provides

that emergent trends in coupled non-stationary systems — pathe major constraint on data modeling. Incorporating data-

ticularly those impacted by human activity — are not pre- driven approaches within the hydrologic reconstruction ac-

dictable a priori, but must nevertheless be incorporated intdivities proposed in Sect. 3.2 could help provide data about

models of the co-evolving water system. These elements of @oupling with long characteristic timescales, which is likely

research agenda are elaborated on below. to be important when considering hydrologic predictions of
changing systems. Other approaches for identification of pro-
3.1 Co-evolutionary modeling cess coupling, such as focused observational studies, remain

relevant; but an expansion of data-driven approaches would

Co-evolutionary modeling represents the research effort tacapitalize on recent theoretical developments and the large
describe how change in one component of connected enquantities of information about process coupling that must
vironmental subsystems propagates to the others and ukeside within existing data sets.
timately impacts hydrologic behavior (Milly et al., 2008;  Having identified the existence of process coupling, quan-
Vogel, 2011; Vorosmarty et al., 2010). It requires develop-titative descriptions of the feedbacks between systems may
ing quantitative descriptions of the connections between wabe inferred from time series data or from targeted ob-
ter and other earth surface (Brantley et al., 2006), biologi-servations of the process interactions. At this point, a
cal (Poff et al., 2010) and social disciplines (Braden et al.,second class of modeling becomes valuable: low dimen-
2009), and propagating these descriptions through time tsional models targeted at understanding system dynamics
describe the trajectory of the coupled systems. As such, i{fKoutsoyiannis, 2010). Such “toy models” — based on sim-
requires both extension and synthesis of existing hydrologigle coupled ODEs/PDEs or cellular automata, and often re-
modeling techniques. While existing mechanistic hydrologiclying on simplified representations of lumped physical pro-
models can be coupled, through the interdependence of theesses — parsimoniously represent the feedbacks and non-
parameters, to models of other physical or biological sys-linearities that drive co-evolutionary relationships, remaining
tems (Flores et al., 2009; Qu and Duffy, 2007; Tucker etsimple enough to allow analytical exploration, deploymentin
al., 2001; Beven, 2007), and while many existing land sur-stochastic frameworks without requiring large computing in-
face modeling schemes already link ecological, climatologi-frastructure, and accessibility (Kumar, 2011). These kinds of
cal and hydrological fluxes (Gerten, 2013), indiscriminately models have been successfully used to predict threshold-like
extending such complex models rapidly becomes intractabletransitions in ecology — for example between oligotrophic
Thus, other modeling approaches are essential. In particuand eutrophic conditions in shallow lakes (Dent et al., 2002;
lar, an understanding of the dynamics of coupled systems vi&cheffer et al., 2001), vegetated and desertified conditions
low-dimensional, non-linear modeling can be used to judi-in semi-arid shrublands (Kefi et al., 2007; Rietkerk et al.,
ciously focus the development of co-evolutionary models to-2002), between grass- or shrub-dominated semi-arid range-
wards the most important processes influencing hydrologidands (D’Odorico et al., 2006; Okin et al., 2009), or even
change. between conditions in which mussel colonies can or cannot

We suggest that research into co-evolution modeling couldestablish (van de Koppel et al., 2005). Efforts in resource eco-
be structured specifically around the challenges identifiechomics have demonstrated that low-dimensional models that
with making predictions about coupled systems: (i) identify- couple human and natural systems can have significant ex-
ing, (ii) functionalizing, and (iii) parameterizing process cou- planatory power (Taylor and Brander, 1998), for example,
pling, and coping with the significant theoretical challengesby interpreting the specific interactions and conditions that
associated with human behavior. explain the collapse of the monument-building culture on

To begin with, data-driven modeling approaches offer anEaster Island (Fig. 3). In hydrology, these models could help
avenue towards the identification of process coupling as reidentify the different “regimes” of hydrological behavior that
vealed in time series records (Abrahart et al., 2012; See etan arise in hydrologic systems as a function of climatic, ge-
al., 2007; Young, 2013). The information theoretic approachologic or other control parameters; could indicate the poten-
of Ruddell and Kumar is one methodology that can extracttial for thresholds or locally irreversible transitions to arise
signatures of coupling from time series records (Ruddell andn hydrologic systems; or for helping to identify warning
Kumar, 2009a, b). Other approaches, such as those devesigns of changes (Scheffer et al., 2009; Wolff, 1990; Dakos et
oped to identify synchrony and time delays (Quian Quirogaal., 2008). They could also (critically) identify process cou-
et al., 2002), or causality metrics developed for non-linearplings that are relatively unimportant for non-linear transi-
systems or time-local systems (Detto et al., 2012; Hatala etions or changes in processes, and as such provide a ratio-
al., 2012; Molini et al., 2010) are also appropriate to iden-nalization for simplifying the scope of modeling activities.
tify coupling. None of these approaches provides proces©f course these models also have limitations: for instance it
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14 Forest ‘ data sets developedthrough hydrologic reconstruction pro-
Population vides one way to evaluate their performance under chang-
— \ ing conditions. An alternative approach would be to apply
[ "' Rhsource modeling frameworks to contemporary locations experienc-

ing significant imposed change. These tests would aim to

economics‘\
\ ! “push” the parameterizations and process representations of
Growing population 0 - existing models beyond the phase-space defined by station-

reduces forest cover f T T T T
e 400 800 \1(22(: 1600 2000 ary conditions. The performance of the models experiencing
such a push would provide a basis to consider future refine-
D Stable, cyclic ments, which could, e.g., consider new process interactions
‘ ) identified from data modeling and shown to change system
-7 dynamics through dynamical systems arguments.
‘ A final element of co-evolutionary modeling that requires
special consideration is the challenge of incorporating the
Collapse role of people into predictive frameworks. As discussed in
Sect. 2.4, there are fundamental theoretical challenges asso-
ciated with this synthesis of hydrologic and socio-economic
Fig. 3.lllustration of the potential value of minimal non-linear mod- issues. Self-reference, complexity, weakly coupled systems
elsto interpretinteractions between nature and society. This illustraand the potential for genuine unpredictability are new chal-
tion follows the analysis of Taylor and Brander (1998), who consid- lenges for hydrologists — and some of them remain novel
ered a resource-economics model of the society on Easter |5|a“(bhallenges for mathematicians, economists and theoretical

which was dependent on a palm forest resofe Archaeolog-  physicists. Incorporating metrics of human—water interaction

ical evidence |IIust_rates the interaction of Fhls forest resource Wlthinto comparative hydrologic studies and reconstruction ef-
the human population, which follows a cyclical pattern with varying

: ! . « S forts provides a partial response to this challenge. Develop-
amplitude, including a large “crash” in human populat{Bj. Simi- . . . -
lar dynamics are not seen on other Islands in Polynesia, and arose 19 quel§ that describe human-water interactions and de,'
Easter Island (according to the modeling and biological evidence)termlnlng if these have explanatory power (as per, e.g., Di
because of the unusually slow growth rates of the palm geps  Baldassarre et al., 2013) also offers a partial response. None
Simple models can make predictions about complex system behawf these approaches, however, are likely to be sufficient to
ior — for instance as a function of the birth rate (and other control fully address the theoretical complexity raised by the partic-
parameters), the long-term dynamics of this system tend to eitheular features of human—water interactions. The final compo-
complete collapse (explaining, perhaps the 12 “mystery” islands ofnent of the co-evolutionary modeling exercise must thus be
Polynesia which were once colonized but ultimately abandoned)io progress with fundamental theoretical studies that shed in-
a simple approach to a stable population through time or a comsgignht into the behavior of complex, self-referential systems
plex gpproach to a stable population via limit cycles with variable with weak coupling, and potentially unpredictable agents.
amplitude. This is a challenge particularly appropriate to the new sci-
ence of socio-hydrology (Di Baldassarre et al., 2013), and
suggests that this is a discipline in which mathematicians and
is challenging to use these low dimensional frameworks as a@heoretical physicists, as well as hydrologists and social sci-
basis for making detailed predictions in a distributed fashion,entists, may need to be involved (Sivapalan et al., 2012).
and the simplifications and lumped representations of funda-
mental processes often demand that modelers make decisioBs2 Hydrologic reconstruction
about which processes to include and which to exclude, deci-
sions to which the models can become very sensitive. Develtack of understanding, description and modeling of co-
oping low- and high-dimensional models in such a way thatevolving coupled hydrologic systems over long time frames
they can be tested against each other and against observatiopsses a major impediment to the formulation and testing of
might facilitate the creation of a suite of tools that can spanco-evolutionary models to address hydrologic change: for
different orders of complexity (see Sect. 4.2). this reason studies of co-evolution on hundred year time
Ultimately, we will wish to use detailed mechanistic (bot- frames are a priority. Hydrologists have already attempted
tom up) models of coupled systems to generate quantitaempirical reconstructions of hydrological change and water
tive predictive insights. Several such models already exissystem histories in specific locations, generally motivated by
for different eco-hydrological, hydro-geomorphological and the need to understand the genesis of contemporary hydro-
other applications (Flores et al., 2009; Qu and Duffy, 2007;logical problems (An Heyvaert and Baeteman, 2008; Brazdil
Tucker et al., 2001). It is unclear, however, whether exist-and Kundzewicz, 2006; Brazdil et al., 2006; Merritts et al.,
ing models are well prepared to cope with non-stationary2011; Nicholson, 1979; Schuldenrein et al., 2004). While
systems (Wagener et al., 2010). Testing these models witempirically informative, these studies could also provide
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Fig. 4. A simple illustration of hydrologic reconstruction from this issue (Di Baldassarre et al., 2013): as societies develop in floodplains they
modify the floodplain to alter the risk of flooding. 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.

valuable theoretical test beds for co-evolutionary modelsand response of hydrological systems to these changes; and
over decadal- to century-scale time frames. In this re-(v) generation of data sets against which to evaluate and im-
spect, we take inspiration from climate scientists and paleoprove models of hydrological systems over timescales that
hydrologists who have benefitted extensively from recon-exceed the length of the instrumented record.
struction studies (Ganopolski et al., 1998; Lean et al., 1995; Hydrologic reconstruction can draw on the methodolo-
Mann and Rutherford, 2002; Nicholson, 1979), which at- gies developed for historical and paleo-hydrological studies,
tempt to infer the trajectories of historical (and deep-time) whether geological proxies such as lake levels (Lowry and
climates, and to reproduce and explain their features viaMorrill, 2011; Steinman et al., 2010; Bradley et al., 2010;
predictive frameworks (Bell et al., 2003; Nicholson, 1979; Nunnery et al., 2010; Luo et al., 2013) or historical doc-
Smerdon, 2012). Climate reconstruction has provided historumentation such as taxation records (Brazdil et al., 2012).
ical insights (McCormick, 2011); long-term data records thatHistorical hydrology has used historical experiences to in-
can be used as an empirical baseline against which to cormform risk assessment and to contextualize the present hy-
pare contemporary changes (Mann and Rutherford, 2002)drology (Brazdil et al., 2006, 2012; Brazdil and Kundzewicz,
and opportunities to compare model predictions to empirical2006; Montanari, 2012), and provides a logical starting point
(or at least semi-empirical) data over millennial timescalesfor reconstruction efforts, which would focus on identify-
(Bell et al., 2003; Hargreaves et al., 2011). ing and attributing hydrologic changes in historical data sets.
These reconstruction efforts in climate sciences provideAn example of such a research perspective is provided by
a template for an effort in hydrologic reconstruction, which Di Baldassarre et al. (2013) who interpret changes in flood
might be anticipated to provide the same benefits to hydrol-severity on the Po River (Fig. 4) in terms of levy construc-
ogists analyzing changing systems: namely (i) the generation and urban population. Wescoat Jr. (2013) provides a very
tion of baseline data against which to evaluate contempodifferent example of reconstruction that focuses primarily on
rary changes; (ii) analysis of natural variability and long- the evolution of different water values over time, as embed-
term cycles affecting hydrological systems (Markonis andded in the definition of “water duty” or irrigation needs.
Koutsoyiannis, 2013; Montanari, 2012); (iii) investigation of ~ The empirical aspects of hydrologic reconstruction pose
hydrological influence on human societies in historical con-clear challenges. Historical records suitable for historical hy-
texts (Brown, 2009; Endreny and Diemont, 2012; French etdrology are not globally available, perhaps explaining an
al., 2012); (iv) evaluation of the nature and magnitude ofinitial bias in these studies towards European catchments
changes that have been imposed on basins over pre-historicéBrazdil and Kundzewicz, 2006). The value of “typical”
and historical timescales, and assessment of the sensitivitgaleo-hydrological proxies (Baker et al., 1993; Jarrett, 1991)
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for evaluating century-scale changes in watersheds is notvatersheds can be used to identify and explore emergent pat-
well understood. Accessing the hydrologically relevant in- terns (Voepel et al., 2011), which can then become targets of
formation embedded in historical data sets — for instancehypothesis formation and mechanistic inquiry. These studies
information regarding construction of run-of-river dams for can be specifically used to assist in co-evolutionary model-
mill operation in the USA (Merritts et al., 2011; Walter and ing by targeting them towards identification of feedbacks be-
Merritts, 2008) — is likely to require interdisciplinary re- tween hydrologic and other systems.
search, methods for fusing “hard” and “soft” data, and ways Comparative hydrology is not a new concept: rather, it
to address the reliability of information derived from “human is the approach that underpinned Budyko’s analyses of hy-
sensors” (Hall et al., 2010). droclimatology (Budyko and Miller, 1974); Abrahams’ in-
The predictive aspects of hydrological reconstruction raisevestigations of geomorphological features (Abrahams and
questions about pragmatic methods for running and evaluPonczynski, 1984), and was formalized in the 1980s by
ating co-evolutionary models, particularly in their infancy Falkenmark and Chapman (Falkenmark and Chapman,
(Milly et al., 2008). For instance, change in these models1989). In recent years, comparative studies have also ad-
may be imposed as non-stationarity in parameters; or it couldiressed the classification of vegetation biomes via water bal-
be explicitly modeled through mechanistic representationsance (Stephenson, 1990, 2003), hydro-climatic controls on
or it could drive a non-stationary model structure. The sim-NDVI and transpiration (Thompson et al., 2011b; Voepel
plest initial strategy may be to begin by evaluating the abil-et al., 2011), controls on hydrologic regimes (Carrillo et
ity of widely used models to reproduce observed changesl., 2011; Olden et al., 2011; Sawicz et al., 2011), the re-
when change is captured by non-stationary values of modeiationship between available energy and soil development
parameters. Mechanistic complexity and full coupling be- (Pelletier et al., 2013; Rasmussen, 2012; Rasmussen et al.,
tween different processes could then be added into predictiv@011), the implications of different management regimes
frameworks as motivated by the model performance — a “top(Huntjens et al., 2011; Borowski et al., 2008) on water re-
down” approach that broadly mimics the trajectory of climate sources, and — in an initial sense — emergent patterns in
model development (Edwards, 2011; Sivapalan et al., 2003)human-hydrologic interactions (Srinivasan et al., 2012). Fig-
Reconstruction efforts can begin by focusing on exist- ure 5 illustrates three different relationships that emerge from
ing, empirically well-documented examples of hydrological 430 watersheds when considering patterns of hydro-climate
change such as the drying of the Aral Sea (Micklin, 1988), (Budyko’s curve), geomorphology (Abrahams curve) and
the genesis of dryland salinity (Clarke et al., 2002) or ni- vegetation cover (aridity — NDVI curve). Research that uses
trogen fluxes from the Mississippi (Turner et al., 2008). Fo- these emergent relationships as a constraint has provided in-
cusing on these problems would capitalize on the significansight into catchment processes (Brooks et al., 2011; Troch et
empirical efforts that have already been invested in underal., 2009), while empirically these patterns provide a min-
standing them, as well as generating useful quantitative toolémal basis for prediction and extrapolation (Zhang et al.,
for their analysis. Future reconstruction efforts could concen-2001, 2008). Comparative hydrology recently formed the ba-
trate on basins that are identified as facing significant threatsis for a comprehensive synthesis (across processes, places
due to climate change and population growth (Vérésmartyand scales) of runoff prediction model performance, under-
etal., 2000, 2010), that offer particular modeling challenges taken as part of the Predictions in Ungauged Basins (PUB)
or which experience non-stationarity in different ways (e.g., initiative (Bloschl et al., 2013; Hrachowitz et al., 2013).
changes in precipitation regimes, water abstraction, sea level Although comparative hydrology is an existing technique,

rise, or land use change). there is potential to expand its application and orient it specif-
ically towards changing or anthropogenically impacted wa-
3.3 Comparative hydrology ter systems. Comparative hydrology offers a way to identify

hydrologic responses to imposed change and the modes by
Comparative hydrology can be used to identify or test hy-which these responses occur. Intercomparison of watersheds
potheses about trends in hydrological behavior as a functiomxperiencing similar trends in warming, drying or chang-
of climatic and/or watershed properties. Comparative hydrol-ing rainfall patterns may reveal commonalities in terms of
ogy supersedes case study or watershed-specific approachiaslk hydrological responses (Wagener and Montanari, 2011),
to hydrologic research, and has the potential to separate sitend longer-term watershed evolution, perhaps manifested in
specific phenomena from generalizable trends (Falkenmarkvays that are readily detectable by remote sensing, such as
and Chapman, 1989; McDonnell et al., 2007). With informa- vegetation cover or land use. Such “data-mining” approaches
tion about hydrological behavior in a large number of water- may prove to be the best way to begin understanding the di-
sheds, robust testing of hypotheses generated from comprerersity of responses of complex systems to exogenous forc-
hensive investigations of a small number of sites (Thompsoring, when theory does not immediately offer a clear predic-
etal., 2011b) can be generalized via the statistical power of dion. Subdivision of large data sets into training and pre-
large data set. Alternatively, statistical and top-down mod-diction groups provides one approach that facilitates test-
eling approaches (Sivapalan et al., 2003) applied to manyng, falsification and improvement of hypotheses generated
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Fig. 5. lllustration of three studies in comparative hydrology: Budyko’s curve provides constraints on the hydroclimatic regime of individual
catchments with a typical relationship emerging between aridity (potential evaporation normalized by precipitation) and the catchment
evaporative fraction. Here it is reproduced from data from 430 MOPEX catchments across the USA (Budyko and Miller, 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 greenness, as measured by NDVI, also follows characteristic
patterns with aridity (Voepel et al., 2011).

through these methods. Alternatively, methodological expla-high-resolution studies to regional scales, and offers a holis-
nations for emergent patterns can be sought, and used to fotic analytical method in contrast to reductionist approaches
mulate new predictions about the nature of change in unthat may become intractable at large spatio-temporal scales
observed aspects of the study watersheds (Wagener, 200{Killeen and Abrajano, 2008).
These new predictions then form a target for hypothesis test- Identifying an appropriate metric by which to evaluate hy-
ing and improvement. drologic behavior across watersheds is critical to compar-
Secondly, comparative hydrology offers a test bed for hy-ative hydrology. Previously studies have successfully used
pothesis and theoretical evaluation, and model validationsignatures of the hydrologic regime, such as annual water
Theories that are robust to changes in climate and land usbalance partitioning (Budyko and Miller, 1974), or the flow
should be valid across gradients of watershed properties aguration curve (Mogel and Fennessey, 1994, 1995), or sev-
manifested by individual places (Beven, 2000). Compara-eral of these signatures together (Bléschl et al., 2013). Sig-
tive hydrology facilitates space-for-time substitution along natures of hydrologic change, as well as methods to detect
gradients of climatic, geological or land use properties. Thesuch change are needed to apply comparative hydrology to
breadth and diversity of human societies can and should alsohanging watersheds. Over long timescales, hydrologic prox-
be represented in comparative hydrologic studies, to allowies drawn from dendro-chronology or paleo-hydrology may
emergent patterns that may primarily reflect socio-economigrove useful, and provide the capacity to extend the hy-
drivers, and variations in cultural norms, values and behaviodrologic record over long-enough periods to generate sta-
with respect to water to be elucidated. There is currently atistical power (Margolis et al., 2011; Mundo et al., 2012;
bias towards large numbers of observations in North Amer-Woodhouse et al., 2013; Yang et al., 2012; Baker et al., 1993;
ica and Europe, with fewer observations available at a globalarrett, 1991). To allow comparative hydrology to provide
level: addressing this disparity through targeted internationalnsight into human—hydrologic relationships, signatures that
data gathering and sharing is a core need. specifically relate to this interaction over historical and mod-
Thirdly, and pragmatically, comparative investigations that ern time periods must also be identified. Numerous existing
treat watersheds as the unit of inquiry generate findinggdata sets collect hydrological data within reasonably well-
at the spatial scale relevant to management and decisiorcharacterized ecological, geological and climatic contexts.
making. Thus, comparative hydrology can help to circum- Extending these approaches to incorporate socio-economic
vent the extrapolation challenges implicit when generalizingdata from censuses, surveys and economic records will be
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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 \@)ereiael uncertainty reduces

over successive iterations of model developménjtthe model’s ability to reproduce new dynamics evolves as model structures improve,
motivated by new learning from observations, gojithe observation network adapts in response to changing land-use and management
priorities.

critical for consideration of change in managed watershedsystems: (i) reduction of uncertainty in short-term forecasts;
(Haberl et al., 2006; Redman et al., 2004): fusing hydrolog-(ii) as a means for identifying model weaknesses in reproduc-
ical and socio-economic data sets productively will requireing essential system-level dynamics of change and updating

interdisciplinary efforts. model structures or approaches as the system of interest un-
dergoes change; (iii) by identifying deviations from expected
3.4 Model-data learning system behavior which may be attributable to previously un-

detected feedback mechanisms; and (iv) by updating obser-
Model-data learning refers to the synthesis of models andation networks through time to maximize the value of the
observations for short-term prediction (for the purposes ofppservations for prediction. We illustrate the relationship of
reducing uncertainty for prediction in engineering and man-these activities to prediction and to each other in Fig. 6.
agement control, “Type F” predictions according to Kumar,  The “short-term” mode of model-data fusion relies upon
2011) and long-term adaptation of the predictive frameworksysing observations to correct predictions made by uncer-
to account for the effects of un-represented, unpredicted ofain models. Given the inherent limitations of both obser-
unanticipated change in hydrologic systems (for the pur-yations and models in describing the “true” states and dy-
poses of identifying novel phenomena, “Type N” predic- namics of systems, this combination will be facilitated by

tions; Kumar, 2011). There are several ways in which modelthe use of Bayesian frameworks that can extract useful
data learning can support improved predictions in changing
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information while simultaneously acknowledging these lim- not only drive adaptation of hydrologic models, but also of
itations (e.g., Drécourt et al., 2006; Kollat and Reed, 2008;hydrologic observational strategies (Reed et al., 2006). At
Gupta et al., 2008; McLaughlin, 2002; Haimes, 1979). Thepresent our national, regional, and local observation strate-
ability to unambiguously identify optimal model structures gies are largely ad-hoc, non-adaptive, aligned towards un-
or parameter sets via observation, however, remains highlylerstanding status quo behaviors (rather than changing sys-
constrained (Neuman, 2002; Beven, 2006a; Langbein, 197%ems) and disconnected from evolving water resources pol-
Moss, 1979a; Dooge, 1986). These constraints may be alicy and management needs (Davis et al., 1979; Moss, 1979b;
leviated in part by exploring new kinds of observations or Langbein, 1979; United States Geological Survey, 1999;
metrics to use in model analysis. For instance, model predicKaushal et al., 2010; Lindenmayer and Likens, 2009). As a
tions could be conditioned on diagnostic metrics that eval-result there is incongruence between water resources predic-
uate catchment function, hydrologic signatures or systemdtion needs and their support from existing observation net-
scale emergent relationships. Examples of such emergentorks. Adaptive observation networks could enable us to
features might include connectivity metrics between catch-transition hydrology towards real-time learning. By coupling
ment and hillslope, or patterns of connection across nodes imodel learning and observation strategies, we can envisage a
a complex network (Jencso et al., 2009, 2010; Ruddell andsystematic feedback between observation, investigation, pre-
Kumar, 2009a, b). The scope to improve model predictionsdiction and management under continuously changing con-
by improving model representation of processes — rather thaditions (Reed et al., 2006).
reproduction of single-state variables — remains incompletely
explored. Novel, data-driven approaches towards constrain-
ing model error on short timescales — for instance by ap-4 Organizing framework for proposed research agenda
plying machine-learning approaches to interpret systematic
model errors and filter them out in future prediction stepsThe implementation of the research agenda proposed in the
— may also have value for improving short-term predictions|ast section raises major organizational challenges. Global
in changing systems, when models have not yet adjusted tovater problems demand urgent input from the hydrologic
keep up. community: and yet the value of this input is contingent on

Over longer timescales, of course, changing hydrologiccontinuing improvements in the fundamental scientific un-
systems demand that model structures as well as modelerstanding of complex water systems. The first organiza-
parameters should change to reflect new dynamics. Modefional challenge, therefore, is for hydrologic research to pro-
changes must be based upon identification of poor model preduce science with applications to water management prob-
dictability, and deliberate efforts to address it (Beven, 2007).lems while simultaneously maintaining progress in funda-
Model-data confrontation provides the best basis for identi-mental water science (Dunne et al., 1998; Stokes, 1997;
fication of error; and the information provided by these con-Torgersen, 2006). Next, many features of the proposed
frontations will likely improve when using multiple, theoreti- agenda, including its increasingly interdisciplinary focus; the
cally relevant metrics of model performance to document theambitious proposals for long-term data-model learning; and
divergence of simulated and observed catchment responsese need to gather, interpret and share large data sets to fa-
to change. Dedicated investigation (informed by analysis ofcilitate comparative hydrology and reconstruction; suggest
model errors) can then target these areas and improvementscientific tasks that lie beyond the scope of individual re-
Contemporary techniques for addressing model structural ersearchers, but instead require interdisciplinary science teams,
ror all involve elements of model intercomparison and expertalong with the infrastructure to support their work.
assessment (Refsgaard et al., 2006). The proposed organizational framework for implementing

It is also possible to imagine model changes arisingthe research agenda therefore invokes (i) use-inspired ba-
through combinations of multiple models, and an automatedksic science, also known as “Pasteur’s Quadrant”, and which
machine-learning approach to selecting the optimal modeincorporates discovery-driven, individual science (Stokes,
combination based on data updates. In effect, model struci997), and (ii) “big or team science” (Torgersen, 2006;
ture itself then becomes a target for assimilation approacheorner et al., 2005; Hall et al., 2008; Stokols et al., 2008),
The learning systems component of such a framework hagoth of which pose their own challenges, including financial
the potential to advance rapidly given developments in cybersupport and coordination, nationally and globally. In this sec-
infrastructure and computational techniques for data analysision we outline some of the activities and products that could
and hydro-informatics (Beck, 2010; Hanson, 2007; Porter etsupport this research framework.
al., 2009; Solomatine and Ostfeld, 2008).

The final benefit of model-data fusion for making predic- 4.1 Use-inspired basic science to study hydrologic
tions in changing hydrological systems lies in optimizing ob- change
servations of these systems for detection of novel dynam-
ics (and thus identification of feedbacks), and also improve-Use-inspired basic science is an approach that attempts to
ment of predictive strategies. Environmental change shouldrame pure science problems within the framework of the
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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 time frame. Science questions that result from these problems are framed in broad term:
and largely relate to emergent features of water systems.

100yr trends Resulting water Secondary effects Science needs
(anticipated) problems
Changing demography — Water demand — Infrastructure — Define spatio-temporal dynamics of
(population size and —Food demand — Technology water supply, demand and water
lifestyle) — Energy demand — Land use change stress

— Development of real and virtual water

markets

— Attitudes, policy, law

Urbanization of — Urban modification of — Infrastructure — Interaction of urban centers, their
population hydro-climatology — Technology hinterlands and beyond
— Resource demands — Changes in water quality — Emergent properties of urban
— Water transfers — Attitudes, policy, law centers, their water infrastructure
between urban area and resulting hydrology and
and its region climatology
— Valuation of ecosystem services
Warming climaté — Reduced snowpack — Changing agriculture, land use, — How does changing temperature
storage vegetation alter water budget partitioning,
— Increased evaporative supply and demand?
demand — Ecohydrological and
biogeochemical transition
Changing rainfall — Flood risk — Infrastructure development to militate — How is rainfall variability (including
variability — Supply shortfalls against extremes (e.g., desalination) extremes) propagated into flow,
— Changing agriculture, land use, water balance, water quality,
vegetation demand, ecology etc.?
Rising sea levels — Aquifer salinization, — Infrastructure — How are coastal surface and
flooding — Attitudes, policy, law subsurface water systems
connected to the ocean?
Globalization of water  — Interdependence of — Land appropriation — Define spatio-temporal dynamics of
systems water systems Changing agriculture, land use, water (and pollution) and virtual
— Increased spatial scale - vegetation water supply, demand and resulting
of water problems — Creation of externalities, globalization of  stresses
disparity
— Conflict

* Climate change effects are separated into impacts on temperature and rainfall (since rainfall projections are more uncertain). Other modalities of global climate variability
(dimming, stilling) may also lead to changing evaporative demand (McVicar et al., 2012a, b).

applications of that science. Elements of use-inspired basid.1.1 Motivation from real-world problems
science were invoked in past discussions of hydrologic re-
search orientation, emerging strongly in articulating the re-Use-inspired science — as the name suggests — takes real
search role of the National Laboratories in the USA andproblems, in this case water sustainability or water manage-
other locations, and more recently in the NRC report on thement problems — as a starting point. The goal of use-inspired
state of hydrologic science (Dooge, 1988; Dunne et al., 1998science is not, however, to provide immediate solutions to
Stokes, 1997; National Research Council, 2012). It is pro-these problems (Stokes, 1997), but to determine what the
posed here as a way to supersede tensions between fund@andamental knowledge gaps are that impede or lower the
mental and applied research. We propose two complemenguality of the solutions that are developed. These gaps then
tary elements of use-inspired science for hydrology: firstly, become the targets of investigation. In this way, fundamen-
using “real world”, societally relevant problems as motiva- tal research can be framed and pursued while maintaining a
tion for defining pure science questions; and secondly, view-direct connection to its applications, while research priori-
ing managed and modified systems as targets and opporturiiies can be linked to management priorities. Table 1 shows
ties for fundamental scientific inquiry. how significant water sustainability problems that are likely
to arise in response to global trends in the next 100 yr present
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water science questions that represent targets for scientifi(predictions provide ] . Understanding helps
investigation. Each of these problems generates a cascade (PP estetest  Discovery-driven set management
e ; i hypotheses Science targets
secondary effects that will influence the science questions,
illustrating the complexity and coupled nature of the water nderstanding N
science that must be invoked to address these problems. 9‘:::;3*05“5 are. .,pp.,rmnifies
p for discovery
4.1.2 Managed real-world water systems as targets for P“‘(‘i‘?r;"zf‘l?t Ma;;“‘;ﬁ‘::t“g“tgons
. ipe . 1
scientific understanding redictabfity Predictions inform & P

The second element of use-inspired science that we propos:
is to recognize that the extent of human appropriation of
water supplies means that we need to improve our funda-

Adaptive management

mental understanding of the hydrology of managed and im- outcomes (in)validate
pacted systems. The dichotomy in water science, where re- g;ﬁj;ﬁ::{,‘}f{t‘ymp“’ve

searchers focusing on “blue sky” hydrologic research mostly

considered natural systems, with managed water systems affig. 7. A conceptual structure for “use-based” hydrology, en-
dressed from a pragmatic standpoint, has led to an unde,cqmpassing management, pragmatic prediction and fundamental
representation of managed water systems as targets of sci¢'€nce.

entific research. A major element of use-inspired hydrologic

science is to resolve this dichotomy by treating managed sys-

tems as legitimate targets of research. management at any particular site, which in practice should
incorporate site-specific needs, translational activities tai-
4.1.3 Implementation of use-inspired science lored to local communities, science questions and policy

needs, and a long-term commitment to collaborative devel-

In the face of resource constraints and multifaceted wa-opment of social and environmental system knowledge. In-
ter problems, the selection and prioritization of “uses” thatstead, this diagram is intended to illustrate a broad-scale
should inspire pure science is a value-laden decision. It revision for mutually beneficial relationships between funda-
quires identifying and framing the hydrological problems mental science and water resources management. Given Iong
embedded in emergent water problems. Because hydr0|odimeSCa|eS of management and evaluation, Fig. 7 would most
ical variability leads to problems that impact people only fruitfully apply to institutional relationships, relating to data
after the effects of water availability or scarcity are filtered collection, sharing, and ongoing prediction and evaluation
through local social and cultural context, correctly framing efforts. Individual investigators could then engage with this
the pertinent hydrological science problems is not straight-Process on shorter timescales. The data collected and insights
forward. Instead it is intimately related to a host of associ-gained would provide a basis for historical reconstruction.
ated social, cultural and economic processes (Srinivasan étlternatively, comparative studies could explore hydrologic
al., 2013). While this poses challenges, this also leads u§utcomes as legacies of past management actions in multiple
to suggest that use-inspired science provides an exciting tasettings.
get for sociohydrological research, and for exploring the use
of collaborative learning frameworks that link communities, 4.2 Team science to study hydrologic change
managers and researchers to jointly address resource man-
agement problems as a way to inspire fundamental sciencAlthough many of the activities proposed in the research
(Metcalf et al., 2010; Daniels and Walker, 2001; Tidwell and agenda can be implemented by individual researchers, there
Van Den Brink, 2008). Use-inspired science does not pro-is a clear impetus towards addressing the problem of hydro-
vide a framework for management or for bridging divisions logic predictions through team efforts by supporting both
amongst science-policy-users in practice. It does, howeverindividual and collective ideas. The need for team science
provide an opportunity to orient fundamental scientific re- arises from the interdisciplinary nature of the problem of
search towards pragmatic needs and outcomes. change in water systems; from the high levels of cyber-
With these caveats, it is nonetheless possible to envisagmfrastructure needed to implement the vision of model-
a long-term relationship between fundamental science dedata learning; and from the large investments in data gen-
velopment and managed water systems, illustrated concegeration and sharing that are needed to facilitate reconstruc-
tually in Fig. 7. In this model, scientific investigation, model tion and comparative studies. Thus, the organizational frame-
development and management mutually improve each othework for implementation requires targeted approaches to-
(Dooge, 1986), with science applications (uses) being intewards team science. Fortunately, many of these needs are
grated into the scientific investigative process. Again, thishighly compatible with the mission statements and goals of
is not a model for the implementation of water resourcesexisting institutions such as CUAHSI (United States) and
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IAHS (international), and can thus build from consolidation applications. It is well supported by staff, training courses,
and extension of existing initiatives (Montanari et al., 2013). web-resources and a physical presence at UCAR. Institutions
such as CUAHSI have a clear interest in similar kinds of in-
4.2.1 Fostering interdisciplinary teams frastructure, and there remains tremendous scope for inno-
vations in this area. Creative uses of online platforms are
Interdisciplinary engagement is critical for undertaking com- particularly critical as research becomes more international
parative hydrologic studies, hydrologic reconstruction andand interdisciplinary. Critical changes in water systems oc-
formulating modeling frameworks that could account for cur worldwide, but the distribution of research capacity and
change. Yet fostering successful interdisciplinary engage-observations remains strongly skewed towards North Amer-
ment remains a non-trivial challenge (Larson et al., 2011;ica and Europe. There are scientific and ethical imperatives
McGuire, 1999; Morse et al., 2007; Salazar et al., 2012), parto address these discrepancies, at least by ensuring open ac-
ticularly when team members may be geographically sepacess to data sets (as users or contributors) and research plat-
rated. Fostering the creation and success of interdisciplinarjorms. The expertise of international institutions such as the
teams depends on (i) creating an environment that supporttAHS and UNESCO in promoting international hydrological
interdisciplinarity, (ii) crafting problems around which teams cooperation can be leveraged to promote equal access to and
can focus their efforts, and (iii) access to the tools and in-participation in community-led efforts.
frastructure that can facilitate the activity of these teams.
Given the use-inspired science framework, we will add that4.2.2 Collaborating to share data and make
these teams should also include representatives from the re- observations
search community in water resources and hydrology, as well . .
as managers and representatives from agencies. Teams caA€ research activities proposed in Sect. 3 generate a need
be supported by building on existing mechanisms such afor data that spans (i) multiple locations, (ii) multiple time
the Research Coordination Networks (RCNs) supported by@mes, and (i) multiple disciplines (Bloschl, 2006; Paola
the US National Science Foundation, which specifically aim €t @l-» 2006). Consolidating existing hydrological (and earth
to bring disparate communities of knowledge together at naS¢'€Nnce gnd e.colog|ca|) dat?. collection and curation efforts
tional and international levels. Existing forums — e.g., at large(Summarized in Table 2) will go a long way towards ad-
international conferences — are available for these groups tgressing the first two needs (Hipsey and Arheimer, 2013).
promote their ideas and communicate their findings, provid-The value of such curated and standa_rdlzed data sets is il-
ing a route to credibility within the field. Working coop- 'ustrated by the MOPEX data set which was made pub-
eratively between primarily research oriented forums (e.g. I iIn 2006 and has, since then, resulted in the publication
AGU, EGU) and forums with a stronger focus on applica- of over 40 diverse comparative studies (Duan et al., 2006).

tion and management (e.g., EWRI, ASCE) could provide anThe quality control, core metadata accessibility, and stan-
institutional mechanism for supporting use-inspired sciencedardized format of the MOPEX data set make this data set

These mechanisms are simple, low cost, and capitalize on eXlighly valuable to hydrologists for comparative hydrology
isting momentum towards interdisciplinary science in many Studies. More such data sets are needed, with additional in-
research communities. Successful interdisciplinary teams arfPrmation to support interdisciplinary analysis and over an

often centered around an attempt to understand multifacete@XPanded geographic area. Strategically, many existing ob-
real-world problems (Irwin et al., 2012). Tangible problems Sérvation networks could be leveraged to generate valuable

and desired outcomes assist in creating common goals, arfifta Sets for interdisciplinary hydrology (see Table 2). For
motivate researchers through the challenging processes dfstance, the Fluxnet data sets provide unrivalled, high res-
developing common vocabulary, conceptual frameworks and)lutlop _mformguon_about evapo-trlansplratlon dynamics, but
methods (Thompson et al., 2011a). In this way, use-inspired”sumc'em soil moisture observations to allow water budget
science may also provide a framework for team science. ~ ¢losuré (Thompson et al., 2011b). Adding these soil mois-
Given that most interdisciplinary teams are not co-located {Uré observations would increase the hydrologic value of
common infrastructure, particularly online infrastructure, (N€Se sites at a relatively small cost, compared to the costs of
can also help to foster these teams. The opportunities fophe gd.dy—covanance.|nstrumentat|0n already present. Inter-
developing tools to assist in research are expansive. The |SC|pI|nary.observat|on networ.ks such as t_he Critical Zo.ne
range from innovations in database design to facilitate the-PServatories (CZOs) and National Ecological Observation
generation of interdisciplinary data sets, to communicationgVetwork (NEON) are also increasingly focused on human
platforms, to online platforms that provide toolkits for spe- IMPacts and will include urban locations and regions of rapid
cific research tasks. For example, within the climate andl@"d use change. These efforts reflect that funding agencies
atmospheric science community, the online Data Assimila-2r€ increasingly aware of the importance of scientific under-
tion Research Testbed (DART) supports model-data fusior?t_‘"‘nd'ng in human-modified environments, an awareness that
in a model-neutral fashion (Anderson et al., 2009). By be-Will benefit the proposed research activities.
ing model-neutral, DART has tremendous flexibility in its
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Table 2. Existing data networks that are relevant to hydrological 4.2.3 Models and modeling frameworks

research.

Data set/network

Agency responsible

Critical Zone NSF, USA Physical processes
Observatories (Brantley et al., 2006)
Long-Term Ecological ~ NSF, USA Ecology
Research (Kratz et al., 2003)
National Ecological NSF, USA Ecology
Observatory Network (Lowman et al., 2009;
Schimel et al., 2007)
Global Lake Ecological Lacustrine environments
Observatory Network (Hanson, 2007)
Fluxnet DOE, USA Land-atmosphere
interaction
(Baldocchi et al., 2001)
National Water USGS, USA Hydrology, Water quality
Information System (Goodall et al., 2008)
Hydrological CUAHSI Hydrology
Information (Hooper et al., 2004)
System
EarthCube NSF, USA Earth System Sciences
(Moore et al., 2011)
HCDN Hydrology
(Lins, 2012)
MOPEX Hydrology
(Duan et al., 2006)
HELP UNESCO Hydrology (international)
(van Lanen et al., 2002;
Bonell et al., 2006)
FRIEND UNESCO Hydrology (international)

(van Lanen et al., 2002;
Bonell et al., 2006)

Primary focus, references

Given the diversity of approaches that we have identi-
fied as being important for co-evolutionary modeling, there
is a role for community-based model formulation projects
and targeted model intercomparison exercises. Taking real
problems as targets for investigation, model building could
proceed from interdisciplinary discussions that clarify re-
search questions, suitable state variables and critical feed-
backs and couplings. Multiple different models could be
crafted for the same system, each reflecting different philoso-
phies and approaches. These models could form the ba-
sis for formal intercomparison exercises that attempt to il-
luminate the contribution of the different efforts. Such ac-
tivities could be productively supported via existing syn-
thesis centers such as SESYNG@tg://www.sesync.or/—
suitable for ecohydrological and socio-hydrologically fo-
cused modeling efforts; or NCEDhifp://www.nced.umn.
edu) — for hydrological — land surface process studies,
and can build off existing model intercomparison (e.g.,
http://www.eu-watch.org/watermipladdeland et al., 2011)
and community modeling (e.g.http://www.cuahsi.org/
CommunityHydrologicModelinglnitiatives.aspgfforts.

5 Conclusions

We have argued that the long legacy of water resource man-
agement 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 infrastructure. Since this lifetime spans a period in which
we anticipate rapid changes in many environmental subsys-

Integrating information about human-water feedbackstems, hydrologists are challenged to find ways to address the
into these data sets is another challenge for the communitymplications of these changes for water system behavior. It is
The challenge relates to the determination of the most valuynclear that the current reductionist, mechanistic framework
able kinds of information to CoIIate, obtaining data sets thatfor hydrok)gy is well positioned to address this Cha”enge
may be privately held or confidentially compiled by gov- (Killeen and Abrajano, 2008; Torgersen, 2006; Wagener et
ernment agencies, and by virtue of its nature. For instancea|., 2010). Specific issues that confront hydrologists include
archiving historical or legal information, or extracting quan- identifying, describing and parameterizing the feedbacks be-
titative metrics from such information to make it easy for tween water and other systems; addressing uncertain[y aris-
hydrologists to use, this information is not a routine activ- |ng from Changing Systems on mu|tip|e timescales and de-
ity (Haberl et al., 2006; Redman et al., 2004). Booming op-veloping methods to address the large and growing role of
portunities in novel data collection techniques, including thehumans in water systems. Research that aims to address the
use of human sensors, distributed sensors linked in to Mogoal of developing long-term predictive insight must con-
bile phone or wireless networks; and the need to manage unribute to the development, evaluation and improvement of
Certainty in these data sets pose further Challenges. StrOI’@)-evoiutionary mode|ing approaches: we have Suggested
multi-disciplinary and multi-investigator partnerships could that theoretical efforts in this area will be supported by em-
be valuable as ways to learn about techniques for gathemijrical studies along long timescales (hydrologic reconstruc-
ing, storing, using and synthesizing these non-traditional datajon), over gradients in environmental (including human) fea-

sets.
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tures at the catchment scale (comparative hydrology), and
by new developments in the strategic use of data to con-
strain, improve and evaluate models (model-data learning).
While there are precedents for all these research activities,
we suggest focusing research efforts on these approaches
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with a particular emphasis on understanding system changeroject and to NSF program managers Doug James and Tom
Community-led “big-science” initiatives could play a signif- Torgersen for their encouragement. This paper is a major outcome
icant role in these efforts, whether focused on data curationof several years of grassroots activities that involved over 40 sci-
observational networks or interdisciplinary model develop- ntists, and which culminated in a white paper called “Predictions
ment. Yet none of these scientific approaches lie beyondNder Change (PUC): Water, Earth and Biota in the Anthropocene”
the scope of individual researchers worldwide, and it SeeméM' Sivapalan, Editor). We are grateful to all the participants (listed

hiahlv brobable that anv big science initiatives in this arenaln the PUC Report) for their valuable inputs, in various capacities,
gnhty b " y“ g e ... tothis synthesis activity. The work was (partially) developed within
would generate positive “trickle-down” impacts for individ-

the framework of the Panta Rhei Research Initiative of the Interna-

ual researchers generally (Torgersen, 2006). tional Association of Hydrological Sciences (IAHS). The authors
Although we have focused here on new research avenuegank Hal Voepel, Dingbao Wang, Mary Yaeger, and Sheng Ye for

to support hydrological modeling, there remain importanttheir assistance with figure preparation, and Ashwini Chhatre for

outstanding needs to address the practice and implementéaelpful comments. S. E. Thompson acknowledges funding support

tion of water science and water resources management moffeom NSF grant EAR-1013339. G. Bloschl acknowledges funding

broadly. Engagement and acknowledgement of the legiti-support from ERC Advanced Grant 291152 FloodChange.
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