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A B S T R A C T

This exploratory study takes a closer look at the flood Risk Management (RM) system at a municipality level. The
current practices of RM in municipalities follow to a large extent, a standard structure of RM processes. Their
application comes short of addressing the wide range of local specificities and other complexity related socio-
technical factors that can have widespread impacts, much beyond the municipal scope. This study uses concepts
and ideas from the resilience engineering literature to enhance the practices of the RM system. We apply the
Functional Resonance Analysis Method (FRAM) to investigate the extent to which key RM activities are in line
with generating anticipating, monitoring, responding and learning capabilities in the flood RM system. We
examine the performance of RM functions, how they are coupled, and whether they can be sustained in the wake
of a flood event. A triangulation of various qualitative research approaches is adopted, namely using semi-
structured interviews, document analysis and workshop. Our findings reveal how the application of FRAM
provides a deeper understanding of the underlying factors that shape the resilience of the RM process.

1. Introduction

Approaches to flood Risk Management (RM) are well documented in
recent literature. They have addressed a wide range of issues, namely
building societal adaptive capacity [15], maintaining social stability
and critical infrastructure [19,54], community resilience [18] and flood
forecasting methods [69]. The focus has been mainly on the national
and regional levels, including land use planning, development, controls,
and floodplain-management measures. Flood RM at the municipal level
has been less studied, even though it is equally essential, as munici-
palities serve a crucial role in managing flood-related crises. To high-
light the importance of the role of local authorities in managing the
risks from climate extremes at the local level, Cutter et al., [17] state:
“Disasters occur first at the local level and affect local people. These
localised impacts can then cascade to have national and international
ramifications” (p. 296). Since crisis management is a part of the RM
process, the quality and effectiveness of crisis management depend on
how RM is structured and performed. Hence, one of the focuses of this
paper is to explore flood RM at the municipal level.

On the other hand, various authors [5,8,11] suggest that improving
the RM process requires holistic approaches. The “holistic” notion is
here used as opposed to an asset-based approach that considerably
overlooks the critical role of interdependencies and tight couplings

between different elements of the system. Accordingly, Aven [6] states
“more research is needed to develop practical models and methods that
can analyse resilience in a risk framework”. To this end, this paper also
builds on the premise that resilience concepts provide the necessary
grounds for such a holistic approach. Resilience is about anticipating
future developments and threats, monitoring emerging threats, re-
sponding to regular and irregular disturbances effectively, and learning
from experience [35].

We use the guidance provided by the Norwegian Directorate for Civil
Protection [22] as a framework, and data from two different Norwegian
municipalities (Stavanger and Egersund), to investigate how resilience
may be embedded in flood RM. We explore the relationship between
what has been described by Hollnagel [[38]: 26] as the four resilience
capacities (anticipate, monitor, respond to and learn), and different
operational aspects of the RM system at the municipal level. For this
purpose, we apply the Functional Resonance Analysis Method (FRAM -
[36]) as a tool to examine how flood RM system operates rather than
explore it in terms of its architecture and components. Hence, beyond
its conceptual context, this work also contributes to further extend the
applied knowledge on Resilience Engineering (RE).

The remainder of this paper is structured as follows: Section 2
presents the theoretical basis for the main concepts used in this study,
including flood risk as a concept, RM, a review of the main ideas in the
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resilience concept, and the Functional Resonance Analysis Method
(FRAM). Section 3 provides an overview of the approach taken and of
the data sources used to support it. Section 4 outlines the application of
FRAM to model how a flood RM system functions in practice in terms of
its functions and their relations. The insight provided by the FRAM
modelling exercise to further study the resilience capabilities in the RM
system, is discussed in Section 5. Finally, Section 6 concludes and
provides recommendations for further research.

2. Theoretical background

2.1. The resilience concept

Resilience has become “an umbrella term” for a system property and
as a “normative concept” [19]. The concept is referred to as a “me-
chanism” (process), as an “ability” and as a “capacity” of an organisa-
tion/system to bounce back after disturbances. For instance, in socio-
technical systems, Goessling- Reisemann and Blöthe (2019) define re-
silience as a “system's ability to maintain its services under stress and in
turbulent conditions” (p. 2). In the crisis-management field, it is de-
scribed as “the capacity of the system to quickly resume critical func-
tions that were affected by a shock to the system” [10]. In the scope of
resilience engineering Woods [71], defines resilience as the system
performance that emerges from generating and managing adaptive
capacities. This definition is in line with the four potentials in resilient
organisations, previously mentioned [38], which have also been re-
ferred to as the four cornerstones of resilience engineering [35], as
follows:

– Knowing what to expect; that is, how to anticipate future develop-
ments, threats and opportunities, such as potential changes, dis-
ruptions, pressures and their consequences. This is the ability to
address the potential. According to Spaaij [63], anticipation refers
to efforts made to predict and prevent potential dangers before
damage is done” (p.88). This is about identifying potential devel-
opments and opportunities beyond the range of current operations
[35].

– Knowing what to look for; that is how to monitor that which is, or
can become, a threat in the near term. This is the ability to address
critical issues. Monitoring looks typically for specific conditions or
relies on certain indicators, known as “leading indicators”, because
they indicate what may happen before it happens [34].

– Knowing what to do; that is, how to respond to regular and irregular
disruptions and disturbances. This is the ability to address the ac-
tual.

– Knowing what has happened; that is, how to learn from experience.
This is the ability to address the factual.

Resilience must be appropriately framed in a specific system pur-
pose (e.g., ecology, city, community, system, etc.) and scope (e.g., in-
dividual, organisational, regional, and global). We focus on resilience in
the RM system at an organisational level (municipality). For the pur-
pose and scope of this paper, we define resilience as “a system's cap-
abilities to sustain, restore and even improve its functionality under
turbulent circumstances.”

The turbulent condition relates to “dynamic changes in system
structure and environment, irregular conditions, limited predictability,
and surprises acting on the system” ([31]: 122). Fig. 1 illustrates the
main components of resilience capability.

In our view, resilience is not only about recovering from dis-
turbances, but also about moving forward. In particular, it is about
adapting to disruptions of a system and rapidly improving to normal
functionality, or above, through learning that leads to changes (e.g.,
reorganisation and rebuilding). According to Parsons et al., [48], the
capacities that enable adaptation are related to “the existence of in-
stitutions and networks that learn and store knowledge and experience,

create flexibility in problem-solving and balance power among interest
groups.” Learning, however, is a challenging task. Boin et al., (2016:
130-132) point to two barriers that hinder learning from experience:
the fear of being exposed to adverse reactions, and publicity and stra-
tegic amnesia, such as the manipulation of organisational memory.
Lack of “institutional memory” to maintain and share organisational
experiences [68] and the potential lack of fit between lessons from the
past and the demands of future events [26] are other obstacles to
learning, hence resilience capability.

2.2. Functional Resonance Analysis Method (FRAM)

The principles of FRAM are firmly grounded on the Resilience
Engineering thinking and are formally described by Hollnagel [36].
Although it is not intended to be a “resilience analysis” tool, it provides
a unique insight into system functioning and the functional relations
within systems. It is on this same basis that FRAM was considered as a
suitable tool to address the purpose of this paper. In 2004, the first
version of FRAM was presented, named as Functional Resonance Ac-
cident Model (FRAM), as an approach to study a system in terms of its
functions, their connections and their potential variability and its effect
on system's performance [33]. Since then, FRAM is utilised with many
different purposes, namely research studies and applied for work, re-
lating to accident investigation and analysis, the pursuit of alternative
approaches to risk assessment, as well as many others in the scope of
system analysis. FRAM is also applied in a wide diversity of domains,
including; aviation ([20,30,32]; Patriarca et al., 2017; [28]), railway
[9,27], healthcare [16,52], construction [59], maritime [49,56],
flooding [2] and security [67].

The underlying thought behind FRAM is the systemic view. A sig-
nificant characteristic of the systemic perspective is that it considers an
organisation as “a multi-minded, socio-cultural system, a voluntary
association of purposeful members who have come together to serve
themselves by serving a need in the environment” [29]. This means that
the functionality of a system rests on a non-linear, dynamic combina-
tion of different functions through the whole system. The description of
“functions” is at the core of FRAM. This description is mainly produced
through the identification of the following six aspects (Fig. 2): Input (I:
that which the function processes or transforms or what it starts with),
Output (O: the result of the function), Preconditions (P: that must exist
before a function can be executed), Resources (R: that which the
function needs to produce the output), Time (T: related to starting time,
finishing time or duration, etc.) and Control (C: how the function is
monitored or controlled). The model is generally represented by
hexagons connected through their aspects. It is essential to mention that
these connections only represent potential couplings between functions.
These couplings, however, may or may not become active or opera-
tional, as different functional scenarios might be simulated through the
model. These simulations are referred to as instantiations of the FRAM
model.

In the FRAM terminology, a function is “the means necessary to
achieve a goal” e.g., as an activity or a task [37]. It is also referred to
“what an organisation does” (Ibid). For instance, in the risk-manage-
ment process, different functions are different operational, technical
and organisational activities involved in identifying risk, conducting
vulnerability analysis, risk evaluation, risk treatment and control.
Functional resonance is a crucial concept in FRAM approach. It is an
analogy that depicts the growing dynamics inherent in the complex
systems. The effect of resonance relates to the inevitable performance
variability that emerges from the need to adjust work (both individual
and collectively as an organisation) to continuously changing condi-
tions.

In contrast to cause-effect relations, functional resonance highlights
the non-linear nature of ties between coupled (i.e. interdependent)
elements in complex systems (which in the scope of FRAM, are de-
scribed as functional elements). While many different approaches can
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be taken, Hollnagel [36] proposes the use of phenotypes or failure
modes to illustrate the potential impacts of a function's performance
variability. As in most safety literature, phenotypes or failure modes are
here defined as different possible states of the quality and timing of the
function output (i.e. speed, distance, sequence, object, force, duration,
and direction among others).

The application of FRAM in analysing the resilience of a flood RM
system provides a broader risk picture by “envisioning possible sce-
narios based on existing planning” [60].

2.3. The current practices of flood RM at the municipality level

The current practices of RM at municipalities in Norway is in ac-
cordance with the laws and requirements for municipal preparedness
and the guidance provided by Norwegian Directorate for Civil
Protection [22]. The DSB-guidance (p. 15) defines risk as “an assess-
ment of whether an event may occur, what the consequences will be
and uncertainty associated with this”. Based on this definition, flood
risk could be understood as an assessment of a flood event and its im-
pacts, with associated uncertainties. The uncertainty element is in-
volved in both the meteorological aspect (in forecasting systems) and
the response and coordination process. The uncertainty elements which
are associated with coordination are related to “coordination capacity,
mutual trust and administrative level” [14]. We can use probabilities as
a means of expressing uncertainty associated with various flood event
scenarios. The uncertainty assessment in this paper stands on knowl-
edge-based (subjective) probability approaches; for instance, a quali-
tative evaluation of uncertainty factors which are mainly the result of
assumptions made to determine the probability. For a complete dis-
cussion about expressing uncertainty in risk assessment, see Aven [6].
The process of risk assessment starts with establishing the context,
follows by the risk and vulnerability assessment (RVA) and risk treat-
ment process. On a more detailed level, the RVA process consists of
three phases, including the planning, conducting a vulnerability as-
sessment, and the follow-up phase (see Fig. 3).

The overall objectives of conducting RVA in a municipality are as
follow ([22], p. 10):

– provide an overview of adverse events that challenge the munici-
pality

– provide awareness of the risks and vulnerabilities in the munici-
pality

– spot risks and vulnerabilities across sectors
– provide knowledge of measures to handle risks and vulnerabilities in
the municipality and identify means to do that

– provide a basis for objectives, priorities and necessary decisions in
the municipality's work on civil protection and preparedness

– provide input into RVA within other municipal areas of responsi-
bility and county

As Fig. 3 illustrates the current practices of risk and vulnerability
assessment in municipalities follow, to a large extent, the standard
structure of RM processes, see, e.g., ISO 31000 [41]. However, the
current standard-based RVA faces several challenges. For instance, the
standard is too general, regardless of the context of the situation at
hand (risk type and size, risk influence factors, etc.). Thus, its appli-
cation is too narrow to cover particular risks (e.g., flood risk) ade-
quately, as it does not address the detail of the specific issues in the
working environment. Moreover, Aven and Ylönen (2019) questioned
the scientific quality of the ISO standard, its solidness, and the rationale
for selecting the risk treatment option. According to these scholars, the
ISO 31000 does not adequately pay attention to the treatment of un-
certainties. Lack of focus on uncertainty hampers the ability of RM to
provide sufficient support for decision making in highly uncertain si-
tuations such as flooding. This “lack” also constrains our understanding
of how a system works or is supposed to work. In developing a risk
management system, Aven [4] points to two main pillars of the RM
process, namely the structure and the underlying RM strategies. These
strategies include i) risk-assessment informed, ii) cautionary and pre-
cautionary approaches, highlighting robustness and resilience, and iii)
dialogue and participation (Aven 2017). In the context of flooding, for
“meeting real-life issues” [6], an appropriate strategy to improve flood
RM is to incorporate resilience analyses into the RM process (ii). Ex-
amples of the robustness and resilience strategy are continuous mon-
itoring, guided adaptability and proactive learning (Provan et al.,
2020), as well as research to increase knowledge and the development
of substitutes [5].

Establishing a holistic method, integrating risk and resilience-based
thinking [5], enhances municipalities to handle flood risk in two bases.
The first is to provide insights about potential flood scenarios and their
impacts and to produce a risk picture based on the available back-
ground knowledge and identify key uncertainty factors. The second one
is to enhance the resilience of the flood RM system's capabilities, i.e., to
withstand any flood event (in terms of its impacts) and rapidly recover
to normal functionality (or above) of the system. The resilience ana-
lysis, as a part of the RM process, investigates the functionality of the
RM system without specifying concrete flood events, such as scenario

Fig. 1. Main components of resilience capability.

Fig. 2. Function and its six aspects in FRAM terminology.
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“S”. Instead of focusing on possible or known scenarios, resilience
analysis is driven by investigating various sort of functional variability
that the system might face, and the extent of the adaptive capacity of
the system to deal with such variability. To analyse the RM system's
resilience, we must understand how the RM system works in every
detail and identify the essential activities involved in each part of the
system.

3. Methods

This explorative paper aimed to investigate how the application of
FRAM might improve resilience in flood RM systems at the munici-
pality. The approach proposed is based on FRAM methodology, as a
roadmap to systematically investigate how the four resilience corner-
stones may or may not be reflected in a given RM system. The risk and
vulnerability assessment (RVA) framework described in the previous
section was used as a practical approach for organising functions in
FRAM representation. A FRAM modelling exercise was carried out. We
aimed to ascertain how different RM activities contributed to the en-
hancement of anticipating, monitoring, responding and learning capa-
cities in the system, what their main performance traits are, how they
are connected, and whether they can be sustained in the wake of the
flooding. The factors that may lead to successful operations and how to
strengthen them were also examined.

As previously mentioned, an exploratory research approach was
taken. As exploration requires flexibility and open-mindedness
([65]:10), we used a triangulation of qualitative methods, consisting of
document analysis, interview and workshop. Triangulating provides “a
confluence of evidence that breeds credibility” ([25]: 110) by com-
paring and crosschecking the consistency of information derived within
qualitative methods [53].

3.1. Document analysis

In Norway, it is mandatory for municipalities to act following the

laws and requirements for municipal preparedness, as provided in the
Act of June 25, 2010, on the municipal preparedness duty. It also gives
detailed guidelines that present a methodology for implementing and
following up a holistic risk and vulnerability assessment (RVA) at the
municipal level. These guidelines are contained in the following
documents provided by the Norwegian Directorate for Civil Protection
(DSB) and Ministry of Justice and Public Security (JD):

– Guidance for social security instructions [43]
– Guidance for holistic risk and vulnerability assessment in the mu-
nicipality [22]

We also analysed official reports and evaluations in the aftermath of
the flood Synne, which struck the Egersund municipality in 2015.
Documents studies revealed that there is no consensus on how risk is
defined and what the main steps of RM at municipality level are. For
instance, while JD defines risk as to the combination of probability and
consequences of an undesired event (P: 9), DSB defines risk as “an as-
sessment of whether an event may occur, what the consequences will be
and uncertainty associated with this” (p: 15). While the RM process in
the guidance for social security instructions is based on [41], DSB
emphasises on three main steps in conducting RVA, including planning,
conducting the assessment and follow-up phase.

The study of these documents provided insights about the main
steps of the RM process and organisational requirements in practice,
which we further used in different phases of our FRAM modelling. For
instance, in the preparation phase (Framing of flood risk) is in line with
the principle of collaboration in contingency planning provided by the
Norwegian Directorate for Civil Protection [22], which proposes op-
timal cooperation among authorities, relevant actors and agencies in-
volved in the prevention, preparedness and crisis management. Docu-
ment analysis was also applied to the study of two evaluation reports on
the flood crisis management by the Eigersund Municipality [24] and the
Rogaland County Governor [58]. We examined, as well, the Eigersund
Municipality Emergency Plan [23].

Fig. 3. The main steps in a risk and vulnerability assessment in the municipality, based on guidance provided by DSB [22].
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3.2. Interviews

We conducted five semi-structured interviews with representatives
from the Eigersund municipality on 24. March 2017. We aimed to
understand how the criteria for resilience were operationalised in the
municipality, both before, during and after the Storm Synne in 2015.
Participants included four municipality representatives who had a key
role in the Synne- flood crisis management, as members of the muni-
cipal Emergency Management Team. The fifth representative was the
municipality's chief executive officer who had a guest lecture about the
different stages of crisis management during the Synne storm in
October 2016. An interview guide was developed, consisting of a list of
questions and topics of interest (focus on resilience capabilities). All
interviews were conducted on the same day within regular working
hours and the municipality's contact person selected in advance the
time for each interviewee. It was initially set by 45 minutes to every
interviewee, and the most extended interview lasted under an hour.
After the meetings, we categorised responses, as we saw the need to be
able to anchor information in categories such as anticipation, mon-
itoring, responding and learning. The results were partly used in a
paper on resilience in flood crisis management, published in Risk,
Hazards, & Crisis in Public Policy journal [66].

3.3. Workshop

The workshop was held on 18.01.2019, within regular working
hours, and attended by participants from Stavanger (the third-largest
city and metropolitan area in Norway) and Egersund (southwestern
Norway) municipalities and included chief municipal executives and
sector managers. The involvement of representatives from Egersund
was particularly important, as they experienced the most torrential
rainfall since records began in 1897, a so-called “200-year flood” in
December 2015 (the storm called Synne). Their response to the emer-
ging situation caused by Synne, and the recovery operation, was con-
sidered unprecedented, as the services that responded to the flood were
awarded the Social Security Prize for 2015 by the Norwegian
Directorate for Civil Protection (DSB). The workshop was used as a
forum for discussing how municipality conducts RVA process, regarding
flood events, and what are the challenges. We have also used the
workshop as a desktop exercise for the modelling FRAM, as it is ex-
plained below.

3.4. FRAM model development

FRAM modelling was based on data from several sources, including
workshops and document analysis (guidance for risk and vulnerability
analysis at the municipal level). FRAM gave way to the illustration of
complexity in the wake of flood events, of the potential variability in
some of the functions within the RM system, and how this variability
may affect the whole RM process (resonate). The FRAM Model
Visualiser (FMV) [39] was used to support modelling activities, as well
as the myFRAM [50] tool. The participants of the workshop were in-
troduced to the concept of resilience and the FRAM modelling ap-
proach. Both municipalities’ emergency members were familiar with
standard RM and were involved with conducting RVA in their routine
work. After a short introduction about resilience concept, they ac-
knowledged the importance of resilience capabilities in dealing with
flood events. They, however, appeared somewhat sceptical about the
application of FRAM due to its complexity and level of details. During
the workshop, we discussed each step of RVA. The participants were
asked to perform the following tasks and share their results with us via
the Microsoft Teams platform, in the coming weeks:

– Identify different activities and their crucial functions involved in
the preparation, flood handling and restoration phase in flood RM,
as they already exist or as they are expected to be as part of the RM

system at the municipal level.
– Describe the coupling between identified functions
– Identify the potential and expected variability of each function that
may lead to unwanted results (e.g., the function doesn't work as
planned).

A set of trigger-questions were used to drive this process:

– Which functions are involved in the flood RM system (i.e., in an-
ticipating, monitoring, responding and learning)?

– What are their characteristics (resonance)?
– What is the potential variability in each function, and how does this
variability affect the whole RM process (resonate)?

– Can essential functions and operations be sustained in the wake of
flooding (of any type)?

– What are the preconditions for acting as the function requires?
– Which controls are needed, and are they appropriate?
– What is missing?
– What variations could happen?
– What factors contribute to successful operations, and can they be
applied?

The input from the workshop participants, as well as our findings
from document analysis, provided insights to develop FRAM models.

4. Application of FRAM to improve resilience in flood-risk
management

FRAM was used to model how the flood RM system would perform
in practice (work-as-done) in the face of different potential flood sce-
narios. The models then provide insights to study resilience capabilities
in the RM system. Based on the description of the RM framework
(Section 2.3), and the empirical research (Section 3), we identified over
50 functions and their aspects. In our discussion, we looked closer at the
foreground functions (denoted as the main functions here), rather than
the background functions. According to FRAM terminology, while the
background functions compose the context or working environment,
the foreground functions represent the focus of the investigation, i.e.,
“that which is being analysed or assessed” ([36]:58). The following
table presents the main functions.

We organised the FRAM representations around three RM phases:
preparation, flood handling, and restoration phase. The first phase in
our FRAM modelling, the preparation, corresponds to the “planning and
preliminary work” and “carrying out the assessment” in Fig. 3. The
second phase illustrates activities which are involved during a flood
event. Finally, the third phase links to the “Follow-up in the munici-
pality” phase in Fig. 3.

4.1. The preparation phase

The preparation phase is involved in proactive activities that enable
municipalities to anticipate and recognise flood threats. The following
two activities were identified as the main functions in this phase:

– Framing flood risk context
– Develop different flood-event scenarios
– Conduct risk and vulnerability analysis
– Prepare contingency plan
– Perform emergency training exercise

4.1.1. Framing the flood risk
In framing the flood-risk context, all relevant information (e.g.,

flood map, pertinent stakeholders of managing the flood, land use
within a floodplain, etc.,) should be gathered. It is also essential that the
objectives and boundaries of the RM process be highlighted. Fig. 4
shows FRAM model for establishing a flood-risk context. Note that, to
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reduce the complexity of FRAM representation, some of the aspects of
functions are not illustrated in Fig. 4.

As Fig. 4 illustrates, establishing a flood-risk context is the main
output of framing flood risk. This output could be presented as a
summary of general information. Framing, in our setting, is about
creating a common understanding of the flood RM issue(s) being ad-
dressed. These issues include the scope, time horizon, strategy for col-
lecting knowledge about flood risk, as well as clarification of the roles
and responsibilities, power relationships and the hierarchical decision-
making structures between different stakeholders involved in flood RM
process. Engaging of relevant stakeholders in the framing process en-
able the municipality to assemble the knowledge and information re-
quired in framing flood risk. Cooperation between the pertinent orga-
nisations in terms of sharing information and experiences, allows
municipalities to capture various perspectives on flood risk and develop

strategies for managing floods at the local level.Table 2 outlines a de-
scription of the “Framing flood risk” function, including its potential
variability and phenotype.

Several internal and external elements may cause the variability in
flood risk context. For instance, the goals and extent of flood RM to
which the features conflict (e.g., political climate versus economic
constraints and strategic objectives). The other factor is related to the
changing nature of the climate, which underlines the need to examine
flood-prone areas continually. In this regard, the time horizon con-
sidered for identifying floodplains and other susceptible areas is es-
sential.

4.1.2. Conducting risk and vulnerability analysis
In Norway, there are regulatory requirements for risk and vulner-

ability assessments (RAV). Municipalities should provide a holistic RVA

Fig. 4. FRAM instantiation for establishing the flood-risk context.

Table 1
Main functions in flood RM, disused in this paper.

Functions Description

Framing flood risk context Create a common understanding of the flood RM issue(s) being addressed.
Conduct risk and vulnerability analysis Provide an overview of flood events that challenge the municipality and input for preparing a contingency plan
Develop different flood-event scenarios Build a range of scenarios embodying different assumptions about future flood events.
Prepare contingency plan Make a plan ahead on how to manage the response to a flood event.
Conducting emergency training exercise Ensure that the responders are known with plan's details, and validate and test the plans, and procedures.
Conduct situational assessment (SA) Provide a platform for executing a contingency plan.
Execute the contingency plan Effectuate contingency response plan.
Respond to media inquiries Ensure that accurate (as possible) information is provided to the public and officials promptly.
Provide advice/warning to people at risk Warn, inform and advise the community.
Coordinate with other involved agents Organise and facilitate all efforts and activities during the response to a flood event.
Allocate resources Assign & manage resources in a manner that supports the contingency response plan.
Evacuate Evacuate residents for an extended time, to save their lives.
Provide an evaluation report Examine the process for flood RM.
Learn from flood handling operation Explore what worked well in the response process, and what did not, what aspects of plans should be changed.
Develop a multi-hazard flood mitigation plan Update the municipal flood mitigation planning policies to reduce the future impacts of /multi) hazards, e.g., loss of life, property

damage, and disruption.
Control and mitigate flood risk Repair, reconstruct, reorganise or regain what has been lost as a result of the flood, and mitigate flood risk in the future.
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that addresses adverse events with potentially significant consequences,
as well as events that concern the population and multiple sectors.
Holistic RVA should also implicate “the adverse events that exceed the
municipality's capacity to respond with the use of ordinary routines and
rescue services” ([22]: 17). The two municipalities that we used in this
work apply RVA guidance, as presented in Section 2. Our empirical
finding uncovered many functions that are involved in conducting RVA
in practice, see Fig. 5.

Conducting RVA is founded on the output from downstream func-
tions (e.g., nr. 1-5 in Fig 5). The phenotypes of downstream functions,
e.g., in terms of precision and timing, will affect the thoroughness of the
RVA report. For instance, different scenarios might manifest different
assumptions about future flood events. In practice, the identified

scenarios use as input in risk and consequence analysis, which further
provides input to conducting RVA. These scenarios are built on a sense
of predictability of future events and attempt to bring the future into
the present, based on the available data and underlying assumptions.
The extent and the quality of available data and the uncertainties in-
volved in premises affect how scenarios are developed. For munici-
palities, several relevant questions then arise (Reniers, 2017):

– Is there sufficient and available expertise in municipalities to collect
and interpret information/data about future trends?

– To what extent this information is a strategic concern? How to de-
velop a dynamic risk and vulnerability analysis techniques “using
big data and real-time monitoring”?

Table 2
FRAM representation of <Framing flood risk>.

Objective To establish the flood risk context.

Aspects Input: Map of areas subject to recurring floods, internal and external stakeholders, and the current status of existing flood protection measures.
Output: Flood risk context.
Precondition: Defined and verified objectives and scope of flood RM and priorities.
Resources: Manpower, competence, computer support, and information.
Control: Laws, regulations, and standards that regulate and supervise flood control & protection measures
Time: Regularly (on an annual basis) and after significant events. If there are any changes in procedures and standards that could influence the flood RM process, it
is essential to update information.

Phenotypes In terms of precision:
Imprecise: Framing does not address recent changes in critical issues.
Acceptable: the outcome of “Framing” provides all relevant information (e.g., flood map, relevant stakeholders in managing the flood, land use within a floodplain,
etc.,)

Table 3
FRAM representation of <Framing flood risk>.

Objective Conducting risk and vulnerability analysis (RVA)

Aspects Input: Results from a risk and consequence analysis as well as uncertainty analysis in Ss. Output: RVA report
Precondition: Necessary competence, knowledge, and skills to develop RVA
Resources: IT, human resources, etc.
Control: RVA guidance
Time: Not described initially

Phenotypes In terms of precision:
Imprecise: The RVA report is incomplete, incorrect, or otherwise misleading.
Acceptable: The report provides adequate insight to meet the needs of the downstream functions.

Fig. 5. FRAM instantiation for conducting RVA.
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Developing RVA requires more than a “well-written description
details” as we find in standard guidelines. It is why many experts in the
field of risk management highlight the crucial role of competence,
knowledge, and skills of those who develop RVA, see, for instance, Aven
[[7]: chapter 6]

The results from the RVA provide input for preparing a contingency
plan. According to guidance provided by the DSB [22], a contingency
plan should include different scenarios for natural hazards, a plan for
evacuation, the development of resource overviews, and notification
lists for handling flood and landslide hazards. Municipalities should
coordinate their contingency planning internally and against other re-
levant civil protection actors (p. 3). Moreover, the contingency plan
must be updated and revised annually (p.21). These elements are
highlighted as outputs from the function “Prepare contingency plan” or
as a result of other coupled functions (Fig. 6).

Flood risk evaluation also influences contingency plan preparation
through its coupling with the identification of flood- risk treatment
measures. Evaluation is, of course, a value judgment task and highly
context related. It depends on the “quality” of risk and consequence
analysis, as well as an analysis of uncertainty involved with those
identified risk scenarios. The quality of the risk context (i.e. attention to
detail, updated data, priorities, and existing resources, among others)
shapes the thoroughness of contingency planning, i.e., it's precision.
These elements include climate changes, working conditions, policies,
priorities, and strategies (e.g., dedicating resources to deal with climate
change). To ensure that emergency responders are known with the

details of the plan, and validate and test the plans, and procedures,
emergency response training exercise is crucial. In this regard, con-
ducting emergency intervention training is another main function in the
preparation phase. While the training plan (Fig. 6) provides input and
guidance to this function, its output is trained personnel.

4.2. Flood handling phase

This phase looks for ways to immediately respond to, and recover
from, the impacts of a flood event. The ability to plan for, manage, and
implement flood response activities is about having resources available
or being able to rearrange the existing configuration so that the ne-
cessary resources become available. A flood event often develops in
unexpected directions, creating challenges to responding organisations
in terms of adaption and redundancy. The following functions were
found to be more tightly coupled and will be discussed further:

– Conduct situational assessment (SA)
– Execute a contingency plan
– Allocate resources
– Coordinate resources
– Evacuate
– Respond to media inquiries
– Provide advice/warning to people at risk
– Coordinate with other involved agents

Fig. 6. FRAM instantiation for preparing a contingency plan.

Fig. 7. FRAM instantiation for conducting a situational assessment.
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When a flood event strikes, the first (main) function is conducting a
situational assessment (SA) (Fig. 7). It aims to provide a profound un-
derstating of the situation at hand. SA holds during the first informa-
tion-sharing meeting, by receiving all briefings from participants, as
well as the latest meteorological forecasting.

The contingency plan (first phase) is a generic document that does
not specify which actors are the most relevant in the event of a flood.
The scope of the plan's execution will vary according to the scale of the
flooding and depend on the municipality's adaptive capacity. The ef-
fectiveness of the response process depends on the ability to modify the
response to meet the requirements. The modification could be in terms
of having available alternative forms of logistics, such as the mobili-
sation of all critical personnel, services, materials, suppliers, and con-
tractors. SA support updating of the response plan, as its output is a
picture of the situation at hand, which provides awareness about the
threats, opportunities, resources, challenges, and barriers.

When the emergency response plan (ERP) is updated, it should be
implemented. ERP execution consists of a range of various interrelated
and inter-organisational activities. Its complexity is illustrated in Fig. 8.

Response to a flood event is a demanding process. Resource allo-
cation and coordination (Fig. 8) shapes the effectiveness of the response
process. Uncertainty elements associated with these two functions
might be related to the issue of accountability. Resources must be
available in advance, so it is crucial to identify them (e.g., who is re-
sponsible for which tasks, what kind of material, equipment, etc.), and
how to access them. This information can be provided by clarifying
responsibilities as a function. The following figure illustrates a baseline
model for resource allocation, in terms of technical, organisational,
physical, emotional, and medical support.

Emergency management teams in the municipality, and external
stakeholders and agencies, have to arrange the necessary resources by
“bringing together a set of differentiated activities into a unified ar-
rangement” [3] while communicating with actors and the press. As the
core concern in the response process, coordination aims to manage
dependencies between activities (Malone & Crowston, 1994). The de-
pendencies revolve around two dimensions, vertical and horizontal.

The first one concerns relations between actors, and the second con-
cerns actors who need to be coordinated at the same level, [13]. Table 4
presents FRAM for the coordination function.

As Table 4 shows, coordination faces several challenges that can
jeopardise the effectiveness of the response process. For instance, the
involvement of several actors from different organisations and different
working cultures, difficulty in gathering information and sharing it, and
making sense of the emerging situation may seriously affect responses
to a flood event.

Evacuation is one of the most critical functions in flood emergency
responses. Academic researches on evacuation have developed a dif-
ferent model to estimate the travel time of evacuation, and determine
the appropriate evacuation routes. For instance, Jamrussri and Toda
[42] developed an evacuation model based on the physical status of
evacuees (elderly and preschool citizens), safe evacuation conditions,
and the shortest time of evacuation as well as flood shelter and road
capacity. The output of evacuation depends on the result from many
upstream functions, for instance, the quality of available data based on
continuous monitoring of the situation and thoroughness of evacua-
tion's plan, procedures, and strategies. The multiple couplings in Fig. 8
suggest that there could be variability in the way each function is
carried out. These variabilities, in turn, may affect downstream func-
tions, as for evacuation, alongside with the authorities’ decision-making
about evacuation promptly. Table 5 summaries a description of the
evacuation function along with its variability aspects.

Respond to media inquiries is a part of the municipal crisis com-
munications plan which aims to ensure that accurate (as possible) in-
formation is provided to the public and officials on time. A precondition
for this function is the organisational culture in terms of openness for
sharing information. Qualified personnel, procedures, and commu-
nication strategy (who says what, when, how) is required to this
function serves its purpose.

4.3. Restoration phase

The restoration phase (Fig. 10) corresponds to “Follow-up in the

Fig. 8. FRAM instantiation for the execution of the contingency plan.
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municipality” phase in Fig 3. The main functions during the restoration
phase are “Flood risk recovery and control”. This function aims to re-
pair, reconstruct, reorganise or regain what has been lost as a result of
the flood, and mitigate flood risk in the future. The recovery function
starts immediately after the flood and aims to normalise the situation
(e.g., reopening roads, cleaning and sanitising dirt, soil, and debris from
surfaces, etc.). Flood risk control also has a long-term perspective –
looking for a way to rebuild and rehabilitate the community and to

establish ways to be better equipped for future floods.
As Fig. 10 shows, many functions are involved in this phase, in-

cluding:

– Provide an evaluation report
– Learn from flood handling operation
– Develop a multi-hazard flood mitigation plan
– Control and mitigate flood risk

Fig. 9. FRAM instantiation for resource allocation.

Table 4
FRAM representation of < Coordination >.

Objective Organise, facilitate all efforts and activities, and provide information flow between the different actors involved in the response process.
Aspects Input: Identified flood risk treatment measures and allocated resources

Output: Coordinated response activities
Precondition: Clarified roles and responsibilities
Resources: Manpower, competence, technological support, and information

Function's variability Related to its capacity and quality due to the scope of the flooding and variability among upstream functions:
– Risk perceptions and thoroughness of contingency plan.
– Risk acceptance and the level of resources committed by the involved organisations.
– Changes in command and control hierarchies.
– Collaboration with the municipality's emergency management team in terms of joint planning, training, etc.

Table 5
FRAM representation of <Evacuate>.

Objective To minimise the risk or even the loss of life of the target group from the area at risk by moving them ta a safe place, as quickly and safely as possible.
Aspects Input: Detailed data from emergency plan execution

Output: Evacuated target group
Precondition: Defined evacuation strategies and identifying the needs of the population
Resources: Leadership, human resources, transportation as well as a reception centre
Control: Evacuation plan and procedure
Time: The available time for safe evacuation based on continues monitoring

Phenotypes In terms of timing and effectiveness:
– Collaboration between stakeholders in a time-pressured conditions
– Dealing with extra issues such as traffic management and stress circumstances
– Communication between involved organisations and with the community during the evacuation process (clarifying why, how and when, options and magnitude
of situation)
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During the restoration phase, learning is an essential element.
Activities during a previous response process need to be scrutinised and
evaluated to improve the entire RM process and prepare for the next
flood. Such a process can be understood as “crisis-induced learning”
[12,26,70]. Understanding what worked well in a previous response
process, and what did not, what aspects of emergency plans should be
changed, enhances organisations’ ability to deal with a crisis [44].
However, learning is a challenging task, as it is not usually linear or
straightforward. Involved actors may have different opinions, strate-
gies, and political agendas on how a crisis was managed and how the
system can be improved [40]. Here, adaptation is the most vital resi-
lience capacity. Lessons from recovery operations provide updated data
that can enhance capacity building and enable that capacity to be used
to improve responses to flooding. Lessons learned also imply how well
the RM system works, whether the flood risk profile is changing, and
whether a further alternative response strategy is required. The answers
also highlight whether the municipality needs to adjust/update plans.
Learning, here, is about how key actors in the municipality translated
their experience during a flood event into useful knowledge for future
events, and the action the municipality will take based on its newly
acquired knowledge. The lessons learned could be used to streamline
the RM process and improve flood risk prevention/mitigation measures
in terms of “reforming contingency planning and training to enhance
resilience in the event of similar episodes in the future” ([13]: 236).

5. Discussion

The FRAM application (Section 4) revealed important aspects of
resilience within the municipality's flood RM system. As the complexity
and uncertainty associated with flood events increases, the capability to
anticipate and monitoring become increasingly vital, and therefore,
understanding how to foster these capacities within the system also
becomes critical. Regarding the function “Framing of flood risks”
(Fig. 4), the model reveals the widespread couplings that must be

operationally ensured, to produce a “flood context” that effectively and
proactively supports risk management. This function is closely related
to the development of a common understanding of what to be expected
in terms of flood events and their potential impacts. Keeping in mind
the definition of the four resilience capacities in Hollnagel [[38]: 26],
the interdependencies in Fig. 4 outlines how the “ability to anticipate”
can be explored at a system level. The “ability to monitor” takes into
account any “imaginable” surprises, that may extend beyond known
risk factors. This is conventionally achieved through buffer capacities
and contingency plans, which in turn, are grounded on “risk and vul-
nerability analysis”. The FRAM model not only provided insights on the
operational complementarity between anticipation and monitoring ca-
pacities but also highlighted many aspects that are needed to enhance
contingency planning (Fig. 6). For instance, the control aspect of the
function “Prepare contingency plan” emphasise that a predefined pro-
cedure on protecting life and property, regulates priorities in the con-
tingency plan.

Flood RM is a dynamic process, comprising functions that involve a
broad range of technological, organisational, and human activities.
Lagadec [46] refers to such a complex operational environment as a
“kaleidoscope” (p.22). It indicates that even a small variation in func-
tions, affect the entire RM process through highly interdependent
system elements. For instance, variation in aspects of the “flood risk
context” (i.e. changes in standards, stakeholders, infrastructure, flood
map, land use, and land cover within a floodplain) would impact the
outcome of “framing flood risk” in terms of its precision. The result of
framing risk (the context) shapes the course of action [57] in the entire
RM system, and it influences policy and human behaviour, such as risk
perceptions and priorities (see Figs. 5 and 8).

Moreover, the response-ability depends on how the responses match
the requirements of the situation at hand. Updating the response plan
was shown in the FRAM model to be tightly coupled to “conducting
situational assessment”, which strongly relies on information proces-
sing (Fig. 7). Assessing complex situations requires cognitive

Fig. 10. FRAM instantiation for the restoration phase.
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capabilities, as well as the ability to evaluate options and making
judgment under turbulent circumstances, frequently also involving high
levels of time pressure, ambiguity, and uncertainty” ([21]: 73). The
variation of SA is related to its precision. Lacking, imprecise, or in-
adequate situation awareness might lead to poor decision making, re-
garding resource allocation and coordination.

FRAM has proven useful in exploring flood RM in action, and
shifting focus from a cause-effect relationship (traditional RM view) to a
systemic perspective. The qualitative analysis that underlines the FRAM
application in this paper offers potential for the enhancement of already
available quantitative and semi-quantitative approaches, namely in the
scope of evacuation models. It could be done by, for example, in-
tegration of fuzzy logic with FRAM [62] or application of Monte Carlo
simulation to define the resonant system functions [51].

In facing resource limitations, the rising of conflicting goals be-
comes inevitable. The way each stakeholder trades-off such goals is
closely related to how they perceive their operational environment and
the demands it imposes [34]. Hence, coordination becomes vital to
generate a shared understanding of operational conditions. The func-
tional perspective provided by FRAM facilitates this understanding,
where the roles interact with each other vertically across multiple
layers, as well as horizontally over different scopes of responsibility
[47]. This point highlights that distribution of information, the effi-
ciency of shared process and actions, the appropriateness of resources,
mapping interdependencies (e.g., through the application of FRAM) are
the main features to managing flood risk in a resilience manner. Lack of
formal coordination process increases uncertainty, which leads to dis-
order when the situation gets exaggerate. One of our participants
highlighted this point as follows:

“When a crisis hits, it is important to stick to our contingency plan.
We don't have time to reorganise, re-plan and provide new ar-
rangements. We should focus on our predefined tasks to manage the
situation. It is, therefore, decisive for all the actors involved to un-
derstand their task. The key is having clarification regarding certain
functions during responses.”

The argument made above by our informant is in line with the
Threat Rigidity Hypothesis (TRH) [64]. THR suggests that in stressful
and unmanageable situations (e.g., a flood event) leaders tend to re-
spond with rigidity, as they struggle with restrictions in information
processing and constrictions of control. They tend to rely on previous
experience and known response patterns and thus take in less in-
formation [61], and also centralise decision making and control in the
emergency operation process. On the other hand, openness and flex-
ibility are widely regarded as necessary attributes of resilient systems.
Those who work at the front-end face a stream of challenges that call
for practical problem-solving. This requires, however, an adaptive ca-
pacity in terms of improvisation [45].

Predefined tasks are mainly based on underlying assumptions about
the working environment. Nevertheless, strongly relying on assump-
tions might lead to an oversimplification of the complexity and un-
certainty involved in a situation. It may even lead to paralysis (an ex-
pression of brittleness) when unanticipated problems emerge since
more prescribed responses tend to leave less room for decentralised
influence, decision making, and improvisation. In the face of such
scenarios, resilience aims to generate graceful extensibility [72], which
means that systems extend their capacity to operate, despite facing
extreme pressures.

Moreover, while decision making is pivotal in the response process,
decisions should be communicated to actors and the community. One
challenge in communicating decisions is “formulating the decision” in a
way the targeted audience can understand. Conflicting information as
well as “information overload and channel bottlenecks” [55] create
problems in communicating decisions. As Ansell and Boin [1] put it,
breakdowns in communication, when different actors communicate
different messages to the public, undermine response organisations’

ability to assess and reassess the situation in a timely manner. Re-
garding evacuation, for instance, it is crucial to inform the intended
targets “why they should be evacuated”. Proper communication facil-
itates compliance with plans, which contributes to a successful eva-
cuation process. Communicating flood risk requires a flow of informa-
tion, which is provided by municipal authorities and shared on the
municipal website, in the general media, on Facebook pages, and
Twitter. In general terms, some of the key elements inherent in a suc-
cessful evacuation process are the emergency management's adaptive
behaviour, trust-building, and the inclusion of different resources. In
confronting challenges and issues regarding evacuation, one of our
participants shared his experience from the Synne storm:

“We were aware that an evacuation of the elderly would require
time and the employment of several people. We decided to empty
the building before an eventual flood would damage it or make the
evacuation more challenging. To avoid such issues regarding the
evacuation of residents at the Lundeåne Housing and Service Centre,
which is a home for mainly elderly people, we asked their families to
pick them up. Soon afterwards, they were mostly removed by their
families. Involving families in advance of evacuation was not a part
of our contingency plan.”

The point made above draws attention to a culture of cooperation
and seeking solutions and reflects on the ability to adapt to change. It
highlights that although planning is crucial in the response process, it
should not be rigid, as mentioned earlier. Hollnagel [36] argues that to
meet challenges and match current conditions and demands when
performing predefined tasks, adjusting the course of action (perfor-
mance variability) is inevitable. Successes and mistakes due to im-
provisation provide learning opportunities. Improvisation, on the other
hand, has its dynamics and challenges that arise from inter- and intra-
organisational relationships between different actors involved in risk
management activities. It depends on the decision-makers’ ability and
authorisation to allocate and prioritise necessary resources as well as
implement them. Organisational politics and advocacy may interfere
with practical problem solving and resource allocation. This might lead
to increased centralisation of decision making, which in turn may
weaken the capacity to improvise at the front.

Implementation of risk mitigation- prevention measures are often
very costly and calls for new regulations, compliance, administration,
maintenance, and restoration issues, such as the construction of com-
munity shelters or building higher and longer bridges to reduce the
vulnerability of the railway infrastructure. The willingness to devote
resources to implement measures is a prerequisite to mitigate flood risk.
Along with economic factors, the following elements may shape
variability in flood risk mitigation and control: lack of capacity for
change (reorganisation, restructuring, etc.); decision maker's risk per-
ception and socio-cultural issues (e.g., the willingness of the community
to leave the flood-prone area and be permanently relocated, and lack of
social support for flood victims) and low levels of political support. In
reflecting on these points, one of our participants stated that:

“A long-term priority to devote resources to risk management in the
municipality is crucial, given the extreme weather. This priority is driven
mainly by political and administrative roles in the municipality.”1

Flood risk mitigation requires that the responsible authorities con-
tinuously monitor and update data due to the dynamic nature and
complexity of flood RM. Through continuous learning from experience
and recovery operations, the local authorities acquire updated data that
can enhance capacity building and use it to improve responses to
flooding. Variabilities in flood mitigation and control, however, may
generate new hazards, which affect the quality of the flood RM process.

1 The quotation has been mildly edited with small changes in order to in-
crease the clarity of the writing.
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Hence, in identifying the desired and undesired variability in flood risk
mitigation, we need to consider the variability of other upstream
functions in the entire RM process.

6. Conclusion

This study outlined and discussed some of the challenges in en-
hancing resilience within flood RM. Resilience engineering has shown
to be a useful conceptual framework to highlight critical aspects of RM
processes that were poorly addressed, in particular when considering
the need to adjust to a wide range of specific and often unpredictable
local conditions. Enhancing a municipality's adaptive capacity is vital
for dealing with variability and uncertainty. Flood RM is a complex
system consisting of many interdependent functions that continuously
evolve throughout different timescales.

The Functional Resonance Analysis Method (FRAM) provided deep
insights into resilience capabilities based on a systemic perspective. The
description of functional variability was shown to have potential
widespread impacts across the whole flood RM system. Coping with
uncertainty in flood RM entails the following issues: effective commu-
nication channels between different stakeholders; bidirectional com-
munication flows supported by profound intelligence (information);
continuous measurements, forecasting and functions evaluations; flex-
ible planning; iterative processes of flood risk controls; a range of un-
certainty analyses and autonomous strategic initiatives. The risk-miti-
gation and control strategies should be continuously confronted by
emerging information and the unfolding pattern of actions (functions’
variation).

Our analysis was conducted for two specific municipal's contexts
(Stavanger and Egersund). Future research application of FRAM, re-
garding flood RM, might be conducted in a broader context. For in-
stance, the analysis takes into account the interrelation between dif-
ferent response authorities, and explore how variability in anticipation
and monitoring of critical elements, might affect the flood RM process
from a holistic view.
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