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Abstract

As adaptation becomes more tightly integrated into the range of
responses to climate change, understanding how knowledge of climate
change impacts and vulnerabilities can be effectively used is essential
both to direct research and to support action. This article reviews liter-
ature along an intellectual transect from knowledge of climate impacts
on water systems to the influence of that knowledge on adaptation
responses. We discuss scientific evidence for changing hydroclimatic
regimes, methods for translating climatic information into results
relevant to adaptation, uncertainties in these results, methods for
addressing uncertainty via adaptation processes, challenges and oppor-
tunities for knowledge development and transfer, and sociopolitical
factors that enable or hinder the use of knowledge. Challenges remain
in developing and applying methods for identifying and reducing un-
derlying vulnerabilities and reliably connecting technical knowledge of
climate impacts with local needs remains an unsolved problem. But new
decision-making methods and the potential to learn from analogous
water management situations provide hope for near-term progress.
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1. INTRODUCTION

Earth’s changing climate has profound im-
plications for hydrologic and water resources
systems. Whether looking into the past through
paleoclimate proxies, or into the future through
global climate models (GCMs), the world’s
water resources systems will look different in
the future than they have over recorded human
history, and these hydrologic changes will, in
turn, impact many elements of human society
(1). The scientific community is in broad
agreement that climatic (and as a consequence
hydrologic) changes are being and will con-
tinue to be driven by human-caused impacts to
the climate system from the effects of increased
atmospheric concentrations of greenhouse
gases (GHGs) including CO2 (2, 3).

In the face of the near inevitability of climate
change, adaptation (adjustment in natural or
human systems to moderate harm in response
to expected change) is a key mechanism for
reducing possible negative impacts of future
changes. Although its importance has only
recently been recognized as a critical comple-
ment to mitigation efforts (4), adaptation has
rapidly assumed a central role in scientific and
policy conversations, alongside mitigation (re-
ducing GHG emissions) and geoengineering
(manipulating the climate system through se-
questering GHGs or other methods). Notably,
recent moves have been made toward a global
commitment on the order of tens of billions of
dollars to fund adaptation efforts (5).

Adaptation, whether anticipatory of future
changes or reactive to changes as they occur,
boils down to decisions informed by the per-
ceived knowledge of potential risks, whether
based on projections of future climate scenarios,
analysis of context-specific vulnerability, or lo-
cally experienced change. This knowledge can
take many forms, but a common challenge for
studies of climate change lies in the translation
of information at global scales (e.g., regimes of
temperature and precipitation) to the relevant
effects on what we care about (e.g., water sup-
ply). The capacity to make such translations is
not evenly available throughout the world (6).

7.2 Kiparsky · Milman · Vicuna
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Even where such capacity exists, the use of in-
formation to drive decision making about fu-
ture resource management may be attenuated
by political and institutional constraints and/or
diluted by the need to simultaneously consider
other impacts to water resources systems.

Despite a recognized need among both sci-
entists and water managers for anticipatory
adaptation, there is no consensus on the actual
actions that are required. Although the science
of impacts and vulnerabilities develops apace, a
critical need is building to understand how and
when to move from knowledge of future im-
pacts to proactive adaptation to climatic-related
changes. The challenge lies in generating infor-
mation that is useful in both content and form
for supporting decisions about adaptation ac-
tions (7). To do so effectively, scientists need
to understand and engage with the social and
political processes of decision making in water
resources management. The broader question
of climate information use in adaptation is ap-
plicable not only to the water sector but also
to many areas of natural resource management
and policy, which may draw lessons from the
study of adaptation in water resources.

The objective of this article is to charac-
terize the emerging scholarly understanding
of the pathway from knowledge to action on
climate change adaptation in water resources
(see the sidebar What Is Knowledge and What
is Action?) (8, 9). The article reviews interdisci-
plinary literature along this conceptual contin-
uum, with particular attention to the challenges
and opportunities inherent in linking uncertain
knowledge with difficult decision making. We
focus on water for human needs, recognizing
that water is an inherently interconnected
element of the earth system that links disparate
aspects of human-environmental systems
physically, socially, economically, ecologically,
and conceptually (10).

Water is an important topic for a number of
reasons. Water is required for almost all forms
of human enterprise, but water availability
is inherently variable. Thus, some degree of
adaptation and coping is present in most water
resources systems—even in the absence of

WHAT IS KNOWLEDGE AND WHAT IS
ACTION?

Several familiar but nebulous terms form the conceptual basis
for our discussion. Knowledge can be defined simply as justi-
fiable belief or as a practical or theoretical understanding of a
topic. In practice, what constitutes knowledge can differ for its
various producers and consumers. Although much of the knowl-
edge reviewed in this article is scientific in nature, we emphasize
that local knowledge and knowledge coproduced by scientists and
stakeholders can be especially relevant for adaptation.

Action can be defined strictly as something with physical or
behavioral repercussions. An overarching concept in this review
is decisions, or choices between actions. Note that these concepts
are somewhat interrelated and nested, such that decisions that can
lead to actions are themselves a form of action.

Decisions for adaptation will often be made in the context
of policy (public decisions supported by entities with relevant
authority), governance (structures and processes that enable such
decisions to be made and implemented), and politics (decisions
about who gets what, and how). Note that not taking a decision
is in effect a decision not to act, a fact relevant for many elements
of climate responses.

Greenhouse gasses
(GHGs): gasses that
drive radiative forcing,
leading to climate
change when their
concentrations
increase in the
atmosphere

Climate change:
persisting change in
climate trends, owing
to natural internal
processes, external
forcings, or
anthropogenic
emissions

Adaptation:
adjustment of natural
or human systems to
moderate harm in
response to actual or
expected climate and
its effects

human-caused climate change. Water is af-
fected by most first- and second-order impacts
of climate change, and relative to some other
resources, these effects have been relatively
well characterized in the literature (1). Perhaps
most critically, water decision makers at all
levels are already familiar with managing a
resource strongly affected by weather and
climate and with formal or informal incorpo-
ration of climate-related uncertainty into their
actions. Thus, uncertainty from anthropogenic
climate change should in principle slot readily
into existing decision making structures. To
the extent that it does not, interesting lessons
could be drawn not just for water but also
for other resource management adaptation to
climate change.

We begin in Section 2 with a brief review
of concepts of adaptation and vulnerability,
highlighting a key distinction between ap-
proaches focusing on outcome and context
vulnerability and the need to reconcile the two.

www.annualreviews.org • Climate Knowledge to Adaptation Action 7.3
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Vulnerability:
the propensity or
predisposition to be
adversely affected;
susceptibility to harm

Institutions: the
formal and informal
conventions, rules, and
norms of a society

Climate variability:
variation in climate on
a seasonal to decadal
timescale, sometimes
implying
independence from
long-term trends

We also draw attention to the potential need
for a stricter definition of adaptation action. In
Section 3, we describe detection and projection
of climatic impacts on water resources, as
situated in the context of their relevance to vul-
nerability and adaptation. This section explains
(a) clear reasons for concern about climate
impacts on water resources globally and (b)
how these global concerns can translate to local
systems. In Section 4, we discuss uncertainty
in hydroclimatic knowledge. We contend
that uncertainty is a (if not the) key element
motivating adaptation in the water sector
and describe emerging methods for enabling
different types of adaptation actions. Section
5 steps back to unpack the implicit assumption
of a linear connection between knowledge and
decision making, and presents some lessons
learned for more effective integration. Section
6 discusses the importance of the broader con-
text within which adaptation is to be situated,
elucidating how adaptation to climate change
in the water sector is as strongly meditated by
politics, social understandings, and institutions
as by knowledge-driven decision making, and
Section 7 concludes the review.

2. CONCEPTS OF ADAPTATION
AND VULNERABILITY IN
WATER RESOURCES

To understand the knowledge needs for adap-
tation action, it is important to understand who
will to adapt to what. There is no single answer
because in the water sector who depends on
(a) the scale, ranging from the national to basin
to local (11, 12); and (b) the type of decision
maker, ranging from national or international
level water agencies to local risk managers to
individuals or households (13–17). The to what
varies depending on whether focus is on current
or future vulnerabilities and on whether a spe-
cific hazard is of concern, as described below.

Knowledge needs also vary depending upon
the manner in which adaption occurs. Antici-
patory adaptations are proactive and are made
prior to the experience of climate change. They
thus require greater predictive capacities than

do reactive adaptations that occur in response to
a felt change (18, 19). Examples of anticipatory
adaptations include the building of flow regula-
tors on coastal embankments in Bangladesh to
address sea-level rise or shifts in farming prac-
tices in Mexico and Argentina to plant drought-
resistant crops (20). In contrast, examples of
reactive adaptations include flood protection
and early emergency response systems pro-
posed after the 2011 flooding in Thailand (21)
or disaster-driven migration as has occurred in
the Sudano-Sahel region (20). Planned adapta-
tions (of which more examples follow below)
are consciously undertaken to address a chang-
ing climate and generally involve more in-depth
calculations of expected impacts than the more
spontaneous adjustments of autonomous adap-
tations (18, 19). Households in Mozambique,
which over time have increased their participa-
tion in informal trade and casual employment,
provide an example of autonomous adaptation,
as these shifts reflect spontaneous adjustments
in response to felt and perceived stresses of both
drought and economic liberalization (17).

Knowledge needs vary according to the
mechanisms through which adaptations re-
duce vulnerability. Structural responses, such as
building dams and canals, require information
on impacts, materials, and costs. Communi-
cation and awareness-building adaptations de-
signed to promote autonomous adaptation or
provide emergency response systems require
knowledge of intended audiences and how they
respond to information (22).

Empirically, adaptation can be studied
through one of two general approaches.
Analogs for adaptation to climate change can
be observed in existing adaptation to climate
variability, such as the use of seasonal forecasts.
Future climate adaptation can be estimated by
modeling responses to impacts, ideally account-
ing for both human and biophysical responses.

Irrespective of the timing or spontaneity of
adaptation, the aim is a reduction in vulnera-
bility (23). Top-down or outcome approaches
to vulnerability reduction begin with iden-
tification of hydroclimatic hazards and then
seek mechanisms for the reduction of potential

7.4 Kiparsky · Milman · Vicuna
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negative impacts of such events (23, 24).
Such approaches include risk-hazard, pressure
and release, and integrated assessments. For
example, an assessment in the Mekong River
basin used a combination of high-resolution
climate and hydrological models to identify
potential changes in water resources as well
as to agriculture, aquatic habitat, and fisheries.
These projected changes were then used to
estimate the impacts these changes will likely
have on livelihoods; this information was then
used to determine adaptation needs (25). In
contrast, contextual approaches to vulnerability
reduction place less emphasis on the charac-
terization of hydroclimatic events, focusing
instead on the processes of entitlement and
marginalization that influence how people
are able to access and make use of resources
and how those could be reordered to improve
the capacity to respond to hazards (24). For
example, the above-mentioned assessment
in Mozambique determined that household
drought-coping strategies depend on access to
natural resources, employment opportunities,
household labor, and capital; yet access to and
availability of these resources is changing in
response to market liberalization (17).

Distinguishing between vulnerability ap-
proaches (see the sidebar Multiple Perspectives
on Vulnerability and Figure 1) is useful because
the target of adaptation actions stems implicitly
from the underlying conceptualization of vul-
nerability. An outcome-oriented vulnerability
approach points to adaptations focused on re-
sponding to expected hydroclimatic changes. In
contrast, contextual approaches tend to suggest
adaptations involving broader social change to
improve overall capacity to respond to a wider
range of pressures.

It is also important to note methodological
distinctions between outcome and context-
specific vulnerability. Outcome vulnerability
approaches are frequently conducted using
purely quantitative perspectives, such as nu-
merical modeling tools. They often involve
little or no input from those affected by
projected changes. Context vulnerability relies
strongly on knowledge of how the people who

MULTIPLE PERSPECTIVES ON
VULNERABILITY

Vulnerability (the propensity or predisposition to be adversely af-
fected) is conceptualized in diverse ways. A population or system
may be described as vulnerable if a given hazard will likely result in
harm. Such outcome focus defines vulnerability predominantly as
a function of exposure (measured by the projected frequency, du-
ration, and/or magnitude of the event) and sensitivity (projected
impact of the event on the system) with some consideration of
the ability to adapt. In contrast, a contextual approach views vul-
nerability as a preexisting condition, determined not in relation
to specific hazards but rather by underlying social, political, eco-
nomic, cultural, and institutional factors. These factors include
poverty, low levels of literacy, and uneven distributions of power,
all of which influence how communities can adapt. Under this
conception of vulnerability, an entity is vulnerable if it does not
have the ability to absorb or respond to stressors. The differences
between these approaches is depicted in Figure 1, which illus-
trates that top-down or outcome approaches use scenarios of a
future world development and expected hazards as the starting
point, whereas contextual approaches begin with an analysis of
existing conditions and processes. A multitude of definitions for
vulnerability exist, spanning and extending the spectrum between
these two approaches (23, 26). Connecting the two approaches is
research on generic versus specific adaptive capacity, which high-
lights how certain factors that mediate response capacity are com-
mon across all hazards (e.g., financial or human capital), whereas
others factors are specific to a particular impact experienced (e.g.,
drainage capacity) (20).

will be affected by projected changes function
within their environments, and the framework
for analysis may rely solely upon qualitative
methods for integration and analysis. This
methodological polarization, rather than a lack
of awareness or interest, likely explains the
rarity of examples that incorporate both per-
spectives. Whether effective complementarity
between the approaches can be developed
remains to be seen.

Contextual approaches to vulnerability
reduction are particularly common in the
developing world, where large-scale efforts are
already underway to increase human well-being
and the ability to respond to a host of stressors,

www.annualreviews.org • Climate Knowledge to Adaptation Action 7.5
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Figure 1
Top-down and bottom-up approaches used to inform climate adaptation policy. Reprinted from Reference 150 with permission.

Robust: able to
perform well over a
wide variety of
conditions

of which climate is only one. These approaches
are taken by many nongovernmental programs
(27) and a number of countries in their
National Adaptation Programmes of Action
(NAPA). For example, in addition to climate
specific activities such as improved food crop
varieties, and runoff water harvesting systems,
Mali’s NAPA includes promotion of income-
generating activities, rehabilitation of aquacul-
ture sites, intensification of soil conservation
actions, and sensitization and organization of
the population for the preservation of natural
resources (28). Although it is recognized that
sustainable development aids in reducing
vulnerability to climate change, it is sometimes
difficult to distinguish whether climate adap-
tation is itself part of sustainable development
or if it is an additional response (29). This

distinction is even more blurred given calls for
climate mainstreaming (integrating considera-
tion of climate change into ongoing policies
and plans across all sectors and levels) and
climate proofing (ensuring policies are resilient
to climate variability and change) (30–32).

Adopting practices that make water systems
more robust and resilient in the face of vari-
ability in conditions may be the single most
effective response to the knowledge of chang-
ing climate regimes (27, 33). Consequently, the
literature on climate adaptation in water re-
sources management frequently treats adapta-
tion as synonymous with better water manage-
ment, whether through improved mechanisms
for decision making in the face of uncertainty,
increased efficiency, or changing governance
practices.
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To sharpen the distinction between such
classes of actions, we suggest a differentiation
between process adaptations that change prac-
tices of water management to include climate
change as a consideration and active adaptations
that change the status quo in a way that en-
tails costs or shifts in the amount or nature of
risk to an affected entity. Examples of process
adaptations are described in Section 4. Exam-
ples of active adaptation are less common in the
peer-reviewed literature (34). This likely does
not reflect their actual prevalence; because of
its emphasis on theoretical contributions, the
published literature is not a representative sam-
ple of on the ground adaptation activities. Ac-
tive adaptations might include changes to flood
rule curves to incorporate short-term forecasts
and long-term estimates of changed future con-
ditions (35), specific practices in infrastructure
design or modifications (36), and rainwater col-
lection systems, as well as shifts in crop varieties.
An illustrative summary of active adaptations to
specific climatic hazards is included in Table 1.
Naturally, the examples in Table 1 do not con-
tain all conceivable adaptations, or necessarily
even illustrate the whole range of possibilities;
Table 1 does not include many higher-order
impacts nor related impacts to adjacent sectors,
such as agriculture and fisheries. Moreover, ex-
treme responses, such as abandoning islands or
lowlands rendered uninhabitable by sea-level
rise, are possible and could have very differ-
ent relationships to knowledge. It is impor-
tant to note that many of the active adaptations
proposed in Table 1 implicitly require pro-
cess adaptations for successful implementation.
There is reason to expect that the importance
of this distinction may be more than semantic
in coming years (see sidebar Additionality and
Distinguishing Active and Process Adaptation).

3. KNOWLEDGE OF
CLIMATE IMPACTS

The underlying reason for concern about
climatic change is that, although humans have
always needed to manage for inherent variabil-
ity in hydrology, their mechanisms for doing so

ADDITIONALITY AND DISTINGUISHING
ACTIVE AND PROCESS ADAPTATION

Debate in the mitigation arena surrounding the concept of
additionality for carbon emission offsets eligible for financing
under the Clean Development Mechanism (CDM) (39) serves as
a cautionary tale for adaptation funding. Additionality describes
whether a given action would have happened in the absence of
incentives for GHG emissions reduction and, in particular, in the
absence of funds available from carbon credits. For example, a
proposed wind-power plant would only be considered additional
if it would not have been cost-effective to build without the added
revenue generated by the sale of carbon credits. In other words,
for an action to count as additional, it must be above and beyond
what would have occurred in a business-as-usual scenario.

In contrast to mitigation, which in essence revolves around
reductions in GHG emissions, adaptation includes not only ac-
tive and process adaptations that directly respond to changes in
climate but also reductions in the underlying causes of vulnerabil-
ity, such as might occur via sustainable development. Moreover,
many of the methods and processes that may improve responsive-
ness to climate change in the water sector are similarly suitable
for responsiveness to climate variability or other stressors. Given
that many regions considered most vulnerable to climate change
already experience a deficit of climate variability adaptation (40),
this points to the possibility of developing a concept analogous
to additionality for adaptation. If funding mechanisms to support
climate change adaptation are actualized at the expected scale (5),
finding ways to rigorously define projects that qualify for these
funds may become important for financial, political, and equity
reasons. Thus, scholars and practitioners may need to develop
stronger standards in choosing what to label climate adaptation
while being cognizant of the overlapping end goals of sustainable
development and climate adaptation.

Stationarity: climatic
and hydrologic
variables fluctuating
with unchanging
statistical properties
such as mean and
variance over time

rely explicitly or implicitly on the assumption
of stationarity in hydrologic distributions, i.e.,
the notion that the range of variability does
not change over time. If historical patterns of
hydrology are changing and those assumptions
of stationarity are no longer viable (37), relying
on existing behaviors under nonstationarity
may no longer result in the same reliability for
water resources (38). Adaptation is, in part, a re-
sponse to these concerns. The creeping nature
of climate change, together with long planning
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Table 1 Likely to highly likely climatic changes, with a partial list of attendant impacts on water resources and potential
active adaptationsa

Predicted change Related impacts on local water resources Example active adaptations
More heat waves over
land areas

Increased demand for irrigation and drinking water
Water quality problems, such as algal blooms

Shade local areas
Crop cover
Temperature-resistant crops

More frequent or
intense floods

Damage to water storage/supply systems
Increased water pollution
Potential relief of water scarcity in some areas
Increased risk of water-borne disease

Upgrade and reinforce infrastructure
Barriers
Drainage
Detention areas
Soil conservation measures
Reforestation
Disaster planning
Flood forecasting
Early warning systems
Insurance
Zoning
Relocation of populations and infrastructure

Increase in areas
affected by drought

Reduced water availability
Lowered water tables
Compromised water quality
Increased risk of water-borne disease
Increased demand for irrigation water

Water supply source diversification
Artificial groundwater recharge
Leak management
Conservation and water-use efficiency
Contingency planning

More frequent or
intense tropical
cyclones

Damage to water storage/supply systems
Power outages causing disruption to public water
supply

Increased water pollution

Upgrade and reinforce infrastructure
Disaster planning
Weather forecasting
Early warning systems

High sea-level rise Damage to water storage/supply systems
Salinization of groundwater and estuaries in coastal
areas

Upgrade and reinforce infrastructure
Barriers
Drainage
Artificial groundwater recharge
Zoning
Relocation of populations and infrastructure

Melting glaciers Seasonal shifts in streamflow
Higher risk of flash floods

Reservoir reoperation
Change water rights allocations
Flood adaptations

Higher water
temperatures

Water quality problems, such as algal blooms and
reduced dissolved oxygen content

Higher operating costs for water systems

Shade waterways
Increase thermal efficiency of technologies

Changes in river flow
and discharge

Changes in water availability
Changes in water storage
Increased risk of flash floods
Impacts on groundwater recharge

Watershed protection
Increase carryover storage
Alter reservoir operations
Upgrade or redesign infrastructure

Increased rainfall
variability

Changes in water availability
Changes in water storage
Increased demand for irrigation water

Increase carryover storage
Increase infiltration during wet seasons
Drought- and moisture-resistant crops
Soil water conservation measures

aTable 1 is based on Reference 151 with data from References 57 and 152–154.
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horizons for water and development, makes it
all the more expedient for decision makers to
have improved understandings of the potential
impacts of future climate change on water
systems. Knowledge relevant to climate change
incorporates understanding of both projected
biogeophysical changes and the vulnerability
of human and natural systems. This section
describes how past, current, and future hy-
droclimatic regimes each justify the need for
adaptation.

3.1. Changes in Past, Present,
and Future Climates

Looking deeply into past climate regimes using
paleoclimatic proxies such as tree rings and ice
cores reveals that the envelope of climate vari-
ability over hundreds or thousands of years has
greater extremes in many places than those re-
flected in the historical record (41, 42). Thus,
the historical climate in which institutions and
infrastructure evolved (43) may not reflect
droughts and floods with physical precedent.

We can consider current climate regimes as
patterns that have evolved over the past cen-
tury during which the major effects of human-
caused forcing from GHGs can be detected.
Although robust global-scale generalizations
about hydrologic impacts of climate change are
unlikely to emerge, trends suggest early mani-
festations of climate change even if changes in
the hydrologic cycle remain ambiguous. The
most robust evidence is associated with in-
creases in temperature. Global mean surface
temperatures have risen by about 0.7◦C from
1906 to 2005, with an increasing rate of warm-
ing over the century that is consistent with
expectations for forced climate change (44).
Long-term trends show the quantity of pre-
cipitation has increased in some places and de-
creased in others, but there is no unified global
pattern of change in either precipitation or
overall streamflow (44, 45). Modeling exper-
iments reveal historical climate-driven trends
toward a reduction in water resources availabil-
ity (46); however, agreement is still lacking on
the magnitude and even direction of hydrologic

Nonstationarity:
containing a trend or
step change in some
(or all) of the statistical
properties of a variable

Pacific Decadal
Oscillation: a pattern
of Pacific climate
variability that shifts
phases on at least
interdecadal timescale,
usually ∼20 to 30 years

Intergovernmental
Panel on Climate
Change (IPCC):
the international
governing body whose
activities include
synthesis of scientific
information on climate
change

changes in many areas. For example, Marengo
(47) concluded that no systematic trends to-
ward either drier or wetter conditions in both
the northern and southern Amazon have been
identified in rainfall records since the 1920s. In
extending his analysis to streamflow time series,
he found no unidirectional trend toward drier
conditions such as would be expected to arise
from deforestation or global warming, but he
did see variations characteristic of decadal and
multidecadal modes such as Pacific Decadal Os-
cillation (48).

Trends can be difficult to detect because the
effects of climate change on water are medi-
ated through local and regional hydrologic pro-
cesses that have a nonlinear relationship with
climate variables (49, 50). For example, as a con-
sequence of rising temperatures, more precip-
itation now falls as rain rather than as snow in
mountainous regions. Temperature changes in
river basins dominated by snowmelt have also
altered the timing of streamflow (51). Increased
risk of floods (52) and extreme precipitation
events (53) can be attributed to human-caused
climate change as well.

Projected changes in future climate regimes
are based foremost on global climate mod-
els (GCMs). These global-scale computational
representations of the biogeophysical elements
of the earth system are forced by scenarios of
future trajectories of GHG emissions. These
emissions scenarios are typically chosen from
the Special Report on Emissions Scenarios
(SRES) (54) family of scenarios that tie alterna-
tive visions of the future economic, population,
and technological development to emissions.
GCM results are projected trajectories for tem-
perature, precipitation, and other climatically
relevant variables. According to the latest In-
tergovernmental Panel on Climate Change
(IPCC) report (55), for the next two decades, a
warming of about 0.2◦C per decade is projected
for a range of emission scenarios, resulting in
global temperature warming that ranges from
1.1◦C to 6.4◦C by the decade 2090–2099. Re-
gardless of the actual future emissions pathway
we take, the earth is already committed to some
degree of climate warming. Models project that
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Impact assessment:
translation of coarse
global impacts into
information on effects
more directly useful
for directing
adaptation, such as
water supply reliability

if radiative forcing agents were held constant at
year 2000 levels, a further warming trend would
still occur in the next two decades at a rate of
about 0.1◦C per decade. Although results for
precipitation are more heterogeneous than for
temperature, models robustly show increases in
precipitation in high latitudes and decreases in
most subtropical land regions. Finally, model-
based projections of global average sea-level
rise at the end of the twenty-first century project
a range from 0.18 to 0.59 m (55).

Translating such output from GCMs into
things we care more directly about, such as
projected streamflow or agricultural yields, is
a key challenge for impacts studies. Several
key reviews summarize the state of the science
for impact assessment (1, 56, 57). Changes
in precipitation will likely lead to decreasing
water resource availability in many presently
water-stressed semiarid and arid areas. Shifts
in winter precipitation from snow to rain
will change the timing and nature of flows
in snowmelt-dominated regions. And rising
temperatures will cause glaciers to retreat.
Much information from climate change impact
studies has been obtained using the “IPCC
approach” (25). Such studies follow a set of
early generic guidelines laid out by the IPCC.
They take a top-down approach to assessment
of biophysical and socioeconomic impacts, us-
ing scenarios of future climate change to drive
models or sets of models of systems of interest.
For example, a standard approach for water
resources could involve a hydrologic model
calibrated to historical inputs of temperature
and precipitation, run with GCM data under
emissions scenarios of interest, to estimate
changes in reliability of a surface water reservoir
(58).

3.2. Reasons to Care About Global
Climate Change at the Local Level

The above discussion highlights detection and
attribution of climate change in historical data
for an important reason. Water managers are
often conservative and risk averse (59–61),
which manifests not only in their management

actions but also in the data and processes they
choose to employ. Water managers have been
shown in many cases to shy away from using sea-
sonal forecast data, let alone modeled climate
data for decades in the future (59–61). They
may demand evidence of climate change in the
observed record not out of lack of technical so-
phistication but out of a feeling of duty not to
alter their practices prematurely.

Regardless, water managers are increasingly
attentive to the challenges of climate change,
and the demand for climate knowledge will
continue to increase. To fulfill this demand, a
wide range of choices exists for development
of local-scale climate scenarios. Methods can
be characterized as (a) those requiring limited
resources (sensitivity analysis, change factor,
climate analogs, and trend extrapolation),
(b) methods with modest resource needs (pat-
tern scaling, weather generation, and empirical
downscaling), and (c) methods with high re-
source needs (dynamical downscaling, coupled
climate models) (22). Increasing resources buy,
at least in concept, increased spatial and tem-
poral precision and a closer connection to the
source data of GCM projections, but whether
this translates to a greater accuracy or relevance
is subject both to debate and to the specific
needs and aims of the end user (22). Each
method has valid applications, and the selection
of the most appropriate analysis depends on
one’s needs and resource availability.

Generally, a fully integrated top-down cli-
mate change impact assessment study generates
a cascade of information to assess impacts at the
regional or local level. Chosen emissions sce-
narios can be used with any of the approximately
20 GCMs available from major meteorological
institutions, and an array of dynamic and
statistical approaches exists to downscale their
output to regional and local spatial scales. The
hydrologic and water resources models used
typically represent historical conditions but
are also able to accept perturbed hydroclimatic
inputs. Finally, a model focusing on one or
more of the impacts presented in Table 1
completes the cascade of information and
constitutes the output of the impacts analysis.
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Several examples illustrate typical water
impact assessments. Vicuna et al. (58) use two
GHG emissions scenarios forcing two GCMs,
with the statistically downscaled output driving
a macroscale distributed hydrologic model of
inflows to major reservoirs in California’s Cen-
tral Valley. These inflows, in turn, are input to a
water operations simulation model. The results
imply that projected changes in the hydrologic
conditions of the rivers in California would
lead to substantial reductions in water supply
deliveries, reliability, reservoir storage, and
environmental flows in the absence of substan-
tial institutional or infrastructure changes. An
interesting contrast to this work is found in an-
other study of climate-affected performance of
the California water supply system (62). Here,
Tanaka et al. (62) reach more optimistic con-
clusions about vulnerability, in part, because
of methodological choices. Using a different
set of climate scenarios and an optimization
approach simulating water management with
perfect foresight suggests great latitude for
adaptation through mechanisms such as water
markets. Thus, method matters, and method-
ological and scenario choices contribute to
further uncertainty in impact assessments.

The implication of changes in extremes has
also been investigated. Lehner et al. (63) use
a regional-scale water resources model sen-
sitive to climate scenarios to examine future
floods and droughts for Europe. They simulate
macroscale behavior of the terrestrial water cy-
cle to estimate natural water availability from
surface runoff and groundwater recharge, com-
bined with a water-use model that computes
demands from household, industry, irrigation,
and livestock sectors. The results show large
critical regions for which significant changes in
flood or drought risks are expected under the
global change scenarios considered, with north-
ern Europe prone to a rise in flood frequen-
cies and southern Europe showing significant
increases in drought frequencies.

Incorporating feedbacks and system re-
sponses other than climate is important as well,
as exemplified in a study of the northeast re-
gion of Brazil (64), where future reductions in

precipitation projected in an already drought-
prone area may lead to changes in migration.
The authors model feedback mechanisms along
with economic and social repercussions of re-
constructed historical and extrapolated GCM
data. Impacts associated with changes in cli-
mate include water availability changes as well
as changes in irrigation demand and crop yield,
with potential adaptations, including infras-
tructure development.

Knowledge of impacts such as those de-
scribed above and in Table 1 illustrates the
potential threat of climate change more mean-
ingfully than summary measures, such as global
average temperature change. Such findings
also demonstrate the importance and urgency
of response by both scientific and policy-
making communities. As described above, these
methods constitute top-down or outcome ap-
proaches to vulnerability and as such are di-
vorced from the dynamic context in which such
changes would reside in the real world (24).
They do not reflect the ex ante vulnerability of
the impacted region that influences its ability
to respond to such risk. Identification of poten-
tial hazards and their expected magnitude and
distribution is important. Yet the outcome that
will be experienced in actuality depends on the
capacity of a system to respond; some systems
are better able to respond than others. Consid-
eration of how the affected population or system
is able to respond (i.e., whether it has assets and
entitlements and can make use of them) is essen-
tial both in predicting outcomes and in identi-
fying points of leverage. Unfortunately, in the
water sector, contextual vulnerability analyses
that address this shortcoming are rare.

The purpose of top-down assessments can
be more appropriately classified as sensitivity
analysis than as predictions or estimates of risk.
Early studies of climate change in the water
sector also tend to be bounded to a long-term
end-of-the-century period, such as 2070–2100.
Inclusion of adaptation in those analyses was
often motivated by recognition that it would be
unrealistic to model people and environmental
systems as unresponsive to change, rather than
because adaptation was the object of study
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and important for action in its own right.
The severity of impacts found using the above
methods has motivated a continuous effort for
better assessment of impacts and adaptation
strategies and increased efforts for mitigation,
but, as described in Section 5.2 below, infor-
mation resulting from these assessments is not
always produced in a way or presented in a
form that is useful for decision makers.

3.3. Uncertainties in Climate
and Water Impacts

Uncertainty is part of knowledge and needs to
be embraced as part of what goes into decision
making. There is no single accepted charac-
terization of uncertainty or of risk, and the
uses of these terms vary widely. Uncertainty
can be defined most simply as lack of confi-
dence in knowledge about a specific question
(65). Uncertainty is commonly expressed using
probabilities, whether frequentist or subjective,
though in many situations it cannot be quanti-
fied for either practical or theoretical reasons.
In some fields, a distinction is made between
risk (where probabilities are known) and
uncertainty (where they are not) (65), although
there are also variations in use of the term
risk, with stricter definitions of risk requiring
inclusion of consequences to a decision maker
(Section 4.4). Studies such as those described in
Section 3.2 demonstrate that climate impacts
are highly likely to manifest as any number of
relevant and severe impacts on hydrology and
water systems. However, owing to uncertainty,
science cannot predict the precise form of
these changes, but the risks are substantial and
need to be managed, as described in Section 4.

The underlying uncertainty in both obser-
vations and projections of climate is large. Even
agreement in direction of projected impacts can
be elusive, such as in the study by Nohara et al.
(66) that analyses end-of-century (2080–2100)
runoff scenarios for 24 of the most important
rivers around the world using outputs from 19
GCMs. Many of the individual GCM scenar-
ios projected substantial runoff changes. How-
ever, when considering the ensemble results as
a whole, only two of the basins showed enough

agreement and magnitude of change to indi-
cate strong evidence for changes in future dis-
charges. This lack of a clear hydrologic signal is
not surprising given the variability in regional
precipitation projections and serves to highlight
the high degree of uncertainty in knowledge of
regional hydroclimatic futures.

Climate is influenced by inherently stochas-
tic elements, such as population growth, energy
consumption, deforestation trends, and other
large-scale processes, through their influence
on GHGs and thus radiative forcing of cli-
mate warming (67). Furthermore, even given
a known emissions trajectory, the response of
the climate system is challenging or impossi-
ble to predict (68, 69). Complex interactions
between hydrologic processes make it difficult
to distinguish climatically driven changes from
other confounding factors, and changes in the
tails of hydrologic distributions have only been
attributed to climate in a few publications (70,
71). Biophysical changes could mask hydro-
logic manifestations of climate change, such as
glacier melt masking changing low-flow trends,
land-use changes masking high-flow trends, in-
frastructure management and changes in water
demands influencing the timing and quantity
of flows, and so forth. More detection and at-
tribution studies are needed to tease out such
subtleties (72, 73), but a lack of good quality
streamflow data, particularly in the developing
world, can hinder even the possibility of con-
ducting such detection studies and improving
our understanding of recent trends (45).

When multiple elements of a hydrocli-
matic system are combined into an integrated
analysis, their uncertainties combine in a
cascade or explosion of uncertainties (74).
Furthermore, with future projections, uncer-
tainty may expand into the future in a cone
of uncertainty (75) in which changing rela-
tionships between system variables amplify the
increasing uncertainty from projecting climate
and other stressors over time in a non-static
human-natural system. Cascades, explosions,
and cones of uncertainty are all exacerbated
by the potential for nonstationarity, prevent-
ing changes from being defined by single
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probability distributions or as part of long-
term variability processes (i.e., Pacific Decadal
Oscillation, El Niño-Southern Oscillation,
Hurst-Kolmogorov phenomena) (76, 77).

The net effect of the uncertainties described
here will be a challenge to traditional decision
making, necessitating new approaches, despite
the fact that water system management has his-
torically had to incorporate uncertainty in the
form of substantial variability.

4. INCORPORATING
KNOWLEDGE INTO
DECISION MAKING

One of the fundamental conclusions to emerge
from impact assessment research is the high
degree of uncertainty surrounding the impacts
of future climate change. Uncertainty itself
is thus one of the key elements to which
water resources must adapt. Characterizing
uncertainty and developing tools to address it
remain central challenges for adaptation. The
bounds of uncertainty owing to climate change
are, and will remain, large enough to challenge
traditional decision-making methods, such as
optimization (38). Thus, adaptation to climate
change requires approaches that no longer rely
on stationary distributions or even strong prior
expectations of future climatic envelopes. This
section describes both traditional and novel
approaches that can be used to incorporate in-
formation about climate change into adaptation
while embracing the irreducible uncertainty
inherent in such knowledge. These methods
are in general related to process adaptations
but can, in some cases, lead to or enable active
adaptations. Newer efforts address key method-
ological and conceptual advances, including
a greater focus on near-term projections
(e.g., https://www.ipcc-wg1.unibe.ch/AR5/
outline.html, accessed December 29, 2011),
explicit characterization of uncertainty, and
more effective connection of impact assess-
ments to adaptation options. Developing
methods to incorporate uncertainty into forms
palatable for decisions is one broad approach.
Building in flexibility to decisions is another.

4.1. Action Is Justified Despite
Uncertainty in Water Management

Water resources management, like other
climate-dependent activities such as agri-
culture, has always dealt with uncertainty,
especially as it arises from climatic variability.
In recognition that the environment is continu-
ously changing, hydrology and water resources
modeling has historically treated uncertainty
from multiple angles (50). The water sector
has historically responded to uncertainty (75)
by building infrastructure (e.g., reservoirs,
flood protection, irrigation systems), im-
proving institutions (e.g., Integrated Water
Resources Management plans, floodplain
building restrictions) or simply improving
knowledge about uncertainty (e.g., short-
and medium-term hydrologic forecasts, water
resources modeling). Uncertainty arising from
future climate change differs from the typical
uncertainties the water sector has learned to
address, particularly considering the challenge
of nonstationarity as described above; thus,
new methods for incorporating additional
and greater uncertainty into management are
increasingly important (37, 38, 78).

There is a tension between the perceived
need for reducing uncertainty before action
and the ultimate need to take action given long
planning horizons. An “uncertainty fallacy” has
developed such that many scientists believe a
continual reduction in uncertainty in climate
projections is necessary or sufficient (7). A
myopic focus on reducing uncertainty can
occur at the cost of timely action. Lemos &
Rood (7, p. 670) suggest that “in the context of
high uncertainty, decision makers should not
look for ‘perfect’ forecasts, but seek to imple-
ment knowledge systems that integrate climate
projections with other kinds of knowledge and
that consider the multiple stressors that shape
their decision environment.” In the case of
climate change adaptation, the temptation to
delay decisions on environmental issues until
enough is known collides with awareness of
increasing risks to water systems, long planning
horizons, and the need for active management
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Maladaptation:
action taken to avoid
or reduce vulnerability
to climate change that
adversely affects or
increases vulnerability

that will not wait for certainty on climate
change and other stressors.

Even in the face of uncertainty, there are
many reasons to support calls to pursue adap-
tation measures in the water sector. First, it is
possible to confront a situation where the lack
of recent trends (or even the direction and mag-
nitude of those trends) is opposed by a consis-
tent expectation of change in the near future.
Such a circumstance may occur for a variety of
reasons, including the presence of confound-
ing factors or data paucity as described above.
The lack of a clear recent trend may also sim-
ply reflect nonlinearity of impacts as we move
into the future, as would be the case if stronger
impacts come later in the twenty-first century
(79). Second, for certain decisions, such as the
design of long-lasting infrastructure (36, 80),
it becomes necessary to consider all potential
future climate scenarios to both assess the real
benefits of such infrastructure and also design it
to best deliver those benefits. Last, proceeding
with any course of action, without due consider-
ation of the potential impacts of climate change,
may lead to path dependency and maladapta-
tion (81). However, it is important to note a
possible difference in perception between wa-
ter managers, who are often conservative and
reliant on observed records, and scientists, who
can infer more urgency from model-produced
projections that suggest imminent change with-
out necessarily saying exactly what that change
will be. Thus, the knowledge described in
Sections 3.1 and 3.2 need to be used in con-
cert, an open challenge.

4.2. Characterizing Uncertainties in
Future Climate and Water

The need to take action in spite of uncertainties
associated with projected climate-related im-
pacts motivates efforts to clarify and character-
ize them. Until roughly 2005, most impact as-
sessment studies relied on one or at most several
GHG emissions scenarios; such studies make
up the bulk of what is included in the IPCC AR4
report (56). Greater recognition of the depth
of uncertainty in both future emissions and cli-

mate sensitivity (67, 69) is now leading to efforts
to develop methods for uncertainty analysis.

Most approaches to incorporating climate
uncertainty in water resources management
are modifications of techniques normally used
in planning and operation decisions. One com-
mon approach is the use of scenarios (plausible,
internally consistent sets of assumptions about
the future); the goal of these scenarios is to
develop a range of future conditions that go
beyond extrapolation of trends to represent
surprising but plausible conditions. Studies
typically identify future water resources opera-
tional conditions under a set of climate change
scenarios developed using multiple GCMs and
GHG emissions scenarios (58, 62, 82, 83). Sets
of scenarios are normally selected so as to rep-
resent the envelope of plausible future climate
conditions in terms of changes in precipitation
and temperature (84). Implications and future
needs for each scenario are identified, and
adaptation strategies are developed. Adaptation
strategies can be sought that have near-term
actions common to all or most scenarios (85).

A small number of scenarios can be selected
so as to bracket the range of potential outcomes,
or larger ensembles can be used to conduct a
probabilistic assessment (86, 87). Extending the
scenario ensemble approach enables risk-based
methods. One approach is to assign probabili-
ties to climate scenarios on the basis of how well
a GCM performs under historical climate con-
ditions; this type of analysis can be used to add
a risk estimate to impact assessments. A recent
example from California illustrates how GCM
credibility can be assessed based on how closely
models reproduce historical climate statistics
for a target geographical area. The results of
comparisons with historic climate data can be
used to cull models contributing to ensembles
or to weigh the contribution of some models to
the ensembles more than others (88).

Although the above studies focus on char-
acterizing uncertainty in climate per se, other
work makes use of such data to generate an
impact analysis with probabilistic elements,
taking steps toward a risk-based analysis. In the
California case, the weighted/culled ensemble
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was then used to generate an ensemble of
streamflow, which, in turn, was used in con-
junction with an existing simulation model to
assess water supply risk for California’s water
systems under adaptation strategies based on
adjusting flood control rules (89).

A different approach was considered by
Vicuna et al. (90). The authors derived GCM
ensemble member probabilities on the basis of a
future projected state of the climate system in a
given location. Their approach creates a proba-
bilistic representation of hydrologic conditions
that evolves with time and GCM projection,
allowing the simulation of future optimal
basin-scale operation policies. The method
also considers the possibility of testing differ-
ent adaptation policies ranging from building
infrastructure to changing operational rules
and changing institutional frameworks (e.g.,
conjunctive use of surface and groundwater).

In spite of substantial recent attention to
characterizing climate and water uncertainties,
methodological challenges remain unresolved.
A root problem is that probabilities assigned
to climate models cannot be validated for fu-
ture performance because the future underlying
physical conditions have not yet existed. How-
ever, given ongoing progress in developing such
methods, the next section describes how infor-
mation about climate uncertainty can be made
palatable to decision makers.

4.3. Decision Making Under
Climate Uncertainty

Although the above strides toward probabilis-
tic methods are important, assigning probabil-
ities to outcomes is only a first step toward de-
cision support. Risk and decision analysis are
classical methods for evaluating decisions un-
der uncertainty that assist in combining infor-
mation about the probabilities of an event with
information regarding potential consequences
(91). In such methods, probabilistic informa-
tion about water-related impacts can be com-
bined with quantitative expressions of decision
makers’ attitudes toward risk to evaluate choices
under future climatic uncertainty, but efforts to

do so have been slow to emerge (92, 93). The
difficulties in assigning probabilities to different
climate scenarios (68), irreducible uncertainties
in future climate scenarios (94), and the need to
increase emphasis on who is being impacted has
led to a series of new approaches.

No-regret strategies are adaptation actions
that provide benefits regardless of climate
change or that are reversible (80, 95). In
this sense, they allay concerns regarding
uncertainty in future climate regimes. Water
efficiency or water quality protection measures
(95) are examples of no-regret strategies, as
are human development approaches designed
to reduce underlying vulnerabilities. Although
implementation of such strategies seems an
obvious choice, in practice, financial, techni-
cal, institutional, and knowledge limitations
hinder their adoption (80). Moreover, climate
uncertainty may mask identification of such
options. If the future is significantly different
from the past, no-regret strategies identified
by considering current climate regimes may be
less effective than anticipated (25).

Robustness, the ability of a system to perform
well in a wide variety of situations, has been dis-
cussed in water resources modeling for decades.
Recent examples of robust approaches explic-
itly recognize the deep uncertainty inherent in
many complex decision situations where prob-
abilities are difficult or impossible to quantify
(96). These approaches make use of probabilis-
tic information but de-emphasize its central-
ity by bringing additional focus to analysis of
the vulnerability of affected systems and deci-
sion makers. Such tools can enable action when
probability distributions are either unobtain-
able or viewed as not credible (97, 98). Ro-
bust approaches attempt to provide an alter-
native to precise specification of climate-driven
outcomes by shifting emphasis toward clarify-
ing which future uncertain elements or vari-
ables are most important to decision makers.
Thus, the focus moves away from developing
optimal policies and toward developing policies
that produce acceptable outcomes over a broad
range of possible futures (99–102) and provide
low-regret options.
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Adaptive
management:
systematic
improvement of
policies and practices
through continued
learning

Robust decision making (RDM) has been
applied to the integration of climate change into
water policy (103). RDM focuses on outcomes
by asking decision makers to specify a base-case
policy and a range of acceptable outcomes, pos-
sibly over several performance metrics of inter-
est (103). The policy is then evaluated to deter-
mine how it would perform over a wide range of
plausible scenarios or futures. The results from
this analysis are then used to identify vulner-
abilities; scenarios that result in projected un-
desirable outcomes for the base-case strategy
reveal the ways in which that strategy is not
robust. This information is used to iteratively
develop new strategies that reduce projected
vulnerability. For example, Groves & Lempert
(96) apply RDM to long-range water planning
in California. In their study, a characterization
of acceptable policy outcomes for water sup-
ply was combined with numerical modeling of
a water system and its sensitivity to a large en-
semble of input factors, such as climate, popu-
lation growth, and the availability of imported
supplies under a given planned policy (96). The
output from the modeling is a database reflect-
ing a range of combinations between the in-
put factors. Querying this database can identify
ranges of combined inputs that would result in
poor performance, such as the combination of
large declines in precipitation with reductions
in percolation to groundwater and reduced im-
ported water supply (103). It is this identifi-
cation of vulnerability arising from particular
input conditions, combined with an iterative
search for policies that perform well enough
over greater ranges of possible outcomes, that
develops robustness. Decision makers can iter-
ate with new policies, including adaptive ones,
to develop policies more likely to result in ac-
ceptable outcomes. A key distinction between
robust approaches and traditional approaches
is that the probability distributions for stres-
sors, such as regional rainfall or local popula-
tion, need not be accurately estimated. Rather,
the goal is to highlight what combination of fac-
tors might make given policies less (or more)
effective, and the emphasis is changed from an

expert estimation of the likelihood of different
futures to how likely a scenario would have to
be to affect a policy choice (96).

In a related approach, Dessai & Hulme
(104) analyze a water management strategy
developed by Anglian Water in the United
Kingdom to estimate how uncertainty in
regional climate variability, climate model
inputs, and other factors would affect the
“headroom” or “risk envelope” required given
modeled demands and supplies through 2030.
Their approach is to compare the performance
of a given policy under the influence of each
stressor. If the plan performs well, it is judged
to be robust to that particular stressor, and if
not, it reveals the stressor to which the plan
is vulnerable. A different decision analysis
method employed by Brown et al. (93) reverses
the order of a typical risk analysis; rather than
test robustness of policies to certain stressors,
they use policies to determine the range of
climate states that would result in vulnerability
from lake-level changes. The resulting infor-
mation is then used to guide the generation of
climate scenarios and define the plausibility of
these climate states. Brown et al. (93) link their
process to adaptive management.

Common features of the methods described
in this subsection include (a) a shift in emphasis
away from refining probabilities for risk analy-
sis, (b) an explicit blending of impact assessment
and vulnerability analysis, and (c) a shift away
from seeking optimal solutions for future activ-
ities and toward defining a range of acceptable
solutions. Given the difficulty in developing
climate-driven probabilities, robust approaches
have intuitive appeal and a strong conceptual
fit with climate change adaptation. Indeed, an
increasing number of calls in support of robust
approaches as an alternative to risk analysis
suggest the promise of these approaches for
climate adaptation (95, 98, 100). However,
caution is warranted, as for any emerging ap-
proach that has not yet been proven with many
applications. In particular, some practical chal-
lenges need to be overcome, including a short
supply of analysts capable of implementing the
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methodologies, an undemonstrated ability for
robust approaches to handle increased scale and
complexity, and the difficulty for stakeholders
to understand and trust a novel framing (103).
Nonetheless, robust methods present a promis-
ing option for integrating vulnerability and
uncertainty and an effective process adaptation.
Although RDM itself is a process adaptation,
the outcome of such processes can lead to active
adaptation. For example, in the Anglian Water
example, discussed above (104), if operational
changes were actually made to increase the
risk envelope for urban water supplies under
climate change, these changes would come at
the cost of a loss of deployable water to fulfill
demands in many years. Thus, these changes
would constitute active adaptation because to
increase robustness they would change status
quo management practices, decreasing the
expected value of water supplies delivered. The
broader point is that even with sophisticated
decision support, win-win solutions are not
always available for adaptation decisions.

The emerging methods described here have
been used by water utilities in a number of cities,
including New York, Denver, and Phoenix
(105), as part of efforts to incorporate multi-
ple possible futures in planning and decision
processes. Notably, most of the examples pre-
sented above are from developed-world water
systems, where funds and expertise exist for de-
tailed modeling efforts of this sort, and where
methods can build on existing climate and water
resources modeling. In addition to such quan-
titative methods for building in robustness, at-
tempts to alter the processes in which they are
situated seek to build flexibility in the face of
future uncertainty.

4.4. Institutional Pathways for
Incorporating Knowledge

Another route to adaptation in the water sector
is via innovation in governance practices that
increase flexibility in policies and decision mak-
ing. Such innovations are process adaptations:
They modify the structure of water resources

Adaptive governance:
institutional
arrangements that
allow for systematic
changes to the rules
and processes
influencing decision
making and
management

governance to facilitate the ability of the sys-
tem to react to change. In adaptive governance,
institutions allow for adaptive management, the
systematic improvement of policies and prac-
tices through continued learning. Transition-
ing to adaptive management involves moving
from control-oriented management to more
fluid and flexible processes, where policies, pro-
cedures, goals, organizational structure, and
practice respond to new knowledge as it is de-
veloped (33, 106).

Social learning is a key element of adaptive
governance, as it enables collective alteration
of governance in response to new knowledge
(107). Research on social learning helps explain
how knowledge transforms practice, how such
learning can vary in magnitude and type, and
how adaptation to climate change requires not
only improved understandings of future climate
but also of the assumptions and values under
which the current regime is operating. For in-
stance, in their comparative study of eight river
basins, Huntjens et al. (108) found that the river
basins with higher levels of learning (such as
where changes to norms and values occur, as op-
posed to incremental strategic changes within
the same framework) also possessed more ad-
vanced adaptation strategies for dealing with
floods or droughts.

A key component of both adaptive gov-
ernance and social learning is stakeholder
involvement and the coproduction of knowl-
edge (106, 107). It is expected that participation
of multiple stakeholders leads to better use
of information and makes decisions more
transparent, adding to their legitimacy. The
contributions of multiple perspectives and
the coproduction of knowledge, which occurs
from participatory processes, can also lead to
increased innovation and creativity and to the
shared understandings needed to mobilize col-
lective action (109). In addition to increasing
possibilities for the implementation of adapta-
tion action, shifting structures of governance to
allow for greater stakeholder involvement and
the coproduction of knowledge align with a
recent paradigm shift in theories of democracy
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that call for improving governance via social
capital, participation, and recognition of the
multiplicity of types of knowledge.

Despite theoretical claims that adaptive
governance and social learning are essential
elements of adaptation in the water sector,
their practice is fraught with challenges. Scant
empirical evidence supports social learning
leading to collective action (109). Not all
changes in behavior result from learning, and
conversely, learning does not always lead to
behavior change (109). Learning may not lead
to adaptive action when the time frames for
learning and decision making differ. More-
over, the learning associated with adaptive
management may not apply to all adaptation
actions, particularly those involving long-lived
infrastructure and major investments with
little room for post implementation alteration
(9). The challenges for adaptive management
and social learning are even greater in the
global South, where the luxury of experi-
mentation is limited owing to high levels of
vulnerability and limited resources, and where
a scarcity of access to information, knowledge
networks, and learning tools limits learning
(6, 110).

The connection between stakeholder in-
volvement and participation in increasing adap-
tive capacity is similarly unproven. In a study of
preparedness for climate variability (droughts
and floods) in Brazil (59), water managers
believed increasing stakeholder participation
would reduce rather than increase preparedness
for climate change because stakeholders are less
risk averse than water managers. In another
comparative study that looked at four river
basins spread across the United States, Mexico,
Brazil, and Thailand, Jacobs et al. (9) found that
stakeholders’ roles in adaptive governance can
be limited by power dynamics and unequal rep-
resentation, by a lack of clarity about their role,
and by limited influence over water manage-
ment processes, suggesting that participation
may not achieve the often hypothesized out-
come of improved decision making. In fact, at
times stakeholder processes may be more cos-
metic than participatory (8).

5. CHALLENGES FOR
KNOWLEDGE INFORMING
DECISIONS

Given how the above methods for process
adaptation rely on generating and incorporat-
ing knowledge on climate uncertainties, under-
standing how knowledge connects to decisions
is crucial for adaptation. Matching knowledge
needs with production in a manner that it can
be used to inform adaptation is essential. This
section first describes the issues with common
assumptions about knowledge transfer and then
describes the ways in which social science re-
search on knowledge and decision making sug-
gest more effective knowledge use.

5.1. Shortcomings of Linear Models
of Knowledge to Action

Top-down efforts to translate GCM output
into hydrologic modeling and impact assess-
ments (Section 3) implicitly reflect a linear
model of knowledge production and transfer
where information is produced by experts and
disseminated either through “trickle down” or
“translate and transfer” to decision makers,
who then incorporate the information and re-
act independently. Normative critiques of such
“pipeline models” (8, 111) suggest that these
are not the most effective ways to develop solu-
tions for global environmental problems (112).
Empirical research also shows that such mod-
els do not generally describe the cases where
the science-practice interface has been exam-
ined (113). Many criticisms have been leveled
at the linear model. It portrays a one-way flow
of information when in actuality research is
inherently embedded in and informed by the
context in which it is undertaken; it oversim-
plifies representation of the linkages between
science and society; and it fails to consider scale-
dependent power relationships and cultural bi-
ases (8, 114). For climate and water adapta-
tions, inherently interdisciplinary, applied, and
socially connected areas of inquiry and appli-
cation, the linear model is especially likely to
fail.
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Given the shortcomings of a linear model,
a challenge for adaptation in the water sector
is ensuring a match between the knowledge
needed for climate adaptation and the knowl-
edge produced (115). Although research is
often justified as meeting a demand and serving
societal outcomes, in practice, the supply
and demand of knowledge are not rigorously
connected (114). Tighter integration between
producers and consumers of knowledge is
required to generate conditions for effective
management of complex environmental sys-
tems (115). Van Kerkhof & Lebel (8) review
ways in which this can happen, grouping
modes for knowledge integration into a hi-
erarchy of increasing engagement, including
(a) participation as a way to bring non-experts
into scientific decision making; (b) integration
across scales, jurisdictions, and the research
production-to-use axis through structural or
institutional changes; (c) negotiation such as
advocacy coalitions and boundary work; and
(d ) learning through knowledge sharing and
adaptive management, as discussed above.
Other models for integrating knowledge
production with knowledge needs vary in their
emphasis and conception but generally focus on
process, interactions between science produc-
ers and consumers, ambiguity and controversy
over both knowledge needs and knowledge
products, the role of uncertainty, and the
importance of institutional context (114).

5.2. Usable Knowledge
for Decision Makers

A desirable characteristic of knowledge is
that it should match the needs of knowledge
consumers. Use-inspired science can be defined
as the pursuit of basic knowledge where the
direction and topic of research is influenced
by its ultimate application (116). To be useful,
information must have salience, credibility,
and legitimacy (117), but the usefulness of
knowledge is defined not only by its substantive
content, but also by the process through which
it is transmitted to an audience (114). A distinc-
tion between useful and usable knowledge is that

“usefulness is defined by scientists’ perception
of users’ needs, and usability is defined by users’
perception of what knowledge can be readily
applied to their decision” (7, p. 670). Usable
science “directly reflects expressed constituent
needs, should be understandable to users,
should be available at the times and places it is
needed, and should be accessible through the
media available to the user community” (118,
p. 62). Seasonal weather forecasts can provide
a prime example of disconnect between knowl-
edge needs and knowledge production, and
between useful and usable knowledge. During
focus group discussions, water managers in
South Africa described how current forecasts
would better meet their needs if they included
information on rainfall intensity, were more
geographically specific, and provided for longer
forecast lead times (119). Seasonal forecasts
have also lacked usability as many water man-
agers are unaware of what information is avail-
able, the information is not readily accessible,
and the information is difficult to interpret or
not in a format in which it can be easily applied
given current planning practices (61, 119).

The preceding discussion presupposes that,
in a climatically impacted situation, there are
distinct communities, for example, producers of
scientific knowledge and decision makers who
can make use of that knowledge. Further, it also
presupposes that there is a distinction between
science and the use of science, as well as some
conceptual space or boundary between the two.
Boundary work refers to activities that blur the
boundaries between science and decision mak-
ing (120, 121), activities that develop “arenas of
shared responsibility” (8, p. 473) between com-
munities and mediate attempts to build rele-
vance, salience, and credibility (117) into the
raw materials of scientific information and the
decision-making context. Boundary work en-
ables a move from a “push” or a “pull” model
to a “push-pull” model of the interplay between
the supply of and demand for science (122, 123).

Lemos & Rood (7, p. 679) note: “Part of the
disconnection between what decision makers
know they need and what scientists think is use-
ful may be explained by the way climate change
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first became a public policy problem. Because
climate change originally was perceived as a
problem by scientists rather than experienced
by society, support for climate policy has been
relatively slow to build” (7). The alternative,
then, would seem to be a joint, collaborative
way of producing knowledge, with benefits in-
cluding increased credibility and understand-
ing. This process includes interaction between
knowledge producers and consumers, and it-
eration leads to innovation and a greater im-
pact of knowledge on decisions (118, 122). In
such a process, the interface between knowl-
edge and action becomes not a border but an
overlapping space in which negotiation, two-
way learning, and definitions of needs and pos-
sibilities occur with the participation of both
consumers and producers of scientific knowl-
edge. Boundary organizations are one forum in
which information can be coproduced by actors
from different sides of the boundary through
the use of boundary objects, such as models,
scenarios, or assessment reports (117). Bound-
ary organizations may play a particularly useful
role as clearinghouses through which informa-
tion is channeled, vetted, communicated, ne-
gotiated, and produced in multiple directions.
The US National Oceanic and Atmospheric
Administration’s Regional Integrated Sciences
and Assessment programs provide one example
of a formal attempt to develop understanding
of climate change adaptation in tandem with
decision support tools. This combination has
worked not only to increase the flow of infor-
mation, but also to change each group’s agendas
(118).

6. BEYOND KNOWLEDGE:
OTHER FACTORS
MEDIATING ACTION

In spite of the ability of boundary organizations
to aid in the production of useful and usable
knowledge, adaptation to climate change in the
water sector is as strongly meditated by politics,
social understandings, values, and institutions
as by knowledge-driven decision making.

6.1. Politics as Enabler and Inhibitor
of Action

Climate change and adaptation are highly
politicized topics, in part, because they are
closely tied to international negotiations on cli-
mate science and policy (124) and, in part, be-
cause they magnify differing perspectives on
governance, the economy, and the environ-
ment. Addressing politically controversial is-
sues through technical means is challenging at
best. Technical sources introduced into policy
debates are often treated as contestable bodies
of evidence and tied to competing value-based
positions. In such forums, scientific uncertainty
can be interpreted as doubt or lack of coher-
ence. Even research that seeks simply to iden-
tify particularly vulnerable areas is political, as
the choice of criteria used to measure vulnera-
bility itself constitutes an exercise in determin-
ing who will and will not be deemed eligible
for receiving assistance for adaptation (125). It
has also been noted that while increased knowl-
edge can enable more efficient water manage-
ment, it can also generate distributional side ef-
fects. For example, although greater knowledge
did coincide with broader participation in water
management in northeast Brazil, it also limited
equity and democracy because nonelite groups
were unable to participate as fully as the tech-
nocratic elites (126).

Not only is the production and interpreta-
tion of climate knowledge political, but water
management, and thus adaptation to climate
change in the water sector, is itself the socially
produced outcome of social and power geome-
tries (127). Political dynamics of adaptation in
the water sector are particularly well illustrated
by the study of adaptation to drought in two
regions of rural Kenya (128). In the first region,
the political maneuvering of disparate interest
groups attempting to influence new access to
Kenyan wells by Somali pastoralists indicates
how adaptation can be a process of negotiating
social relations and political alliances. In the
second region, local interventions were inef-
fective due to (a) the reduction in social capital
and traditional safety nets of the Turkana
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population that resulted from Kenya’s policy
of sedentarization of pastoralist communities,
(b) the severing of diplomatic ties between
Kenya and Norway in 1990, which resulted in
aid agencies pulling out of programs, and (c) em-
bezzlement of funds by local leaders. As a con-
sequence, the Turkana population has become
more, rather than less, vulnerable to the impacts
of climate change. The politics of distributing
the costs and benefits of adaptation actions
is not limited to the developing world nor to
governments. For example, even after extended
public discussions regarding how to allocate
water during drought events, the water whole-
saler Metropolitan Water District of Southern
California was criticized and sued by one of its
member water agencies for instituting unfair
policies that unequally burden the poor (129).

6.2. Social Understandings and Values
Influence Choices

Social understandings and values also define the
limits to how knowledge translates into adap-
tation actions. Although these are closely in-
tertwined with politics, they also impact deci-
sion making outside of realm of politics. For
action to occur, climate change needs to be
perceived as a pertinent risk to which there
is a possible efficacious response that is both
desirable and acceptable (97), and reflects the
values of those who will experience the costs
and benefits of such actions (24). When these
conditions are not met, complacency can re-
sult, as illustrated by the results from a sur-
vey of water users in Kiribati (130). Respon-
dents felt there was little they could do about
climate change owing to its potentially large
impact on sea levels, salinization of water sup-
ply, and precipitation patterns, so they made
no plans to respond. None-the-less, they per-
ceived changes in water availability, also a pro-
jected impact of climate change, as a problem
they could address and act upon. In particular,
respondents who previously had experienced
water supply shortages during drought were
more likely to seek additional supplies, whereas
those who had not experienced prior trouble

felt confident they could weather future change
(130).

Not only, as the Kiribati example illustrates,
do perceptions of risk and self-efficacy influence
motivations to take actions, values also influ-
ence the choice of adaptive actions. For exam-
ple, a culture of ecological citizenship led resi-
dents of a small community in western Canada
to implement voluntary water demand manage-
ment strategies rather than to seek measures to
augment the common water supply (131). The
role of values in selection of adaptation strate-
gies is also reflected in Scotland, where the pub-
lic was more willing to pay for strategies that ad-
dress floods and droughts if those policies were
perceived as addressing safety, sustainability, ef-
ficiency, and fairness (132). Adaptations that are
culturally reinforcing are likely to be long last-
ing even if they are not the most effective or lead
to other trade-offs (133). However, identity and
perceptions of integrity may lead some groups
to forego adaptation action. In Burkina Faso,
this is reflected in the Fulbe tribe’s reluctance
to participate in development projects, wage la-
bor, and gardening activities even when they
have the opportunity and they perceive it as ef-
fective because they have witnessed neighbors
benefiting from those actions (134).

Last, when factors beyond climate hold a
higher priority, adaptation to climate change
may not find space on a crowded agenda even
in spite of perceived importance (135). This re-
mains a critical issue in the face of multiple
simultaneous biophysical and socioeconomic
stressors.

6.3. Institutions Motivate
and Hinder Action

Beyond politics, social understandings, and
values, institutions (the formal and informal
conventions, rules, and norms of a society)
serve both to facilitate and impede climate
change adaptation. Institutions define the re-
sponse space for adaptation (136). They influ-
ence learning processes by mediating flows of
information and its interpretation, and they de-
termine capacities to act by defining legitimacy
and the processes through which action can
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occur (137–139). Institutions can motivate
adaptation directly through policies or pro-
grams, such as investments in infrastructure.
Institutions also might influence adaptation in-
directly via investments in social response ca-
pacity, including the development and trans-
mission of knowledge and the formation of
supportive legislative, regulatory, and policy
frameworks (140).

National and international policies can be
important drivers of climate change adaptation
strategies in river basins (12), and the lack
of such national or state policies can con-
strain adaptation. In the United Kingdom,
national policies combine with the EU Water
Framework to require water companies to take
climate change into account (140, 141). Simi-
larly, the Finnish national adaptation strategy
has encouraged climate mainstreaming and
knowledge sharing, and has enabled fundrais-
ing for adaptation. Conversely, in Italy, the lack
of a national adaptation strategy has limited
funding and support for adaptation, although
autonomous adaptations are still occurring
(142). In Southern California, water managers
indicated they needed state guidance or man-
dates to enable them to take action (143), and in
Denmark, a lack of legal mandate, including
the decision by central government to exclude
climate change from River Basin Master Plans,
limits the manner in which water managers can
plan for the impacts of future climate change
(144).

Yet the presence of policies is insufficient,
and inappropriate institutional arrangements
can forestall or inhibit adaptation. Insufficient
policy integration, via a lack of vertical or hor-
izontal coordination, can lead to policies that
constrain implementation; lack clarity regard-
ing who is responsible for action; create other
barriers to adaptation (12, 31, 136, 145), im-
plement backward-looking regulatory regimes
(143) and inflexible water allocations (146), im-
pede the ability to address nonstationarity, and
produce informal institutions that discourage
innovation by water managers or lead to path
dependency (60, 61, 137) and limit response ca-
pacity. In Thailand, all of these characteristics,

including institutional fragmentation, rigidity,
an inability to bridge scale, elite capture, and
a focus on crisis management, have led to in-
creased rather than decreased vulnerability to
floods (147).

The above discussion on how adaptation
decisions are influenced by meditating factors
suggests once again that a linear model for de-
velopment of climate information to adaptation
action faces a multitude of conceptual and prac-
tical challenges. Even when knowledge needs
and knowledge production are well matched,
the transfer of knowledge to key decision mak-
ers is sensitive to the political, social, economic,
and institutional context in which it is situated.
Although boundary organizations can aid in
knowledge transfer and processes for the copro-
duction of knowledge and social learning can
help bridge political and cultural differences,
acute challenges remain for climate change
adaptation beyond uncertainty reduction and
knowledge transfer. Further research is needed
to identify best practices and useful mechanisms
for intervention that ensure adaptation deci-
sions achieve the desired effectiveness.

7. CONCLUSION

We have characterized an intellectual transect
from knowledge of climate change impacts
to action on climate change adaptation in
water resources. Knowledge of climate change
impacts and vulnerability takes many forms and
is inherently uncertain. A variety of approaches
have been taken to address the need for adapta-
tion action in the face of uncertainty (Figure 2).
These range from knowledge generation activ-
ities aimed at reducing uncertainties to specific
and concrete responses to potential climatic
hazards. In between lie a range of practices that
use technical methods or institutional innova-
tions to incorporate uncertainty into decision
making and facilitate active adaptations. As
seen in Figure 2, knowledge generation and
process adaptation encapsulate uncertainty to
a greater extent than active adaptation.

Translating knowledge of climate change
impacts to actions on adaptation is not easy even
in water resources, where traditional decision
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making would seem well suited a priori to incor-
porating and using such information. Matching
the production of knowledge with the needs for
knowledge, while ensuring it is not only useful
but also usable, remains a challenge. Further-
more, political, social, and cultural contexts
mediate how adaptation occurs and the process
by which knowledge is engaged. Although
these and many of the other issues described
above are not new insights, these challenges are
all relevant for and exacerbated by issues and
uncertainties raised by climate change. Schol-
arship on the use of knowledge in decision
making does provide guidance for ideas such
as boundary work that can increase the effec-
tiveness of knowledge generation and transfer
simultaneously. Building flexibility into water
management through adaptive governance and
adaptive management also complements more
specific efforts by increasing the institutional
ability to respond to surprises.

An overarching challenge for adaptation
research and practice remains in how to focus
on adaptation to future climate impacts when

challenges of sustainable development have not
yet been adequately addressed under present
conditions. Many of the regions of the world
expected to be heavily impacted by climate
change concurrently suffer from low levels of
development and high ex ante vulnerability
combined with limited climate data and
technical expertise. If successful adaptation to
current climate variability has not yet been
achieved, adaptation to future climatic changes
may prove all the more difficult. Furthermore,
climate change is not the only threat and
entities must simultaneously adapt to other
stressors (148, 149). Such a situation highlights
the value of future work to combine top-down
with contextual approaches to vulnerability as-
sessment. Meanwhile, process adaptations may
provide useful near-term investments as long as
decision makers do not use them as a crutch to
avoid hard decisions about active adaptations.
Overall, a broadly interdisciplinary approach is
critical as incorporating insights from physical,
technical, and social perspectives is the only
way to avoid maladaptation.

SUMMARY POINTS

1. Both scientists and water managers recognize the need for anticipatory adaptation, yet
there is no consensus on the actual actions that are required. A tension exists between
the perceived need for reducing uncertainty through increasing precision of projections
before action and the need to take action given long planning horizons.

2. Uncertainty itself is one of the key elements to which water resources must adapt. This
includes uncertainties regarding (a) GHG emissions and their impacts on future climate,
(b) complex interactions between hydrologic processes and other confounding factors,
and (c) the underlying vulnerabilities that influence possibilities for adaptation actions.

3. Water decision makers at all levels are already familiar with managing a resource strongly
affected by weather and climate. Although humans have always needed to manage for
inherent variability in hydrology, climate change requires approaches that no longer rely
on stationary distributions or even strong prior expectations of future climatic envelopes.

4. Tighter integration between producers and consumers of knowledge is required to gen-
erate information that is useful in both content and form for supporting decisions about
adaptive actions. Boundary organizations, participation, and the coproduction of knowl-
edge can help bridge this gap.
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5. Adaptation takes many forms, spanning the continuums from anticipatory to reactive,
autonomous to planned, and process to active. Knowledge needs vary according to the
mechanisms through which adaptations reduce vulnerability.

6. Methods to develop projected local-scale climate scenarios include: sensitivity analysis,
change factors, climate analogs, trend extrapolation, pattern scaling, weather generation,
empirical downscaling, and dynamical downscaling coupled climate models, among oth-
ers. The development of tools for decision support, such as scenarios analysis, robust
decision making, and other such approaches promises to help guide decision makers in
choosing adaptation actions in the face of uncertainty.

7. Adaptive governance, or innovation in governance practices that enables policies to be
adjusted as learning occurs or circumstances unfold, allows decision making to respond
to uncertainty in a step-wise fashion.

8. Adaptation to climate in the water sector is driven not only by knowledge and informa-
tion on projected changes but also by mediating factors, such as politics, culture, and
institutions.

FUTURE ISSUES

1. Monitoring of biophysical variables, such as temperature and precipitation, land use
and cover, streamflow, groundwater usage and levels, ecological health, and so forth
remains critical for teasing out the effects of climate and other factors on changes in
water resources and for enabling refinement of impact assessments.

2. Recently developed alternatives to the Special Report on Emissions Scenarios (54) are not
directly related to GHG concentration but rather to a given radiative forcing pathway.
This may lead to a long-overdue release from obsolete SRES benchmarks.

3. A move from impact assessments focused on end-of-century impacts toward methods
that incorporate near-term projections more relevant for decision making may increase
the usability of climate information.

4. Developing credible and practicable methods for characterizing uncertainties in climate
projections is a critical area of inquiry.

5. Additional contextual vulnerability studies for the water sector that more clearly delineate
pathways leading to ex ante vulnerability would provide relevant information for adapta-
tion. Effective complementarities between outcome and context vulnerability remain to
be developed.

6. A blurred distinction between adaptation and sustainable development continues to exist,
but a goal of achieving a synergy where they complement is important for both research
and application.

7. Further research is needed to identify best practices and useful mechanisms for interven-
tion that help to ensure adaptation decisions achieve desired effectiveness.

8. How to address multiple parallel stressors in tandem with climate, while not losing sight
of climate in the face of more acute and rapid changes, remains a question for research.
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