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A B S T R A C T

The concept of resilience is used by many in different ways: as a scientific concept, as a guiding principle,
as inspirational ‘buzzword’, or as a means to become more sustainable. Next to the academic debate on
meaning and notions of resilience, the concept has been widely adopted and interpreted in policy
contexts, particularly related to climate change and extreme weather events. In addition to having a
positive connotation, resilience may cover aspects that are missed in common disaster risk management
approaches. Although the precise definition of resilience may remain subject of discussion, the views on
what is important to consider in the management of extreme weather events do not differ significantly.
Therefore, this paper identifies the key implications of resilience thinking for the management of
extreme weather events and translates these into five practical principles for policy making.
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1. Introduction

Many policy makers and organisations use resilience as a
paradigm or inspirational concept. International agreements in
three post-2015 agendas – the Sustainable Development Goals, the
Sendai Framework for Disaster Risk Reduction, and the Paris
Agreement under the United Nations Framework Convention on
Climate Change – all call for resilience (Roberts et al., 2015) and
many policy documents, such as those from the Asian Develop-
ment Bank (ADB, 2014), European Union (EU, 2013), Government
of the Netherlands (MOIE, 2015) and UK Environment Agency
(Dilley, 2016) refer to resilience as something to pursue. Yet,
resilience often is more of a buzzword than an operational
paradigm (Linkov et al., 2014). At the same time, a large number of
more theoretical publications on the meaning of resilience and its
relation with concepts such as vulnerability, sustainability,
robustness, adaptive capacity and recovery have appeared in the
academic literature in the past years (e.g. Davoudi, 2012; Folke,
2006; Pendall et al., 2010; Walker et al., 2004). For policy makers
and practitioners it is, however, often not clear how the main
notions of resilience thinking translate into practical implementa-
tion. Hence, the aim of this paper is making the rather abstract and
multi-interpretable resilience concept tangible for policy makers.
* Corresponding author.
E-mail address: karin.debruijn@deltares.nl (K. de Bruijn).

http://dx.doi.org/10.1016/j.envsci.2017.02.001
1462-9011/© 2017 Elsevier Ltd. All rights reserved.
The increasing use of the resilience concept in policy docu-
ments shows that the concept appeals to policy makers. This is
likely not only because resilience has obtained a positive
connotation in the policy discourse, but also because it covers
significant elements that are missed in approaches to the
management of extreme weather event risks that are currently
in use (Davoudi, 2012; Linkov et al., 2014; Restemeyer et al., 2015).
For instance, disaster risk management approaches, particularly
those for extreme weather events, do not explicitly capture the
difference between low probability/high consequence events and
high probability/low consequence events, nor do they include all
consequences, since some are quite difficult to quantify (e.g.
indirect damages, reputation loss, costs related to evacuation).
Furthermore, risk management approaches that are currently
applied often have a sectoral focus and pay limited attention to
recovery capacity and recovery rate. At the same time, climate
change and changes in society fundamentally challenge conven-
tional risk approaches (Merz et al., 2010a). This is why a wider,
more comprehensive approach is needed. The resilience concept
may facilitate such an approach.

To support policy makers in meeting their objective of
increasing resilience, the academic debate on resilience should
be translated into practice. Therefore, we identify the main notions
from the scientific resilience debate and translate these into five
principles that can be used by policy makers to develop strategies
that enhance resilience. We focus on resilience to extreme weather
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events, such as droughts, floods and typhoons, though the five
principles could be applied to any disaster risk management
problem. The principles will be illustrated with examples and two
cases.

2. Resilience

2.1. Defining resilience

Although resilience was already used by physical scientists and
ecologists in the 1960s, a paper on the resilience of ecosystems
(Holling, 1973) set in motion the development that has become the
field of ‘resilience science’, which studies the linkages between
social and natural systems and the dynamics of changes in systems
(Davoudi, 2012; Milkoreit et al., 2015).G The meaning and use of
resilience has changed over time, though as yet it remains an
ambiguous concept that is used in different ways by different
people (Béné et al., 2014; Davoudi, 2012; Olsson et al., 2015;
Restemeyer et al., 2015; Walker et al., 2004).

Holling (1973) introduced resilience in ecology as the capacity
of a system to persist within a domain of attraction in the face of
disturbances and changes in state variables, driving variables and
parameters. He contrasted persistence, which can imply that a
system has multiple ‘domains of attraction’ or equilibria, with
stability, which implies one single equilibrium. Later, Holling
(1996) distinguished the two related interpretations of resilience
as engineering resilience respectively ecological resilience. Engi-
neering resilience focuses on how fast a system returns to a steady-
state after a disturbance and how large the disturbance needs to be
before a system is pushed out of its steady-state (i.e. the resistance
of the system) (Davoudi, 2012; De Bruijn, 2004; Folke, 2006).
Maintaining a function and conservation of an existing situation
are elements of engineering resilience. Ecological resilience, on the
other hand, does not focus on a single steady-state. It is the ability
of a system to cope with disturbances, whilst allowing its natural
development and change. Although it also looks at the magnitude
of a disturbance that can be coped with by a system without
change, once it crosses a threshold the system may change
structure and reach a different state (Davoudi, 2012). Ecological
resilience is about the functioning of the system, rather than about
maintaining a steady-state (Adger, 2000) and reflects the much
higher degree of complexity of ecological systems as compared to
engineering systems. With the application of the concept of
resilience to social systems a third type of resilience emerged:
socio-ecological or evolutionary resilience. Socio-ecological resil-
ience implies that a system does not necessarily have one or more
equilibrium states, but is adapting and changing continuously
(Davoudi, 2012). In addition to persistence, socio-ecological
resilience explicitly includes adaptability, which is the capacity
of actors in a system to adapt to gradual change, and trans-
formability, which is the capacity to create a fundamentally new
system (Folke et al., 2010; Walker et al., 2004). It focuses on the
interplay between disturbances, reorganization, sustaining and
developing and encompasses adaptive capacity, learning and
innovation that humans are capable of.

Next to the rather abstract debate on meaning and definition of
resilience, the concept has been adopted and interpreted in many
policy contexts. In particular in the contexts of climate change and
disaster risk management resilience thinking has spread among
interdisciplinary scientists and policy makers. In a policy setting
resilience is rarely defined with great precision, but rather used as
a versatile term of which the meaning can be adapted to the
circumstances (Funfgeld and McEvoy 2012; Pendall et al., 2010).
Resilience then becomes an umbrella term for a system property
that is good and worth pursuing, but can be interpreted by
everyone in its own way. Instead of being an objective system
descriptor, resilience becomes a normative concept; a desirable
system characteristic (Milkoreit et al., 2015; Olsson et al., 2015).
This does not mean that no definitions of resilience are given at all,
but rather that they often refer to multiple aspects. For instance,
the 100 Resilient Cities Initiative defines urban resilience as “the
capacity of individuals, communities, institutions, businesses, and
systems within a city to survive, adapt, and grow no matter what
kinds of chronic stresses and acute shocks they experience”
(www.100resilientcities.org/resilience) and UNISDR (2009 p.24)
defines resilience in the context of disaster risk reduction as “the
ability of a system, community or society exposed to hazards to
resist, absorb, accommodate to and recover from the effects of a
hazard in a timely and efficient manner, including through the
preservation and restoration of its essential basic structures and
functions”.

In definitions of resilience the threat to which the system
should be resilient is often not specified; the focus is on general
system characteristics. However, operational definitions are
needed when resilience is to be quantified, monitored or addressed
by policies (Biggs et al., 2012; De Bruijn 2005; Shaw 2012;
Wardekker et al., 2010). In those cases both the system and the
relevant disturbance should be clearly specified – “resilience of
what to what?” (Carpenter et al., 2001). In addition to enabling the
measuring of resilience, those definitions also enable targeting
measures to the specific threat and its consequences. For example,
if disruptions in power supply limit the resilience of cities, the
choice of measures to address this is specific for the kind of threat:
for flooding hazards raising power substations could increase
resilience, whereas for wind hazards putting cables underground
or removing trees next to power lines could be useful. If definitions
are used that are not specific regarding the system and
disturbance, the focus is usually on generic capabilities which
enable societies to cope with damages in some elements, or which
facilitate recovery. In the example of power supply this could be to
increase redundancy in the network. When resilience is used to
analyse human-environment systems two other questions are
important: “resilience to what ends?”, i.e. what is the purpose or
desired outcome of resilience, and “resilience for whom?”
(Davoudi, 2012). Increasing resilience is expected to lead to a
desirable outcome, but what is desirable in a social context is
normative. Similarly, decisions on who should be resilient can
involve value judgements about priorities and trade-offs (Berkes
and Ross, 2016). For instance, increasing urban flood resilience by
measures that affect rural residents need to be negotiated in a
political process.

2.2. Main notions of resilience thinking to cope with extreme weather
events

Although clear differences exist between definitions of
engineering, ecological and socio-ecological resilience, we find
that there are also commonalities. Most scientists and policy
makers consider resilience as a system property that describes the
system’s reaction to disturbances and changes and they are
concerned with to what degree systems are able to cope with
disturbances now and in the future. Although often a return to an
equilibrium is mentioned (Davoudi, 2012), i.e. engineering or
ecological resilience, the need for adaptation or transition –

elements of socio-ecological resilience – are usually also discussed
but named differently. There is thus agreement that these
elements are also important for the ability to cope with
disturbances, not only temporary ones, but also trend-wise
changes. Particularly in the area of risk and disaster management
for extreme weather events views on what is important to enhance
resilience do not differ significantly. This section discusses these
main notions of resilience thinking, with a focus on coping with
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short-lived extreme weather events. Although more or different
notions of resilience thinking can be identified (e.g. Biggs et al.,
2012; Restemeyer et al., 2015; Wardekker et al., 2010), we find
those mentioned below the most relevant for policy making to
cope with extreme weather events.

A first element is that the notion of systems is essential to
resilience (Olsson et al., 2015). System’s thinking lies at the core of
resilience thinking as resilience is essentially a characteristic of a
system. When addressing the question “resilience of what to
what?” the system needs to be defined (De Bruijn 2005; Linkov
et al., 2014; Pendall et al., 2010). Systems subject to extreme
weather events are, however, extremely complex as variables in
many domains interact at multiple scale levels. For instance,
consider the subsystems involved in analysing resilience of a river
basin to droughts: economic (agricultural production), social
(household survival), biophysical (river hydraulics, weather) and
engineering (irrigation) systems are just a few examples of the
many interacting domains.

The notion of reaction to disturbances is the second element
that is essential to resilience. A recurrent academic discussion
topic on the meaning of resilience is the perceived contradiction
between resistance and resilience (Olsson et al., 2015). Resilience
in socio-ecological systems implies change as opposed to
resistance, which means no change. In flood risk management
the resistance-resilience dichotomy is also common (De Bruijn
2004; Douven et al., 2012; Restemeyer et al., 2015). A system that
has sufficient resistance to cope with a disturbance shows no
response, while extreme events which cannot be resisted cause an
adverse reaction and call for resilience in order to recover from that
reaction. In flood risk management, resistance is often related to
embankments or other structural measures, while more resilient
approaches generally also include embankments but only to
protect the most vulnerable parts and complemented by non-
structural measures in other parts of the system. The degree of
disturbance which does not result in a reaction canbe understood
as the resistance threshold. Above that threshold the system will
respond and may recover to its pre-disturbed state, or shift to a
new state if the recovery threshold is also exceeded (Mens et al.,
2011).

Many theoretical and applied studies analyse how the resilience
of systems can be enhanced (e.g. ARUP 2014; Biggs et al., 2012;
Crowe et al., 2016; McDaniels et al., 2008). From a systems
perspective there are several elements that enhance resilience and
help a system to remain functioning in the face of disturbances.
Among the principles that Biggs et al. (2012) list, diversity,
redundancy and connectivity are important generic resilience-
enhancing system properties. A higher diversity provides options
and alternative courses of actions during a disturbance. For
instance, Aerts et al. (2008) apply the concept of diversification
through proposing a portfolio of measures: higher embankments,
flood proofing houses and creating compartments (Klijn et al.,
2010). Redundancy ensures that elements of a system can
compensate for each other if individual elements fail due to the
disturbance (Biggs et al., 2012). For instance, a desalinisation plant
with spare capacity can compensate for reduced surface water
intake capacity during droughts. Connectivity facilitates the
exchange of information and materials, which is necessary for
the functioning of systems (Biggs et al., 2012). In disaster response
communication, for instance, connectivity among first responders
and between first responders and affected population is essential
to keep systems functioning. For diversity, redundancy and
connectivity there is a trade-off between the level and the
functioning of the system. Too much connectivity could lead to the
dispersal of a disturbance in the system, too much redundancy
comes at a cost, and too much diversity may jeopardise the
effectiveness of a system. Yet, although the optimal levels may be
difficult to determine, there is general agreement on the notions of
which system properties support its remaining functioning.

Another important notion in resilience is recovery. Particularly
in engineering resilience, the focus is on how fast a system returns
to its pre-disturbed state after a disturbance (Holling, 1996).
McDaniels et al. (2008) focus on the rapidity of recovery as a key
element in resilience and highlight that it can be improved by ex-
ante mitigation and ex-post response activities. If power supply is
disrupted due to a severe storm it makes a large difference if the
disruption is a few hours or a few days. The rapidity of recovery
depends on the recovery capacity, which in its turn depends on the
elements mentioned above – diversity, redundancy and connec-
tivity – but also on other elements of the system. For instance, in
social systems elements such as preparedness and knowledge on
possible counteractions can affect recovery, as well as resources.
High-income households typically recover faster from a disaster
than low-income households due to savings, access to communi-
cation channels and insurance, and employment (Masozera et al.,
2007).

A final notion that we include in our discussion is that
enhancing a system’s resilience is by definition forward-looking.
And when considering the future, we might as well acknowledge
that systems must not only be resilient to current disturbances, but
also into the future. Therefore, adaptation or transformation may
be required to ensure persistence also in the long run (Folke et al.,
2010; Walker et al., 2004). Adaptivity can be seen as the capacity of
a system or its actors to influence resilience by changing parts of
the system, and transformation as the capacity to create
fundamentally new systems (Walker et al., 2004). In complex
socio-ecological systems adaptation and transformation take place
at multiple scales. Dynamic interplay of persistence, adaptations
and transformations at different scales contribute to the overall
resilience of the larger system (Folke et al., 2010). Yet, trans-
formations at the larger scale may also be required. An example of a
change that affects the resilience of delta societies to low flows in
rivers is increasing salinity due to sea level rise. This may require
large transformations, for instance a shift to other crops or from
open-air to greenhouse agriculture with closed water systems, or
to abandoning agriculture at some locations. Transformations may
be deliberate or forced by crises and disasters, which form
windows of opportunities for innovation and change. This is also
clear from the disaster management practice, where transitions to
completely different policies are often observed after a disaster has
happened. Deliberate transformation (and adaptation) follows
from the ability of socio-ecological systems to incorporate learning
(Biggs et al., 2012; Carpenter et al., 2001), or to timely foresee that
change is needed because the current policy is bound to fail in the
future (Klijn et al., 2015). Learning, though, is just one element in
the broader question on how systems remain resilient over time.
Several ideas have emerged in literature so far, such as the idea of
‘bouncing forth’ (Davoudi, 2012; Manyena et al., 2011) ‘bouncing
back in better shape’ (Wardekker et al., 2010), ‘build back better’,
‘muddle through’ and the idea of adaptive cycles (Berkes and Ross,
2016; Pendall et al., 2010). This is still an active field of research
with several unresolved research questions.

3. Missing aspects in management of extreme weather events

The management of extreme weather events is often risk-based.
Risk is generally understood as the combination of the probability
of a hazard and its consequences (Jonkman et al., 2003; UNISDR
2009). The consequences are determined by the exposure of
people, property, infrastructure and other elements subject to
extreme weather events, and by their vulnerability to the event.
The risk of extreme weather events is often expressed in terms of
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the (average) expected annual damage or (average) expected
annual number of casualties (Jonkman et al., 2003; Kind, 2014).
These risks can be evaluated by comparing them with acceptable
risk levels or in an economic assessment. Reducing risks requires
taking measures that reduce either the probability of an event from
happening or its consequences. An economic cost-benefit analysis
can provide insight into the efficiency of proposed measures. While
the investment costs are relatively easy to determine, the benefits
of a measure – the achieved risk reduction – are much harder to
establish and usually contain considerable uncertainty (Kenny,
2012; Merz et al., 2010b). Furthermore, not all relevant potential
impacts of measures can be expressed well in monetary terms,
such as loss of lives and damage to cultural heritage. Other criteria
are thus needed.

A risk approach centres on identifying vulnerabilities in a
system and proposing measures for elements in the system so that
they are able to withstand hazards to an acceptable level (Linkov
et al., 2014). This often results in a focus on single elements of the
system, such as a specific location or a specific type of
infrastructure (this is also typically the scope of a cost-benefit
analysis). For a thorough understanding of the potential degree of
societal disruption and the rate of recovery it is, however,
important to analyse what may happen in one single event
instead of at one specific location or element. This means that the
interrelations between the sub-systems within the system
(physical and societal) and overall system behaviour need to be
understood.

If a risk approach is applied using a straightforward cost-benefit
analysis, a rare disaster with large consequences is equivalent to
frequent disasters with small consequences, as they are equivalent
in terms of expected damage. However, the perception of these
events is very different (Bubeck et al., 2012; Kahneman and
Tversky, 1979; Slovic et al., 1977). As a result, engineering and
economic approaches optimising designs and protection standards
may diverge from actual preferences and decisions taken by policy
makers. At the same time optimising approaches often lose view of
the broader context, such as what happens if beyond-design events
occur. Moreover, risk approaches and disaster risk management
generally focus on the current hazard, exposure and vulnerability.
Often, models are employed that use measured, past data and
assume stationarity, which is an unrealistic approach in complex,
socio-ecological systems (Milly et al., 2008). Future uncertainty,
including climatic and societal changes, need to be considered in
disaster risk management plans. Such changes may require
adaptations in systems, but they may also create opportunities
to design a more resilient system with a larger ability to cope with
extreme weather events. Thus, adaptive planning could increase
the resilience for future generations.

In disaster risk management a shift away from enhancing the
recovery rate after a disaster has happened and towards disaster
risk reduction can be observed in the past 30 years (UNISDR, 2004).
The effort to reduce losses of properties and lives translates into
much greater attention for protective strategies and a holistic
approach, and with the advance of scientific knowledge, policies
can be developed to protect people from disasters caused by
extreme weather events (UNISDR, 2004). In addition to attention
for risk-based approaches, which consider all potential events
rather than responding to the last event, there is also more
attention for building back better and innovation if measures are
taken in response to a disaster (e.g. Fan, 2013; Lyons, 2009). The
lessons from resilience thinking can be used to further comple-
ment and improve the risk approach. Building resilience fits better
with the increasingly complex, non-linear systems and uncertainty
in the current situation and on future developments that are part of
our society. The call for resilience in many policy documents may
be considered as an expression of the need to take into account
those aspects that are obviously missing in oversimplified risk
approaches.

4. The five resilience principles

To enhance the resilience of societies to cope with extreme
weather events, we propose five principles which help to consider
those aspects that are missing in risk approaches. These principles
follow directly from the analysis of the main notions discussed
above and are:

1. Adopt a system’s approach;
2. Look at beyond-design events;
3. Build and prepare infrastructure according to ‘remain function-

ing’ principle;
4. Increase recovery capacity by looking at social and financial

capital; and
5. Remain resilient into the future

These five principles are elaborated in the following sections
and illustrated with examples from the practice of management of
extreme weather events.

4.1. Adopt a system’s approach

Understanding of the entire system – including the physical,
environmental, social and economic aspects – is required to define
effective measures tailored to the society that they should protect
and support (De Bruijn et al., 2014). A system’s approach means
that the system is studied as a whole and that different subsystems,
areas and processes within the system are viewed as interlinked.
As systems may be massive and complex, simplified models can be
developed that can help practice to identify the key elements and
linkages using methods and techniques developed in the field of
systems thinking (Meadows, 2008; Simonovi�c, 2011). Disaster risk
managers need to understand the chain of events from the first
indications of an imminent threat due to extreme weather to the
recovery of the impacts after the extreme weather event (De Bruijn
et al., 2016). As the systems are dynamic, feedback loops and
changes over time also require attention. An example is the study
of Newell and Wasson (2002), who use a system’s approach to
understand the development of the interaction between floods,
embankments and the society’s vulnerability.

The consequences of an extreme weather event are in many
cases not only felt in the directly affected area, but also in other
areas through linkages in systems. Drought affecting an agricul-
tural area can affect the poor in cities through increasing food
prices. A typhoon hitting a power plant may affect electricity
supply in a much larger area. The 2011 Thailand floods affected
production processes globally through linkages in the supply
chains of electronics and automotive industries (Haraguchi and
Lall, 2015). A system’s approach could be used to identify these
potential linkages.

Two examples of applying a system’s approach in flood risk
management are a method for flood risk analysis in river deltas (De
Bruijn et al., 2014) and the development of a mobile warning
service for farmers in Bangladesh (Cumiskey et al., 2015). River
basin systems are hydrologically connected: what happens
upstream can affect downstream areas. This is particularly relevant
when assessing flood risks in an embanked delta: a breach
upstream will lower water levels, and hence flood risks,
downstream. Protecting high-value areas (an urban area) by
deliberately flooding low-value areas (agriculture) is a common
flood management strategy, for instance used during the
Mississippi floods in 2011 (Olson and Morton, 2012). Hence, rather
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than looking at flood risk at a single location, flood risk in the whole
system needs to be assessed. De Bruijn et al. (2014) did so to assess
the probability of flood events with many fatalities and found that
the overall flood risk is much lower than previously calculated. The
other example of a measure that is based on understanding the
whole system is a mobile service (short messaging service or
interactive voice response) that provides dedicated local flood
forecast to farmers, enabling them to postpone harvesting until
just before their land floods. This increases yields and reduces the
probability of losing crop and income (Cumiskey et al., 2015), and
thus reduces damages. This measure required a thorough
understanding of the behaviour of the farmers, their needs, the
agricultural system and the river system.

4.2. Look at beyond-design events

The risk perception of events with a small probability but large
consequences is often different from the ‘objective’ risk as
calculated in engineering or economic analyses (Burns et al.,
2010; Kunreuther, 1980). Most people are supposedly risk-averse
and policy making processes can turn the focus on specific hazards
with a small probability, but high impact. Rare events with
disastrous and lasting consequences may call for protection against
higher costs than justified by a standard cost-benefit analysis. For
instance, in the Netherlands, societal disruption was recently
added as an additional criterion to inform the discussion on flood
protection standards next to economic efficiency (Van der Most
et al., 2014).

A resilience approach considers the entire possible spectrum of
events – below and above the resistance threshold and up to and
beyond the recovery threshold – as opposed to a risk approach
which often focusses on design events derived from relatively
short data records. Unexpected, extreme events can always happen
because of inherent uncertainties in system behaviour and climate
variability, and increasingly paleoclimate and paleohydrological
studies point to extreme weather events in the past that are not
taken into account in current infrastructure design (Knox and
Kundzewicz, 1997; Wasson, 2016). At the same time climate
change may increase variability and lead to new extremes. For
instance, Räsänen et al. (2013) find that in the Mekong river basin
the variability between droughts and floods in the post 1950 epoch
is much higher compared to any of the other epochs since 1300.

Considering beyond-design events in disaster management
could be called “possibilistic” thinking (Clarke, 2008), which is a
complement to the “probabilistic” thinking commonly employed
in the risk approach. It stimulates thinking about the worst case,
or even unimaginable scenarios. In disaster risk management this
is not yet common practice, though, for instance, in dam safety
design it is often incorporated: dams are built from a functional
perspective (power generation, irrigation storage, and/or flood
storage) and operation rules are designed accordingly while
taking into account climate variability. However, to prevent
catastrophic failure, most dams also have spillways, which may
be deployed in case of a threat of dam collapse due to beyond-
design events.

Looking at beyond-design events does not mean only looking at
the most extreme events. The Mississippi example in the previous
section shows that additional measures – inundate rural areas by
intentionally breaking levees – were deployed when the flood
exceeded the levee’s design criterion of a 100-year flood. The
multiple-tiered approach for flood risk management in the
Netherlands also explicitly considers beyond-design events by
also aiming to reduce the consequences of flooding through spatial
planning and by planning for evacuation (van Herk et al., 2014). On
the other hand, drought risk management is typically reactive and
few places have plans in place to deal with a lack of water (Wilhite
et al., 2014).

4.3. Design and prepare systems according to the ‘remain functioning’
principle

‘Remain functioning’ refers to designing systems in such a way
that consequences of failure are not catastrophic, but manageable.
This principle is also known as fail-safe, as opposed to safe-fail
systems where the focus is on high reliability (Hashimoto et al.,
1982; Jones et al., 1975). Making sure that a system remains
functioning during extreme events acknowledges the fact that the
possibility of failure cannot be eliminated altogether, and is typical
for resilience thinking. In the context of extreme weather events, a
requirement for systems to remain functioning is that critical
infrastructure remains in service. If critical infrastructure is
damaged, emergency management will be more difficult, recovery
will be slower and impacts may spread to non-affected areas (De
Bruijn et al., 2016). An example where critical infrastructure failed
is the 2010 earthquake in Chile. Although Chile is very well
prepared for earthquakes, the communication network almost
completely broke down, ultimately resulting in widespread looting
and anxiety (ARUP, 2014).

Emergency and crisis managers have always had ample
attention for critical infrastructure in order to provide first
response – and they often have dedicated emergency response
infrastructure – though in case of extreme weather risk manage-
ment attention for critical infrastructure is of a more recent date.
Initiatives such as the Critical Infrastructure Preparedness and
Resilience Research Network (www.ciprnet.eu) bring together
knowledge to support authorities in protecting critical infrastruc-
ture and tools are being developed to analyse and better
understand the cascading effects of failure of critical infrastructure
due to flood events (e.g. Burzel et al., 2014). Governments
increasingly carry out assessments and take measures to protect
critical infrastructure. For instance, the Pitt Review following the
UK floods of 2007 advised to protect critical infrastructure such as
power and water supply, and main roads; recommendation
numbers 50 to 54 appeal for a systematic program to reduce
the disruption of essential services (Pitt, 2008 p. 417). Another
example is the Port of Amsterdam which carried out a pilot study of
critical functions and infrastructure (MUST and Witteveen + Bos,
2013).

It should be noted that well before the recent attention for
critical infrastructure, the remain functioning principle has been
applied by many societies in preparation for extreme weather
events for a long time. The construction of roads on top of levees is
a typical example that can be found in many floodplains around the
world.

4.4. Increase the recovery capacity

The long-term impact of an event partly depends on the time it
takes to recover, which in turn depends on the recovery capacity.
Recovery capacity is often related to the general socio-economic
level of society, referring to system characteristics that influence
the ease with which a system recovers. Recovery capacity is thus a
function of social capital (the individual ability of people to
recover), institutional capital (the ability to organise repair and
reconstruction), and economic capital (the ability to finance repair
and reconstruction) (De Bruijn, 2005).

Increasing recovery capacity is thus closely linked to socio-
economic development level, and hence measures are generally
not specific for dealing with extreme weather events. Poverty
alleviation, health improvement and education are sustainable
development objectives that also increase a society’s recovery

http://www.ciprnet.eu
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capacity. Yet some specific measures can target to increase the
speed of recovery from extreme weather events. Insurance can
provide disaster-affected households with the financial means for
recovery and is used or considered in developed (Botzen et al.,
2009; Petrolia et al., 2013; Penning-Rowsell et al., in press) as well
as developing countries (Akter et al., 2009; Janzen and Carter
2013). Other financial assistance, such as loans, relief grants and
reconstruction employment schemes can also increase the
recovery capacity, as shown in Andhra Pradesh, India, after a
cyclone (Marchand, 2009). Social capital for recovery can be
improved by education and training as part of disaster prepared-
ness programs. A study after floods in Pakistan showed that
knowledge on recovery priorities positively affected the recovery
(Asgary et al., 2012).

4.5. Remain resilient into the future

Flexibility, the ability to learn, the capacity to adapt and the
willingness to transform if necessary are crucial to cope with
gradual but uncertain changes. It is important to realise that the
current resilience of a system may be exhausted due to gradual
geo-physical developments such as climate change or subsidence,
and socio-economic developments such as migration, conflicts,
urbanisation and economic growth. This may call for adaptation or
transformation in order to be able to cope with future extreme
weather. In order to improve the capacity to adapt, institutions
may have to change their culture and the way they are organised in
order to enhance their ability to learn from previous experiences,
to change and to improve themselves.

In addition to flexible, adaptive organizations, also flexible,
adaptive policies and systems are required. Several tools, strategies
and methods have been developed to help policymakers design
Fig. 1. Overview of the municipality of Dordrecht and the flood risk management strateg
embankment is to be made overtopping resistant. The purple and orange lines indicate 

potential floods from the south and west. Three shelters in the north eastern part can
(derived from Lips, 2012). (For interpretation of the references to colour in this figure 
such policies and systems (Hallegatte 2009; Swanson et al., 2010;
Walker et al., 2013). Examples of tools are adaptation pathways
(Haasnoot et al., 2013), relying on the identification of policy
tipping points to establish when policies can no longer meet the
societal objectives and on the mapping of possible alternative
strategies, and adaptive policy making (Walker et al., 2001), which
is a generic procedure for developing robust plans. This type of
tools contains feedback loops that trigger adaptations if elements
of the system change. For instance, the Singapore government has
introduced a resilience framework that explicitly acknowledges
that understanding of climate change is continuously evolving, and
that plans may need to be adapted (NCCS, 2012). The framework
has a feedback loop so that future learning can be incorporated and
adaptation plans are designed in a flexible manner.

The development of long-term, adaptive strategies is still an
emerging research area, and will need to address evaluation
criteria such as ‘the least likelihood of regret’ and ‘equity between
subareas, population groups, or generations’, and methods to cope
with uncertainties. Scenario-analysis, exploratory modelling and
adaptation pathways can help define the most desirable adapta-
tion measures, adaptation rates and windows to initiate a
transition to an entirely different policy. Practical experience with
the implementation of such methods is still scarce. It is expected
that in the near future more approaches become operational for
policy makers.

5. Applying the principles: two examples

In this section we give two examples that demonstrate the
added value of the five principles in the management of extreme
weather events. The first case discusses flood risk management in a
y proposed. The blue, red, yellow and green lines are river embankments. The blue
ancient embankments which may be strengthened to limit the flood extent due to

 accommodate refugees from the western part if the embankment breaches there
legend, the reader is referred to the web version of this article.)
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municipality in the Netherlands. The second case discusses
drought risk management in a river basin in Vietnam.

5.1. Flood risk management strategy in Dordrecht, the Netherlands

Dordrecht is a municipality in the tidal area of the Rhine-Meuse
delta in the Netherlands. It is surrounded by rivers and canals, see
Fig. 1. The old city centre and some industrial and residential areas
are located outside embankments and are subject to flooding on
average once every 10 years, though flooding depths are limited,
generally up to about 20 centimetres. The embanked areas, when
flooded, could experience flood depths of up to 2 m. A risk-based
approach was adopted for flood protection following a large
flooding of the southwest of the Netherlands in 1953. Currently, all
embankments have to meet flood protection standards that were
derived from risk analyses in the 1960s (Kind, 2014), which is for
Dordrecht a protection against a once in 2000 years flood level.

New flood protection standards have been implemented in the
new Water Act on the 1st of January 2017. In addition to an
economic cost-benefit analysis (Kind, 2014), the new standards are
based on an individual flood fatality hazard to account for equity
(i.e. every inhabitant should have a risk of death from a flood event
no greater than 0.00001 per year) and group flood fatality risk to
account for societal disruption (assessed as the probability of a
large number of casualties in a single event) (De Bruijn et al., 2014,
2015). The calculations for the new flood protection standards take
into account the whole flood protection system in the Netherlands:
dependencies between different flood-prone areas and embank-
ment sections are taken into account in order to analyse how many
breaches might occur in one event (De Bruijn et al., 2014). Also, the
new flood protection standards take into account the impacts
beyond the embankment design criteria to some extent, by
considering potential numbers of casualties. the ‘remain function-
ing’ principle for critical infrastructure. However, in practice only
the gas extraction and supply system was considered in the
discussion on safety standards. The new Water Act does not
include any reference to the principle ‘increase recovery capacity’.
The Netherlands did attempt to explore future adaptation in the
Adaptive Delta Management approach (Klijn et al., 2016) but this
had no implications yet for the current flood protection standards
or policies in Dordrecht.

That adopting the five resilience principles would result in
different flood risk management strategies can be illustrated by a
case study of the island of Dordrecht (based on De Bruijn et al.,
2016). The case study adopted a systems approach rather than
optimising flood protection levels for each location separately and
it considered the whole chain of events from the first flood
forecasts to the post-flood recovery. The approach taken was to
develop storylines for a set of representative potential breach
locations. The status of flood protection infrastructure, critical
infrastructure and the responses of the local authorities and
inhabitants of the area were described for different points in time
based on protocols, experience and assumptions, which were
discussed in workshops. Models were used to simulate flood
propagation, damage, casualties and the whereabouts of people on
the island, including how many people moved to safe areas.

The case study contributed to the design of a resilient flood risk
management strategy combining different types of measures. The
embankments remain the first line of defence to resist floods.
Embankment strengthening was recommended at several loca-
tions; for one section it was recommended to make the
embankment able to cope with overtopping (fail-safe, rather than
accepting that it fails due to erosion resulting from overtopping) –

a resilience measure acknowledging the possibility of beyond-
design events, see Fig. 1. Other measures to deal with beyond-
design events included emergency drainage,
compartmentalisation through strengthening and maintenance
of secondary embankments inside the polder area, and emergency
response measures, such as construction of shelters. Developing
better emergency plans and measures to increase the people’s
preparedness can reduce the number of casualties and significantly
enhance recovery. The analysis of critical infrastructure in the
storylines provided, for instance, insights into the actions of the
electricity supply company regarding cutting off and restoring
power, and how this affected other systems. The analysis did not
specifically establish how the municipality can remain resilient in
the future.

The case study shows that considering the whole system and
the whole chain of events instead of just looking at the maximum
water depth or at one location results in a more comprehensive set
of measures, not only increasing the resistance, but also the
resilience in view of beyond-design events. However, the case
study focused on the interests of the emergency managers and
water board and hence did not look at other relevant measures that
others could take, such as changing designs or operations of critical
infrastructure or adapting land use in the non-protected areas. In
that respect, it is still a partial strategy as not all potential actors (all
systems and subsystems) were involved.

5.2. Drought risk management in the Vu Gia – Thu Bon river basin

The Vu Gia – Thu Bon (VGTB) river basin is located in central
Vietnam. The western part of the basin is mountainous and
sparsely populated, while the flat delta area in the east, covering
about one fifth of the basin area, is dominated by agriculture and
urban development. Numerous reservoirs and weirs are located in
the basin irrigating over 30,000 ha of rice and 10,000 ha of
subsidiary crops and cash-crop trees. Hydropower is developing
rapidly. Droughts are common in the area; 2005, 2013 and 2016
were the most recent dry years. Here we focus on the resilience of
agricultural households facing droughts. Information for this case
was obtained from a survey among 383 households, interviews
with four different government agencies (responsible for respec-
tively urban water supply, agriculture, environment and industry)
and a review of secondary literature (Buurman et al., 2016).

Drought risk management in the basin so far focused on
developing irrigation infrastructure, and to a limited extend on
providing the farming households with information on when a
drought is foreseen and which actions could be taken, such as
postpone planting or change crops. There is no drought risk
management plan for the area. This brief example gives some
considerations in developing a more resilient, largely agricultural,
society in response to droughts.

A system’s approach considers the entire basin and all physical,
biological and human characteristics and activities in it. Important
activities or sectors which need to be considered in this case are
hydropower generation, irrigation for agriculture, and their
relation with security of water, food and power supply for both
urban and rural citizens. Upstream-downstream interactions are
relevant as the development of hydropower upstream affects
water allocation in the entire basin, and reportedly increases
downstream impacts of droughts. From the perspective of
agricultural households, farming is a source of income as well
as a source of food. Based on information from the survey, key
factors for society related to water availability are costs of
groundwater pumping, irrigation fees, costs of health impacts,
and costs of additional effort and labour due to droughts, in
addition to loss of income. Additional dissemination of drought
information and community drought response should be consid-
ered as well, when developing strategies. Salt intrusion, water
quality and bank erosion are characteristics of the physical system
related to droughts which affect the socio-economic system. In
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Vietnam also the institutional and governance system is crucial
and complex, since it includes at least ten agencies.

The current irrigation and water supply system in the basin is
rather robust for moderate droughts. Yet, severe droughts could
lead to large numbers of households having no access to water for
agriculture and household supply. Critical infrastructure is not
directly affected by droughts. Only the Danang city urban water
supply system is currently already affected by moderate droughts
and interventions are being considered to increase the capacity of
the system with new dams and intake points. Hydropower
generation is also vulnerable to droughts. For the 2013 (medium)
drought households reported losses in the order of 15–60% of their
annual incomes due to drought impacts.

The five resilience principles discussed in Section 4 can support
the development of sustainable strategies to enable the different
social groups (farmers/citizens) to cope with droughts. The
relevant sectors (irrigation, hydropower, agriculture, sanitation)
need to be considered in an interrelated way in a systems approach
and interests should be balanced. Although the focus may be on the
more frequently expected drought situations, possibilistic thinking
could help to consider what could be done to best cope with
extreme droughts. If there is too little water for irrigation,
hydropower and sanitation, damage may occur, but actions should
be taken to prevent collapse of structures or other long-term
effects. Permanent crops or, for example, the integrity of reservoirs
should be given priority and people should not be forced to use
destructive strategies such as selling income-generating assets.
Strategies could aim to improve recovery by, for example,
providing access to loans or by providing support for repair,
providing seeds and by immediately repairing roads and other
critical infrastructure. Weather-index insurances could be consid-
ered as a measure to increase recovery capacity. Remaining
resilient into the future requires government policies that
incorporate learning and adaptation. Drought policies and plans
should be regularly reviewed and institutional innovation encour-
aged. Households should be enabled to adapt over time. These are
complex issues that require thorough analysis and long-term
commitments.

6. Conclusions

Resilience is an ambiguous concept and is interpreted
differently by different people. Yet, putting the conceptual
discussion aside, five main notions of resilience can be defined
for dealing with extreme weather events and these main notions
can be translated into five practical resilience principles to support
decision-making and disaster risk reduction policies. Applying
these principles in practice will aid in developing strategies and
designing adaptive pathways into the future which make the
physical-societal system more resilient to extreme weather events
such as floods and droughts. The principles encourage taking a
whole-systems approach, considering beyond-design events,
making sure the system can remain functioning under extreme
events, considering system response and recovery, and acknowl-
edging and including gradual future changes. Resilience advocates
often point at one or more of these principles as they realise that
these are being missed in many conventional risk-based manage-
ment approaches. Although most of the principles are widely
acknowledged and sometimes applied, resilience approaches are
often disconnected from policy practice, or remain in the research
domain without being translated into practice.

The examples of Dordrecht and the Vu Gia – Thu Bon river basin
show that applying the resilience principles may turn a risk
management strategy consisting of solely structural, protection-
type interventions to a comprehensive strategy with additional
preparedness and emergency response measures, spatial planning
instruments, and instruments that enhance a society’s recovery
capacity. Moreover, it allows making use of system behaviour,
where measures in one part of the system may increase the coping
capacity of the entire system, or where measures are clearly
targeted to the needs of the societal system.

The resilience principles provide a useful translation of notions
of resilience for policy makers. As societies face increasing
complexity and uncertainty, decision making to cope with extreme
weather events should evolve from an oversimplified risk
approach to a much richer resilience approach. This requires
further development of resilience-based models and frameworks,
additional decision criteria beyond common cost-benefit related
criteria, as well as communicating these with policy makers.
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