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A B S T R A C T

Current water infrastructure designs and design processes are ill-suited to address deep uncertainties related to climate variability and change. Water systems
increasingly exhibit fragility to extreme weather events and changing climate conditions. The concept of resilience offers a framework to improve water system
design for uncertain futures by incorporating capabilities such as persistence, adaptability and transformability. Existing formalizations of resilience in engineering
design, however, are dependent on assumptions of climate and hydrologic stationarity and of well-characterized uncertainty, rendering them obsolete relative to our
current understanding of the uncertainties we face. In this paper, we use methods based on decision making under deep uncertainty to establish a methodology to
design for the resilience of water systems. The formulation generates water system design options that provide resilience capabilities at least cost and specify the
optimal choices for persistence, adaptability and transformability for performance over a wide range of possible futures. As it was developed for application beyond
water systems, the Resilience by Design is a generalizable approach offering important new methods of planning and managing for the resilience of critical
infrastructure.

1. Introduction

Recent and repeated incidence of extreme weather resulting in
major disasters to cities, and to agricultural systems, with countless
human victims plainly reveals that society is not prepared for the cli-
mate risks we now face. These events and their often catastrophic
consequences are increasing in frequency relative to historic norms
[47] and overwhelming infrastructure designed according to that his-
tory. The infrastructure underpinning our vital water systems is parti-
cularly vulnerable. Why are water infrastructure systems unable to
handle these shocks? The primary reason is a failure of planning and
design to accommodate these events. Water systems and the infra-
structure and operational rules that undergird them have been designed
using static assumptions of climate and deterministic assumptions of
other key design variables. Consequently, our water systems are not
designed to handle climate surprises [40], and as a society we are ex-
posed to more risk than intended in our infrastructure design and often
much greater vulnerability than we realize. In short, we have been
overconfident in our ability to anticipate and design for an uncertain
future and thus, too often, our support systems fail in the face of sur-
prise.

Climate changes are expected to cause an increase in the frequency
and magnitude of extreme weather events, subsequently increasing the

risk to infrastructure systems and to the communities that depend on
them. Empirical studies have provided evidence of increasing trends in
climate extremes [11] while also indicating that some trends may be
occurring that we have yet to detect, like flood risk [48]. Yet, the
complexity of the earth’s climate, including the chaotic manifestations
of natural variability, defy immediate progress in the accurate predic-
tion of weather-related design variables [19,25,32,45,10,26]. Despite
the expectation that, on average, extreme weather events will increase,
we currently lack the technical ability to estimate changes at specific
locations at the temporal and spatial scales required for infrastructure
design [49].

The lack of precise estimates of essential design variables, including
knowledge of the direction of change in the case of precipitation for
many regions [22], has troubling implications for water infrastructure
system design and operations. Typical infrastructure design processes
use deterministic methods that depend on single estimates of future
design variables. More advanced approaches use probabilistic estimates
of design variables that are represented with probability distribution
functions. Now, ample evidence suggests that the probability distribu-
tions themselves are changing over time, in ways we can only partially
anticipate [e.g., [44,2,5]. Without a reliable replacement for historical
probabilities, however, current design methods are caught between
dependence on potentially unreliable estimates based on the historical
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record and projections from models that do not reliably simulate the
variables of concern. Compounding current challenges, our design ap-
proaches depend on risk-based benefit cost analysis that rely upon the
estimation of weather risks that we cannot accurately predict. As a
result, we face valid and urgent concerns for the future performance of
our infrastructure systems amidst increasing evidence of their fragility.

There is growing public recognition that these are critical design
challenges given our limited ability to anticipate the trends and shocks
of the future. Indeed, society’s desire to build the resilience of critical
systems is a response to heightened awareness of the fragile nature of
infrastructure. While climate research may eventually improve our
ability to predict climate futures, society must make decisions now on
infrastructure design. Our current design approach will have lasting
consequences for future preparedness. While we have little control over
the weather and our ability to accurately predict future climates, the
methods we choose to design infrastructure systems for resilience to
future stressors are within our control. Recent advances in decision
making under uncertainty and high-performance computing enable
new design methods that are capable of meeting this challenge [31].
Here, we endeavor to take up that challenge through advances in
methods for systems analysis and resilience design.

Applied systems analysis and resilience science aim to address the
challenge of designing critical systems, such as water infrastructure, for
future uncertainties and related risks. Our conception of resilience
couples the engineering design standard of robustness with the ecolo-
gical concepts of persistence, adaptation, and transformation (cf,
[14,6]. We define a resilient infrastructure system as one that can
maintain its function and services over a wide range of future condi-
tions, adapting and transforming to accommodate change, while
managing failure in a systematic manner that limits damages and costs
during extreme events. Resilience is rarely applied quantitatively in the
design of infrastructure systems (e.g., [1] and, in those rare cases, only
probabilistic approaches have been applied (e.g., [20,50]. Examples
include logistic networks, such as electric motor supply chains [21],
runway use scheduling [51] and transportation networks (e.g., [41,23].
Where uncertainties can be confidently characterized in probabilistic
terms, these resilience design methods may be adequate. However, the
design of long lived infrastructure systems demands methods that can
address uncertainties that defy confident assignment of probability
distributions to outcomes. Such uncertainties have been described as
“severe,” “Knightian” and most recently as “deep uncertainty” and in-
clude uncertainties associated with climate change, population growth
and demand transitions, among others [42]. Knight [24] proposed the
original distinction between “risk”, which was characterized by un-
knowns that could be described probabilistically, and “uncertainty”
which could not be described probabilistically due to lack of adequate
knowledge. To build resilience in the face of deep uncertainty requires a
more robust, quantitative approach to designing infrastructure systems.

In this paper we propose a new methodology to incorporate decision
making under deep uncertainty within resilience design processes. This
is possible through the application of decision making under deep un-
certainty (DMDU) theory to a formulation built upon optimal control
theory. The resilience design literature provides a probabilistic basis for
the mathematical formulation, which is updated for the case where
assigning a single probability distribution to uncertain variables is not
advisable. In Section 2 we describe in more detail the sources of
shortcomings in current infrastructure design approaches and the gui-
dance that the resilience literature offers for addressing them. In
Section 3, we suggest a solution in the form of an optimal control model
addressing the key principles derived in Section 2. In Section 4, we
describe the implementation of the model within a DMDU framework.
The paper closes with final considerations for further development and
application of this new framework, which we call “Resilience by De-
sign”.

2. Designing infrastructure for a deeply uncertain future

Infrastructure investments entail large capital costs, affect large
areas, are long to construct and long-lived, and are unique by nature of
their social-ecological setting. Many infrastructure systems design ef-
forts commonly require tradeoffs among diverse interests with differing
preferences, with effects that are realized over long time periods and
large spatial areas. The design process for new projects and systems can
be lengthy and highly complex, as they often have the potential for
significant societal and environmental impacts, both positive and ne-
gative, that go well beyond the lifetime of the investment [52,53]. To
these complexities we must add uncertainty related to future climate,
societal and Earth system conditions, as we reckon with evidence of our
limited ability to accurately anticipate the future (e.g., [38]. Recogni-
tion of these concerns has motivated growing interest in resilience de-
sign for infrastructure, understanding that these critical systems must
perform well in the face of uncertainty and surprise [54].

Conventional infrastructure design and evaluation methods are
based on assumptions of well-defined uncertainties using fixed prob-
ability distributions in the cases where uncertainty is quantitatively
addressed. Unwarranted confidence in our ability to describe un-
certainty can exacerbate system vulnerability and undermine resilience
[28]. Both Cost Benefit Analysis (CBA) and our application of Cost Ef-
fectiveness Analysis (CEA) as standard design and decision criteria
demonstrate how resilience can be undermined by overconfidence in
probabilities. Cost Benefit Analysis and related methods (e.g., CEA)
often guide infrastructure design and are typically authoritative when
evaluating infrastructure alternatives. Since at least the U.S. Flood
Control Act of 1928, CBA has been the basis for evaluating alternative
water infrastructure designs [55].

The inability to accurately estimate the probabilities of climate-re-
lated design values in the future undermines CBA because of its de-
pendence on such probabilities. For example, the typical design ap-
proach for a flood control system requires estimation of the probability
of occurrence of flood magnitude, which is used to estimate the ex-
pected benefits of flood risk reduction. In a context of perfect in-
formation, risk-based CBA leads to the efficient use of financial re-
sources. The efficient level of flood protection is the level at which the
expected benefits of the flood protection system (avoided damages)
meet or exceed the expected cost of providing that protection. Events
that exceed that magnitude are expected to happen so rarely that they
do not warrant design consideration. In this context, CBA informs the
design process by assuring that resources are used efficiently in an
economic sense. However, the effect of climate change on hydrologic
variability and extremes defies our ability to estimate the required
probabilities. Consequently, this standard design approach breaks
down. Use of historical observations to estimate flood probabilities may
underestimate (or overestimate) the risk as yet there are no credible
predictions of what the future probabilities are likely to be.

The evidence suggests that a wide range of uncertainties cause un-
reliable estimates of costs and benefits in infrastructure design.
Flyvbjerg [56] is particularly critical of infrastructure design ap-
proaches, citing CBA as “strongly misleading” and a cause of misplaced
overconfidence in design certainty (cited in [57]. Dams in particular
have been identified as problematic from a financial, environmental
and social perspective[58]. Key issues include the difficulty of dis-
counting future costs and benefits, underestimation of the value of
losses (common given the loss averse nature of human value judg-
ments), and the difficulty of estimating effects within complex systems
[16]. This challenge is increased when ecosystem services are involved,
as they present additional non-market valuation and benefit aggrega-
tion concerns [43].

In addition, conventional design approaches do not adequately
consider the performance of the system in failure. Instead, the typical
approach is to satisfy a specified level of reliability (meaning non-
failure) for providing desired services. With the design level of
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reliability met, the ultimate consequences of cases that end in failure
are typically disregarded. Lack of consideration of the consequences of
failure is especially problematic given the well-established human
nature of risk aversion. Empirical studies demonstrate that people
prefer to avoid a loss of a given magnitude over a gain of the same
magnitude and the difference in preferences may be quite large [16]),
[59]. Brown and Gregory [60] found the preference for avoiding losses
over equivalent gains to be on the order of 2:1 to 5:1 in experimental
tests (cited in [16]. Insurance markets exist to enable people to avoid
large private financial losses, demonstrating their willingness to pay to
do so. However, there is no equivalent real (versus financial) me-
chanism for humans to avoid losses from infrastructure failure. Faced
with deep uncertainty relative to future conditions of the Earth system
and to complex human societal change, conventional project evaluation
frameworks that are dependent on probabilities that we cannot reliably
estimate and that also disregard the consequences of failure are not
merely obsolete; they are arguably a critical liability and source of
fragility for critical infrastructure systems.

3. Resilience by design

Resilience offers the conceptual framework for updating infra-
structure design methods to prepare for the future. Advances in resi-
lience science (cf, [61,62,14] suggest that resilience refers to the ability
of a system both to remain in its current equilibrium, persisting under
and adapting to change, as well as its ability to shift or transform to a
new equilibrium, thriving in a changed configuration. Resilience de-
rives from the system’s “identity” – its components, their configuration
and interactions – which enables it, under disturbance, to maintain
coherent “function” within an expected range of variation [6]. System
“functions” include the provision of specific services, or more broadly,
the societal services produced by natural systems and economic and
social capital from human systems (ibid). This conceptualization of re-
silience addresses the need to recognize that under extreme change,
systems cannot merely persist without change but must adapt and
transform to novel conditions and stressors. Under changing climate
and water futures, this approach to resilience enables design to sustain
system function and services for the long term under whatever range of
stressors may be projected. Following the framing proposed in related
work [14,6] we suggest that three capabilities characterize a resilient
system:

• Persistence: its ability to maintain coherent function in response to
disruption and changing conditions without altering its identity;

• Adaptability: its ability to maintain coherent function by modifying
its identity to accommodate change;

• Transformability: its ability to change identity and to establish a new,
stable function when pushed beyond tipping points that preclude
maintaining its prior state

The Resilience by Design framework thus focuses on identifying and
evaluating the performance of a given system design or “identity” in
terms of its persistence, adaptability and transformability in the face of
future hazards and to incremental change (see Fig. 1). The proposed
framework provides an analytical approach to the design of systems
that perform coherently under the stresses of gradual change and of
rapid onset shocks that would otherwise preclude its function and
provision of services. For instance, a resilient water infrastructure
system would be able to sustain its water provisioning, water quality
regulation, and waste- and storm-water management services under
both low frequency changes and trends in precipitation regimes as well
as extreme flooding or drought events.

The resilience literature implicitly acknowledges the difficulty of
foreseeing future conditions and the effects they yield in a complex
system (c.f., [63]. Meanwhile, the resilience design literature is largely
based on probabilistic approaches that rely on an assumption of

prescribed future probabilities. The result is resilience design ap-
proaches that address uncertainty and capabilities such as persistence
and recovery, but only when probabilities can be well defined. Un-
certainties that must be considered for our future system and infra-
structure designs are not so easily predicted. Climate change, for in-
stance, defies our accurate prediction.

The prevailing approach in the resilience design literature for-
mulates the design challenge as an optimal control problem. The
methods integrate the design of a system with the monitoring and
control functions that enable adjustment to changing conditions.
Hosseini et al. [21] summarizes this literature, which typically examine
network systems, especially transportation and logistics. A large
number of studies use optimization models to prescribe optimal re-
covery strategies (see [64,65,1]. Uncertainty is generally modeled
probabilistically, for example, assigning probability density functions to
network outage occurrence and location [21,46,34] or not explicitly
considered [28]. Furthermore, there is no recognition of the depen-
dence of built infrastructure systems on the resilience of ecosystems and
the services they provide.

Youn et al. [46] provides an instructive probabilistic formulation.
The model consists of “resilience-driven system design” featuring a
design objective that is the sum of “reliability,” which is satisfactory
performance for assumed conditions and “restoration” which is re-
covery from a problematic condition or state. This model provides a
useful basis for resilience design by integrating the design of the system
with the ability to recover from failure as well as predictive functions to
proactively adapt to changing conditions when and if they are detected.
However, the Youn et al. [46] model is developed for cases of well-
characterized uncertainty and short operational periods, such as an
aircraft control actuator. Consequently, there is no consideration of the
effects when the system enters failure mode, as infrastructure systems
sometimes do, but aircraft must never. There is also no acknowl-
edgment of changing probabilities over time and uncertainty in prob-
ability distributions due to the short time horizon considered. These are
not tenable assumptions for infrastructure design. Achieving resilience
in infrastructure systems requires planning for the long term and for the
uncertainties and surprises the future may hold. In particular it requires
accommodation for the need to transform when the current system
configuration can no longer provide the required services.

Recent advances in decision making under deep uncertainty provide
an opportunity to advance the probabilistically-based resilience design
approach presented by Youn et al. [46] for applicability to the design of
infrastructure systems. This growing subfield hails from the discipline
of decision analysis. Marchau et al. [31] provides a recent review and
sampling of these methods. The core of the framework focuses on using
multi-dimensional sensitivity analysis to assess the performance of al-
ternative strategies over a wide range of possible futures (e.g.,
[4,12,27]. In this literature, providing acceptable performance over a
wide range of futures is referred to as robustness. Some methods use
single or multiple probability distributions to characterize the weight of
evidence for the robustness of a strategy, for example, by quantifying
the probability assigned to the futures to which a strategy is robust
[9,39]. This approach has been widely applied to assess the robustness
of infrastructure systems to climate change, especially in the case of
water infrastructure. However, it has not been previously applied to the
challenge of designing for infrastructure resilience by incorporating the
capabilities of persistence, adaptability and transformability.

4. Resilience by design methodology

Resilience by Design is a performance-based conceptualization of
resilience, which means that the resilience of a particular system design
is evaluated based on how it performs under a set of specified test
conditions, and as measured based on specified resilience metrics. This
approach is common in engineering resilience studies but contrasts with
prescriptions for resilience that focus on the presence or absence (or
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degree) of particular resilience traits (e.g., [62,66,3,67,68,69]. Catalo-
ging the traits of resilient systems serves as a useful reference in the
design of a resilient system but provides little guidance on which traits
are needed and in what proportion or combination for a particular
design. While options such as creating redundancy through multiples of
critical facilities may enhance resilience, design should seek efficiency
in the use of financial and physical resources. By evaluating alternative
designs based on performance, the relative contribution to total system
resilience of different design aspects may be observed. In this way, the
most efficient design for achieving system resilience may be identified.

Following the optimal control literature, Resilience by Design ap-
proaches the evaluation of alternative designs via optimization, which
is an efficient and systematic way to evaluate multiple possible designs.
The optimization process is embedded within a decision making under
deep uncertainty framework. The overarching objective is resilient
performance of the system that enables it to persist in its function under
disturbance, adapt to changing conditions as they develop, and identify
the need to transform to a new system via initiating a redesign process
when conditions warrant.

The mathematical formulation described below implements a resi-
lience design objective suited for long-lived infrastructure systems
subject to a large number of uncertain, external factors. In most cases,
such factors are associated with poorly characterized uncertainty. The
design objective solves for resilience capabilities of persistence,
adaptability and transformability, formulated as a fixed system design
that is directly integrated with reactive recovery from changing con-
ditions and proactive responses to anticipated change. It also quantifies
damages that are not mitigated by the design, called residual risk [7], to
signal when transformation is required. Decision variables are the de-
sign parameters of the system, the choices that are to be made. Con-
straints include immutable physical aspects of the system and perfor-
mance aspects that must be met. Here we present the optimization as a
formal mathematical model, while we note that Resilience by Design
may be applied as conceptual or logical framework for design and may
be used to rank alternative design options. The approach may be ap-
plied to design new infrastructure and to renovate existing systems, as
well as planning efforts. The process begins with an initial step of as-
sessing vulnerability to future conditions as described, for example, in
Brown et al. [9] and Ray and Brown [70]. The result is a system de-
signed for the long term, limited by our ability to predict the outcomes

of external forces, but not beyond our ability to design systems that can
respond to them.

4.1. General formulation of resilience by design

Resilience by Design requires an alternative mindset for the de-
signer; one in which the aspiration is to create a design that effectively
lasts forever, rather than providing only the next increment of service –
or more accurately, while providing the next increment of service. In
other words, the designer should consider what is required for the
system to continue without end. This is the essence of resilience. While
this does not preclude discounting future costs and benefits, full con-
sideration of the long term future generally implies a low discount rate
and may require hyperbolic discounting to ensure the future is not in-
appropriately undervalued. For simplicity, we omit discounting in the
derivation that follows below.

Given the centrality of cost benefit analysis (CBA) to infrastructure
design processes, the Resilience by Design formulation begins by en-
hancing CBA to address uncertainty. Following a probabilistic for-
mulation (deep uncertainty will be addressed in Section 4.2), the CBA
design problem can be described as:

= −

max Expected Net Benefit

Total Expected Benefit Total Expected Cost

[ ]

[ ] [ ] (1)

where the goal is to identify the system design that maximizes the
Expected Net Benefit. Here we focus on costs for the purpose of clarity
and conciseness, although uncertainty in benefits can be addressed as
well using the method presented in Section 4.2. The total expected cost
of a design, including the losses that are incurred due to failures or
damages can be stated as:

= + +

+

+

Total Expected Costs

Fixed Design Cost Expected Cost of Reactive Recovery

Expected Cost of Proactive Recovery Cost of Monitoring and

Detection Utility of Expected Losses

[ ]

[ ] [ ]

[ ] [

] [ ] (2)

Here there is a distinction between values known at the time of
design, which include fixed costs of the system, operation and main-
tenance and of monitoring and detection (M&D), and unknown values,
including the costs of reactive and proactive recovery and of losses,

Fig. 1. Resilience is defined here as consisting of three components. Examples provided based on hypothetical water infrastructure systems, such as the management
of lake levels via operating of control works or construction of new control works (see [8].
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which are expected values conditioned on random variables that re-
present external factors unknown at the time of the design. In addition,
we distinguish between reactive recovery, which is the recovery from a
failure state when it occurs and proactive recovery, which is the cor-
rective action implemented to prevent or mitigate a failure when it is
likely. Proactive recovery depends on monitoring and detection of the
conditions that increase the probability of failure and the initiation of
appropriate actions. Finally, we introduce a utility function for losses to
reflect the well-established human preference for avoiding large losses
[16]. Finally, the design approach applies equally to structural com-
ponents as well as the policies for management of water systems that
determine their operations (see [9] for an example of adaptive man-
agement of an infrastructure operating policy).

This Resilience by Design approach considers the three capabilities
of a resilient system described above [6], as illustrated in Fig. 2. Designs
for persistence incur the fixed design costs of providing a desired level
of service reliability and the reactive recovery costs to return the system
to normal after failure. Fixed design costs include both capital costs and
routine operations and maintenance costs. Implicit in this formulation
is the optimization of operations with selection of the fixed design (e.g.,
[17]. Reactive recovery actions are determined partially by the fixed
design (and limited to operations of that fixed design) and/or by
components specifically related to recovery actions. For example, Lund
[71] incorporates sandbagging activities and evacuations as recovery
activities with a floodplain management design optimization. Adapt-
ability of the system corresponds to its ability to proactively recover
when conditions warrant. This involves both detecting conditions that

are problematic for the system’s current configuration and detection of
deterioration in system performance. In either case, proactive recovery
activities can be initiated to select operations, policies or system con-
figurations that better suit prevailing conditions. Finally, transforma-
tion of the system is incorporated into the design process through in-
clusion of the utility of losses. The utility of expected losses triggers
transformation of the system when they exceed a threshold of accept-
ability. For example, a design option with an unacceptably large utility
of losses indicates that the system requires transformation. In such
cases, performance objectives for the system and constraints must be re-
evaluated or an entirely new system design process initiated. It is
conceivable that in extreme cases, transformation may include aban-
donment of the proposed infrastructure for a location in which the
utility of losses is consistently too great.

The design challenge can be described as an optimization seeking to
minimize the total cost of the design (we focus on costs solely for
clarity). Let Z equal the total cost of a given resilience design:

∑ ∑ ∑= + ⎡

⎣
⎢ − + +

⎤

⎦
⎥

Z

C y C ρ p C ρ p

U L y ρ ρ p X

( )(1 ) ( )

[ ( , , , , )]

i
i i

k
k R D

l
l P D

i R P D
(3)

where Ci represents the cost of alternative fixed design variables, yi, Cj is
the cost of monitoring and detection components MDj, Ck is the cost of

Fig. 2. Schematic of information flow in a resilient design consisting of persistence, adaptation and transformation. Symbols as defined in the text. Normal operation
of a resilient system is based on resistance. When the probability of problematic conditions exceeds a designated threshold (pD X| > pD X| *), the system executes
adaptation. When the utility of losses exceeds an acceptability threshold, transformation is initiated leading to a new system design.
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reactive recovery activities, ρR, pD X| is the probability of detection of
problematic performance based on the monitoring and modeling
function (this probability is conditional on the values of X and defined
for a given probability distribution on X; see below), and Cl is the cost of
proactive recovery activities pP. In addition to the direct costs of the
system design our formulation includes the losses L(−) that are in-
curred by a given design due to poor performance under ‘extreme’
circumstances. The losses are a function of the fixed design, the re-
covery activities, detection of the problematic conditions, and the value
of the external uncertain variable(s) that cause those conditions. A
utility function, U(L) is used to value losses proportionally to societal
preferences for the avoidance of large losses.

Let a particular system design be represented by DR, representing a
particular set of yi, MDj, ρR, and ρP. The planner’s objective is to mini-
mize total expected cost, Z, of a given design, DR, by selecting the
combination of fixed design variables, reactive recovery capabilities,
monitoring and detection capabilities, and proactive recovery cap-
abilities:

=E Z E Total Cost Dmin [ ] ([ ( )])
D

X R
R (4)

The expectation is calculated by integrating over the probability
distributions of external random variables, X, yielding:

∫

∫

∑ ∑

∑ ∑

= = +

+ − + +

E Z

p X Z dX C y C MD

p X C ρ p C ρ p U

L y ρ ρ p X dx

min [ ]

( )

( )[ ( )(1 ) ( )

[ ( , , , , )]]

D
X

X
i

i i
j

j j

k
k R DX

l
l P DX

i R P DX

R

(5)

This formulation seeks the combination of fixed design values and
adaptive design values that minimize the expected cost of the design,
including the utility of losses when failure occurs. The utility function
must return values in the same units as costs. The decision variables
chosen by the optimization also determine the relative proportion of
persistence and adaptability capabilities and the necessity of transfor-
mation. The decision variables yi and MDj represent the fixed design
values of the system that, combined with the decision variables for
reactive recovery, ρR and their costs, Ck, represent the persistence of the
system following Eq. (2). Similarly, the level of adaptability is set by the
optimal values of the monitoring and detection costs, Cj and Cl, the cost
of proactive recovery actions ρP. The occurrence of hazards in the future
is uncertain, so terms affected by hazards are modified by the prob-
ability p(X) of the random vector X representing uncertain external
factors, such as temperature, precipitation, demand, costs, etc. This
includes all variable costs and losses. Note that at this point we define
expectations for a single p(X), however p(X) itself is uncertain; the ro-
bustness evaluation for multiple probability distributions on X is de-
scribed in Section 4.2.

Finally the utility of losses, U[L], provides an indication of when
transformation is necessary. The utility function represents losses that
may be both financial and nonfinancial and incurred by different parts
of society. As such, preferences must be representative of the society or
stakeholders impacted, for example, as described in Brown et al. [8]
and Moody and Brown [33]. When the value of the utility of losses
reaches an unacceptably high level relative to decision-maker pre-
ferences, the fixed system design with reactive and proactive recovery
costs, is unable to provide the necessary level of service. This condition
necessitates design for transformability. The result is a design optimi-
zation that yields system resilience to uncertainties through persisting
and recovery, forecasting and adapting, and transforming based on
projected future conditions.

4.2. Addressing deep uncertainty

A particular challenge for assessing resilience is the dependence of
the evaluation on assumptions about future conditions, for example, the
future probabilities of external factors, p(X). The term “deep un-
certainty” has been used to describe cases where a single probability
distribution cannot be specified to describe future conditions with
confidence. A variety of methods have been developed to address deep
uncertainty (see [31]. In general, these methods emphasize sensitivity
analysis of designs over many possible futures, rather than the use of
expected values based on a probabilistically described future or a single
best guess future. Moody and Brown [72] introduced a climate ro-
bustness index to quantify the ability of alternative designs to provide
acceptable performance over many possible futures. This is one of
several alternatives for quantifying robustness depending on the pre-
ference of the analyst [18]. The method evaluates designs over a range
of possible future outcomes, and defines “ex post” scenarios according
to a given design’s ability to provide acceptable performance across this
range. While this requires that a threshold of acceptable performance
be specified, the threshold can be varied in evaluating alternatives, or
subject to sensitivity analysis. Incorporating the ability to provide ac-
ceptable performance over a deeply uncertain future renders the opti-
mization decision one of maximizing the performance robustness (RbS)
of a given alternative design, DR over the possible values of external
factors, X, for a set of possible probability distributions on X:

Rb E Zmax [min [ ]]
D

S
D

X
R R (6)

where S is the set of probability distributions on X. Seeking optimal
alternatives over a set of probability distributions has been called belief
dominance [3], reflecting the non-dominated performance across un-
certainty in future probabilities of X (which the authors describe as
beliefs). Belief dominance is similar to preference dominance, the basis
of Pareto optimality, where an alternative is non-dominated if one
objective cannot be improved without reducing the performance of
another objective. In practical terms, belief dominance can be im-
plemented by evaluating alternatives over different sets of probabilities
assigned to possible future outcomes. That is, the future is described not
by a single probability distribution but rather by a set of distributions.
Options that perform best across all the distributions are non-domi-
nated in terms of the uncertainty of future outcomes. This can also be
combined with Pareto optimality in the case of a multi-objective deci-
sion problem, for example, if Z is a vector of objectives including fi-
nancial costs, environmental costs and social costs. In this paper, with
no loss of generality, we present only the single financial cost objective.

5. Conclusion

The potentially devastating implications of climate change and the
deeply uncertain trends of its magnitude and direction raise concerns
that current infrastructure systems are not prepared for the future.
Since design processes have not adapted to the implications of a non-
stationary climate, there is further concern that new and retrofit in-
frastructure development designs will be similarly ill-conceived. To
provide the resilience that people desire, infrastructure design must
address the uncertainty of the future, including uncertainties that
cannot confidently be modeled probabilistically, and those that man-
ifest as trends or low frequency variability. Infrastructure design must
also account for losses and the disproportionate value they hold in
human decision-making. Finally, infrastructure systems designs must
acknowledge and preserve ecosystems that provide many of the un-
derpinning functions and services that infrastructure intends to harness
and sustain.

A resilience approach provides the conceptual basis for this urgently
needed advance in the design of critical infrastructure. Here we in-
troduce the Resilience by Design methodology for infrastructure design
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to incorporate both the ability to manage short term shocks and sur-
prises and to accommodate long term trends. The methodology follows
a decision making under deep uncertainty framework that addresses the
implications of our limited ability to correctly predict future conditions.
While the approach is a significant advance for the resilience design
literature, perhaps our more significant contribution is the expression of
an objective to achieve acceptable and enduring performance over
previously untenable time frames. Our belief is the Resilience by Design
approach may help to fundamentally change the design of infra-
structure to address urgent challenges of navigating uncertain climate
and Earth system futures. Mathematical and empirical experimentation
will be required to test and refine this hypothesis, some of which we
have undertaken in related work [13]. It is the authors’ hope that this
contribution will inspire further applications to design for a resilient
future.

Acknowledgments

This work was supported by grants 2017 FWC 202 and 2018 GPO
017 from the Rockefeller Foundation. The authors are also grateful for
the generous support provided by The Resilience Shift for this work.
The paper was greatly improved by the efforts of two anonymous re-
viewers.

References

[1] D.L. Alderson, G.G. Brown, W.M. Carlyle, Operational models of infrastructure re-
silience, Risk Anal. 35 (4) (2015) 562–586.

[2] N.W. Arnell, S.N. Gosling, The impacts of climate change on river flood risk at the
global scale, Clim. Change 134 (3) (2016) 387–401.

[3] Baker E., Bosetti V., Salo A. Finding Common Ground When Experts Disagree:
Robust Portfolio Decision Analysis (November 10, 2017). IEB Working Paper N.
2017/11. Available at SSRN: https://ssrn.com/abstract=3091113 or https://doi.
org/10.2139/ssrn.3091113.

[4] E.H. Beh, F. Zheng, G.C. Dandy, H.R. Maier, Z. Kapelan, Robust optimization of
water infrastructure planning under deep uncertainty using metamodels, Environ.
Modell. Softw. 93 (2017) 92–105.

[5] W.R. Berghuijs, E.E. Aalbers, J.R. Larsen, R. Trancoso, R.A. Woods, Recent changes
in extreme floods across multiple continents, Environ. Res. Lett. 12 (11) (2017)
114035.

[6] F. Boltz, N.L. Poff, C. Folke, N. Kete, C. Brown, S. Freeman, J.H. Matthews,
A. Martinez, J. Rockström, Water is a master variable: solving for resilience in the
modern era, Water Secur. (2019).

[7] Brown C., Baroang K.M., Risk assessment, risk management, and communication:
Methods for climate variability and change. (2011): 189–199.

[8] C. Brown, W. Werick, W. Leger, D. Fay, A decision-analytic approach to managing
climate risks: application to the upper great lakes 1, JAWRA J. Am. Water Resour.
Assoc. 47 (3) (2011) 524–534.

[9] C. Brown, Y. Ghile, M. Laverty, K. Li, Decision scaling: linking bottom-up vulner-
ability analysis with climate projections in the water sector, Water Resour. Res. 48
(W09537) (2012).

[10] J. Crétat, E.K. Vizy, K.H. Cook, How well are daily intense rainfall events captured
by current climate models over Africa? Clim. Dyn. 42 (9–10) (2014) 2691–2711.

[11] M.G. Donat, A.L. Lowry, L.V. Alexander, P.A. O’Gorman, N. Maher, More extreme
precipitation in the world’s dry and wet regions, Nat. Clim. Change 6 (5) (2016)
508.

[12] T. Erfani, K. Pachos, J.J. Harou, Real-options water supply planning: multistage
scenario trees for adaptive and flexible capacity expansion under probabilistic cli-
mate change uncertainty, Water Resour. Res. 54 (7) (2018) 5069–5087.

[13] Freeman S., Brown C., Cañada H., Martinez V., Palma Nava A., Ray P., Rodriguez
D., Romo A., Tracy J., J. Vázquez J., Wi S., Boltz F. (in review). Water resilience by
design in Mexico City. Water Secur.

[14] C. Folke, S. Carpenter, B. Walker, M. Scheffer, T. Chapin, J. Rockström, Resilience
thinking: integrating resilience, adaptability and transformability, Ecol. Soc. 15 (4)
(2010).

[16] J.M. Gowdy, Toward an experimental foundation for benefit-cost analysis, Ecol.
Econ. 63 (4) (2007) 649–655.

[17] M. Giuliani, A. Castelletti, F. Pianosi, E. Mason, P.M. Reed, Curses, tradeoffs, and
scalable management: advancing evolutionary multiobjective direct policy search
to improve water reservoir operations, J. Water Resour. Plann. Manage. 142 (2)
(2015) 04015050.

[18] J.D. Herman, P.M. Reed, H.B. Zeff, G.W. Characklis, How should robustness be
defined for water systems planning under change? J. Water Resour. Plann. Manage.
141 (10) (2015) 04015012.

[19] R.M. Hirsch, A perspective on nonstationarity and water management1: a per-
spective on nonstationarity and water management, JAWRA J. Am. Water Resour.
Assoc. 47 (3) (2011) 436–446.

[20] S. Hosseini, K. Barker, Modeling infrastructure resilience using Bayesian networks:

a case study of inland waterway ports, Comput. Ind. Eng. 93 (2016) 252–266.
[21] S. Hosseini, K. Barker, J.E. Ramirez-Marquez, A review of definitions and measures

of system resilience, Reliab. Eng. Syst. Saf. 145 (2016) 47–61.
[22] IPCC, 2013: Climate Change 2013: The Physical Science Basis. Contribution of

Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change. Stocker, T.F., D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J.
Boschung, A. Nauels, Y. Xia, V. Bex, P.M. Midgley (eds.). Cambridge University
Press, Cambridge, United Kingdom and New York, NY, USA, pp. 1535.

[23] A. Khaled, M. Jin, D.B. Clarke, M.A. Hoque, Train design and routing optimization
for evaluating criticality of railroad infrastructures, Transp. Res. Part B 71 (2015)
71–84.

[24] F.H. Knight, Risk, Uncertainty and Profit, Houghton Mifflin, Boston, 1921.
[25] Z.W. Kundzewicz, E.Z. Stakhiv, Are climate models “ready for prime time” in water

resources management applications, or is more research needed? Editorial, Hydrol.
Sci. J. 55 (7) (2010) 1085–1089.

[26] Z.W. Kundzewicz, V. Krysanova, R. Dankers, Y. Hirabayashi, S. Kanae,
F.F. Hattermann, et al., Differences in flood hazard projections in Europe – their
causes and consequences for decision making, Hydrol. Sci. J. 62 (1) (2017) 1–14,
https://doi.org/10.1080/02626667.2016.1241398.

[27] J.H. Kwakkel, M. Haasnoot, W.E. Walker, Developing dynamic adaptive policy
pathways: a computer-assisted approach for developing adaptive strategies for a
deeply uncertain world, Clim. Change 132 (3) (2015) 373–386.

[28] I. Linkov, T. Bridges, F. Creutzig, J. Decker, C. Fox-Lent, W. Kröger, J.H. Lambert,
A. Levermann, B. Montreuil, J. Nathwani, R. Nyer, Changing the resilience para-
digm, Nat. Clim. Change 4 (6) (2014) 407.

[31] V.A. Marchau, W.E. Walker, P.J. Bloemen, S.W. Popper, Decision Making under
Deep Uncertainty, Springer Nature, Switzerland AG, 2019.

[32] A. Mehran, A. AghaKouchak, T.J. Phillips, Evaluation of CMIP5 continental pre-
cipitation simulations relative to satellite-based gauge-adjusted observations, J.
Geophys. Res.: Atmos. 119 (4) (2014) 1695–1707.

[33] P. Moody, C. Brown, Modeling stakeholder-defined climate risk on the Upper Great
Lakes, Water Resour. Res. 48 (10) (2012).

[34] M. Panteli, P. Mancarella, D.N. Trakas, E. Kyriakides, N.D. Hatziargyriou, Metrics
and quantification of operational and infrastructure resilience in power systems,
IEEE (2017).

[38] D.A. Stainforth, T.E. Downing, R. Washington, A. Lopez, M. New, Issues in the in-
terpretation of climate model ensembles to inform decisions, Philos. Trans. R. Soc.
London, Ser. A: Math. Phys. Eng. Sci. 365 (1857) (2007) 2163–2177.

[39] S. Steinschneider, R. McCrary, L.O. Mearns, C. Brown, The effects of climate model
similarity on probabilistic climate projections and the implications for local, risk-
based adaptation planning, Geophys. Res. Lett. 42 (12) (2015) 5014–5044.

[40] D.G. Streets, M.H. Glantz, Exploring the concept of climate surprise, Global Environ.
Change (2000).

[41] M.A. Vugrin, Turnquist, N.K. Brown, Optimal recovery sequencing for enhanced
resilience and service restoration in transportation networks, Int. J. Crit. Infrastruct.
(2014).

[42] Walker W.E., Lempert R.J., Kwakkel J.H., (2013). Deep uncertainty. In:
Encyclopedia of Operations Research and Management Science, pp. 395–402.

[43] G. Wegner, U. Pascual, Cost-benefit analysis in the context of ecosystem services for
human well-being: A multidisciplinary critique, Global Environ. Change 21 (2)
(2011) 492–504.

[44] H.C. Winsemius, J.C. Aerts, L.P. van Beek, M.F. Bierkens, A. Bouwman, B. Jongman,
J.C. Kwadijk, W. Ligtvoet, P.L. Lucas, D.P. Van Vuuren, P.J. Ward, Global drivers of
future river flood risk, Nat. Clim. Change 6 (4) (2016) 381.

[45] D. Wuebbles, G. Meehl, K. Hayhoe, T.R. Karl, K. Kunkel, B. Santer, et al., CMIP5
climate model analyses: climate extremes in the United States, Bull. Am. Meteorol.
Soc. 95 (4) (2014) 571–583.

[46] B.D. Youn, C. Hu, P. Wang, Resilience-driven system design of complex engineered
systems, J. Mech. Des. 133 (10) (2011) p. 101011(15).

[47] Reidmiller, D.R., Avery, C.W., Easterling, D.R., Kunkel, K.E., Lewis, K.L.M.,
Maycock, T.K., Stewart, B.C., USGCRP. Impacts, Risks, and Adaptation in the United
States: Fourth National Climate Assessment, 2018.

[48] A. Rosner, R.M. Vogel, P.H. Kirshen, A risk-based approach to flood management
decisions in a nonstationary world, Water Resour. Res. 50 (3) (2014) 1928–1942.

[49] B. François, K.E. Schlef, S. Wi, C.M. Brown, Design considerations for riverine floods
in a changing climate–a review, J. Hydrol. (2019).

[50] U. Soni, V. Jain, S. Kumar, Measuring supply chain resilience using a deterministic
modeling approach, Comput. Ind. Eng. 74 (2014) 11–25.

[51] R. Faturechi, E. Levenberg, E. Miller-Hooks, Evaluating and optimizing resilience of
airport pavement networks, Comput. Oper. Res. 43 (2014) 335–348.

[52] S. Hallegatte, Strategies to adapt to an uncertain climate change, Global Environ.
Change 19 (2) (2009) 240–247.

[53] J.W. Hall, R.J. Lempert, K. Keller, A. Hackbarth, C. Mijere, D.J. McInerney, Robust
climate policies under uncertainty: a comparison of robust decision making and
info-gap methods, Risk Anal.: Int. J. 32 (10) (2012) 1657–1672.

[54] S. Hallegatte, Natural Disasters and Climate Change, Springer International Pu,
2016.

[55] J.R. Lund, X. Cai, G.W. Characklis, Economic engineering of environmental and
water resource systems, ASCE J. Water Resour. Plann. Manage. (2006).

[56] B. Flyvbjerg, Survival of the unfittest: why the worst infrastructure gets built—and
what we can do about it, Oxford Rev. Econ. Policy 25 (3) (2009) 344–367.

[57] D. Asplund, J. Eliasson, Does uncertainty make cost-benefit analyses pointless?
Transp. Res. Part A: Policy Pract. 92 (2016) 195–205.

[58] A. Ansar, B. Flyvbjerg, A. Budzier, D. Lunn, Should we build more large dams? The
actual costs of hydropower megaproject development, Energy Policy 69 (2014)
43–56.

C. Brown, et al. Water Security 9 (2020) 100051

7

http://refhub.elsevier.com/S2468-3124(19)30007-0/h0005
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0005
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0010
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0010
https://ssrn.com/abstract%3d3091113
http://dx.doi.org/10.2139/ssrn.3091113
http://dx.doi.org/10.2139/ssrn.3091113
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0020
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0020
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0020
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0025
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0025
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0025
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0030
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0030
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0030
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0040
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0040
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0040
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0045
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0045
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0045
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0050
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0050
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0055
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0055
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0055
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0060
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0060
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0060
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0070
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0070
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0070
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0080
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0080
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0085
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0085
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0085
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0085
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0090
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0090
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0090
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0095
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0095
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0095
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0100
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0100
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0105
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0105
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0115
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0115
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0115
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0120
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0125
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0125
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0125
https://doi.org/10.1080/02626667.2016.1241398
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0135
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0135
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0135
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0140
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0140
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0140
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0155
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0155
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0160
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0160
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0160
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0165
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0165
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0170
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0170
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0170
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0190
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0190
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0190
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0195
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0195
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0195
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0200
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0200
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0205
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0205
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0205
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0215
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0215
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0215
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0220
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0220
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0220
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0225
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0225
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0225
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0230
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0230
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0240
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0240
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0245
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0245
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0250
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0250
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0255
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0255
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0260
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0260
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0265
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0265
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0265
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0270
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0270
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0275
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0275
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0280
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0280
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0285
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0285
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0290
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0290
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0290


[59] J.L. Knetsch, Gains, losses, and the US-EPA economic analyses guidelines: a ha-
zardous product? Environ. Resour. Econ. 32 (1) (2005) 91–112.

[60] T.C. Brown, R. Gregory, Why the WTA–WTP disparity matters, Ecol. Econ. 28 (3)
(1999) 323–335.

[61] C.S. Holling, Resilience and stability of ecological systems, Annu. Rev. Ecol. Syst. 4
(1) (1973) 1–23.

[62] B. Walker, C.S. Holling, S. Carpenter, A. Kinzig, Resilience, adaptability and
transformability in social–ecological systems, Ecol. Soc. 9 (2) (2004).

[63] C.S. Holling, Understanding the complexity of economic, ecological, and social
systems, Ecosystems 4 (5) (2001) 390–405.

[64] R. Faturechi, E. Miller-Hooks, Measuring the performance of transportation infra-
structure systems in disasters: a comprehensive review, J. Infrastruct. Syst. 21 (1)
(2014) 04014025.

[65] M. Ouyang, Review on modeling and simulation of interdependent critical infra-
structure systems, Reliab. Eng. Syst. Saf. 121 (2014) 43–60.

[66] P. Olsson, L. Gunderson, S. Carpenter, P. Ryan, L. Lebel, C. Folke, C.S. Holling,
Shooting the rapids: navigating transitions to adaptive governance of social-eco-
logical systems, Ecol. Soc. 11 (1) (2006).

[67] E. Ostrom, Science 325 (5939) (2009) 419–422.
[68] R. Biggs, M. Schlüter, D. Biggs, E.L. Bohensky, S. BurnSilver, G. Cundill, V. Dakos,

T.M. Daw, L.S. Evans, K. Kotschy, A.M. Leitch, Toward principles for enhancing the
resilience of ecosystem services, Annu. Rev. Environ. Resour. 37 (2012) 421–448.

[69] I. Linkov, D.A. Eisenberg, K. Plourde, T.P. Seager, J. Allen, A. Kott, Resilience
metrics for cyber systems, Environ. Syst. Decisions 33 (4) (2013) 471–476.

[70] P.A. Ray, C.M. Brown, Confronting Climate Uncertainty in Water Resources
Planning and Project Design: The Decision Tree Framework, The World Bank, 2015.

[71] J.R. Lund, Floodplain planning with risk-based optimization, J. Water Resour.
Plann. Manage. 128 (3) (2002) 202–207.

[72] P. Moody, C. Brown, Robustness indicators for evaluation under climate change:
application to the upper Great Lakes, Water Resour. Res. 49 (6) (2013) 3576–3588.

C. Brown, et al. Water Security 9 (2020) 100051

8

http://refhub.elsevier.com/S2468-3124(19)30007-0/h0295
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0295
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0300
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0300
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0305
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0305
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0310
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0310
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0315
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0315
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0320
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0320
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0320
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0325
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0325
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0330
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0330
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0330
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0335
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0340
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0340
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0340
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0345
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0345
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0350
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0350
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0355
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0355
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0360
http://refhub.elsevier.com/S2468-3124(19)30007-0/h0360

	Resilience by design: A deep uncertainty approach for water systems in a changing world
	Introduction
	Designing infrastructure for a deeply uncertain future
	Resilience by design
	Resilience by design methodology
	General formulation of resilience by design
	Addressing deep uncertainty

	Conclusion
	Acknowledgments
	References




