
 
 
 
 

Heriot-Watt University 
Research Gateway 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 

A hazard-agnostic model for unpacking systemic impacts in
urban systems

Citation for published version:
Beevers, L, McClymont, K & Bedinger, M 2022, 'A hazard-agnostic model for unpacking systemic impacts in
urban systems', Civil Engineering and Environmental Systems, vol. 39, no. 3, pp. 224-241.
https://doi.org/10.1080/10286608.2022.2083112

Digital Object Identifier (DOI):
10.1080/10286608.2022.2083112

Link:
Link to publication record in Heriot-Watt Research Portal

Document Version:
Publisher's PDF, also known as Version of record

Published In:
Civil Engineering and Environmental Systems

Publisher Rights Statement:
© 2022 The Author(s).

General rights
Copyright for the publications made accessible via Heriot-Watt Research Portal is retained by the author(s) and /
or other copyright owners and it is a condition of accessing these publications that users recognise and abide by
the legal requirements associated with these rights.

Take down policy
Heriot-Watt University has made every reasonable effort to ensure that the content in Heriot-Watt Research
Portal complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact open.access@hw.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 23. May. 2023

https://doi.org/10.1080/10286608.2022.2083112
https://doi.org/10.1080/10286608.2022.2083112
https://researchportal.hw.ac.uk/en/publications/da17dbe1-144a-4095-94e7-0aa4e848683a


Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=gcee20

Civil Engineering and Environmental Systems

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/gcee20

A hazard-agnostic model for unpacking systemic
impacts in urban systems

Lindsay Beevers, Kerri McClymont & Melissa Bedinger

To cite this article: Lindsay Beevers, Kerri McClymont & Melissa Bedinger (2022) A hazard-
agnostic model for unpacking systemic impacts in urban systems, Civil Engineering and
Environmental Systems, 39:3, 224-241, DOI: 10.1080/10286608.2022.2083112

To link to this article:  https://doi.org/10.1080/10286608.2022.2083112

© 2022 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group

Published online: 21 Oct 2022.

Submit your article to this journal 

Article views: 69

View related articles 

View Crossmark data

Citing articles: 1 View citing articles 

https://www.tandfonline.com/action/journalInformation?journalCode=gcee20
https://www.tandfonline.com/loi/gcee20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/10286608.2022.2083112
https://doi.org/10.1080/10286608.2022.2083112
https://www.tandfonline.com/action/authorSubmission?journalCode=gcee20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=gcee20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/10286608.2022.2083112
https://www.tandfonline.com/doi/mlt/10.1080/10286608.2022.2083112
http://crossmark.crossref.org/dialog/?doi=10.1080/10286608.2022.2083112&domain=pdf&date_stamp=2022-10-21
http://crossmark.crossref.org/dialog/?doi=10.1080/10286608.2022.2083112&domain=pdf&date_stamp=2022-10-21
https://www.tandfonline.com/doi/citedby/10.1080/10286608.2022.2083112#tabModule
https://www.tandfonline.com/doi/citedby/10.1080/10286608.2022.2083112#tabModule


RESEARCH ARTICLE

A hazard-agnostic model for unpacking systemic impacts in
urban systems
Lindsay Beevers , Kerri McClymont and Melissa Bedinger

Water Resilient Cities, Institute for Infrastructure and Environment, Heriot-Watt University, Edinburgh, UK

ABSTRACT
To add to the engineer’s toolkit for the twenty-first century
challenges, we demonstrate a novel systems model for
understanding urban impacts. The model captures
interdependencies between different interconnected systems (or
sectors, e.g. recreational services or public healthcare) in cities,
from the tangible (e.g. resources such as roads) to the more
intangible (e.g. outcomes such as the sustainable economy). The
model is hazard-agnostic in that it can be modified to capture
the impacts of different shocks on tangible parts of the system
and how these cascade through to more abstract and high-level
city tasks and outcomes. This paper demonstrates three
hypothetical scenarios (a flood, drought, and pandemic) and their
impacts on a generic UK city. Using the network analysis, impacts
can be tracked and interpreted to help prioritise requirements for
resilience-building. We propose this new tool be taken up and
tested by others working to address global challenges such as
the Sustainable Development Goals and grappling with the
interconnectedness of urban systems.

ARTICLE HISTORY
Received 19 November 2021
Accepted 7 April 2022

KEYWORDS
Systems-thinking; hazards;
urban systems; system
model

1. Introduction

Cities are the driver of regional, national and global economies and are tightly coupled
systems on which the majority of the world’s population relies. Currently, around 55%
of the world’s population lives in urban areas, and this is expected to increase to nearly
70% by 2050 (Gatzweiler et al. 2020). The high concentration of people, businesses and
accommodation and the associated activities make them particularly vulnerable to sys-
temic impacts arising from exposure to hazards, such as floods, droughts or a global pan-
demic. The interconnections between different urban functions (e.g. education, economy,
healthcare, etc.) makes tracing direct impacts arising from such hazards, and subsequent
indirect (or cascading) impacts complex across the system. This becomes even more chal-
lenging when these impacts may, over time, lead to more intangible effects on city out-
comes, for example, socio-economic equity or a sustainable economy.

Climate change and urbanisation are intensifying environmental threats (e.g. Collet,
Beevers, and Prudhomme 2017; Collet et al. 2018; Guerreiro et al. 2018). Climate
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change will intensify the hydrological extremes experienced across the globe with more
frequent and intense floods and droughts in the future (Arnell et al. 2019 Lu, Carbone, and
Grego 2019; Visser-Quinn et al. 2019). Alongside these increasing threats are other global
hazards such as pandemics. Urbanisation concentrates people and assets in one place,
making cities high-stakes areas for such hazards. Depending on a host of factors, includ-
ing the state of infrastructure and the underlying susceptibility and vulnerability of the
population, different impacts may arise. Indeed, some impacts may lead to others
within the connected system based on this exposure. For example, if an electricity sub-
station is knocked out during a flood, cascading impacts on a greater population will
occur due to loss of power. During Hurricane Sandy in 2013, homes were without
power for up to two weeks, and subsequent saltwater damage to critical control equip-
ment (Zimmerman et al. 2019). Similarly, unintended impacts of interventions
implemented to deal with exposure to one hazard may, over the long term, lead to sus-
ceptibility to other hazards. Managing largescale infrastructure for flooding (e.g. dams
through managed drawdown) may increase vulnerability to future droughts. This was
seen in California in 1997 when the Folsom reservoir was slow to refill the following
flood drawdown, exacerbating the subsequent drought, and in Kerala (India) in 2018
(Ward et al. 2020). Systemic impacts arise from the interplay between hazards, the
exposure and vulnerability of people, livelihoods and assets, and emergent connections
within systems. Untangling such impacts across systems is essential if we are to increase
future resilience (McClymont et al. 2020).

Existing approaches often limit the scope to a specific organisational interpretation
of individual risks (silo thinking), whereas a network perspective can deliver holistic risk
management (Berthod et al. 2017; Punzo et al. 2020). This is because systemic impacts
cross-disciplinary and sectoral boundaries, causing unintended or cascading effects.
Many ‘partial’ views of the system are needed (Burns and Vicente 2000; Brandt et al.
2013; Hall, Lazarus, and Swannack 2014; Bedinger et al. 2020) to gain a systemic
view. Approaches to understanding interdependent networks can reveal critical inter-
connections and point towards interventions to build resilience (Clark-Ginsberg, Abol-
hassani, and Eahmati 2018). Systems approaches are also needed to capture key
interdependencies across different scales explicitly. Such approaches are needed to
map the complexities of cities from tangible resources and processes to intangible
tasks and outcomes.

‘Traditional’ engineering alone is not enough to meet the future global challenges
– a new engineer with a more diverse, interdisciplinary toolkit is needed. We present
a proposed addition to the toolkit: a systems method that can be used to explore the
impact of different challenges – such as climate change, hydrological extremes and
infectious diseases – on resilient outcomes for cities. Such a tool is needed so new
perspectives on tracking outcomes in the context of hazards can be explored. With
these new approaches and insights, better decisions should emerge. Consequently,
this paper aims to demonstrate how a new interdisciplinary urban systems tool
could be used to explore the impacts of floods, droughts, and pandemic response
in a generic city. The following sections show how hazards can be implemented in
the tool, how changes can be tracked across the system, and how results can be
interpreted.
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The proposed tool is the Urban System Abstraction Hierarchy (USAH) (Bedinger et al.
2020; McClymont et al. 2022; Beevers et al. in review) which has been developed by
the authors over the last four years. This paper demonstrates the models’ capability,
and the subsequent analysis for the simulated hazards is presented via three questions:

. Systemic impacts of different hazards: How do the different hazards impact different
parts of the system?

. The city system response:Which system components are most influential in maintaining
system functioning during the three hazard scenarios?

. Intangible exposure: Can cascading impacts be identified across the system?

The next section outlines the model and how the different hazard types can be
inputted into the USAH using hypothetical scenarios. The results are presented and dis-
cussed concerning the three questions (Section 3), followed by conclusions and next
steps (Section 4).

2. Methods

The development and testing of the USAH model are outlined below and comprehen-
sively described in McClymont et al. (2022). For this paper, the USAH model (as devel-
oped) is used to explore systemic and cascading hazards associated with different

Figure 1. Flow chart of the overall methodology (asee Figure 2).
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hazards. Figure 1 outlines the approach taken to create the template baseline model, how
this has been modified for the hazard models, and how the results can be interpreted
across scenarios by comparing to the baseline template. Figure 2 explains the hazard
modification stage in more detail. Each part of the process is explained below.

2.1. Part 1: create the urban system abstraction hierarchy (USAH) model

The USAH model encompasses the social, technical, and natural interdependencies
within the urban environment into a single systems model (Bedinger et al. 2020; McCly-
mont et al. 2022). The model is the first step in a socio-technical systems framework
developed by Rasmussen (1986) using the concept of abstraction in human factors
(Newman R 1999). It is a hierarchical graph that connects physical objects at the
bottom of the hierarchy to Functional Purposes at the top. Starting from the
bottom: Physical objects (Level 5), Object-related processes (Level 4), Generalised func-
tions (Level 3), Values and priority measures (Level 2) and Functional purposes (Level 1).
Each level is connected through its functionality. Moving upward levels, the nodes are
connected by asking ‘why the node exists’; moving downward levels, the nodes are
connected by asking ‘how a node is afforded’. The USAH has been developed and vali-
dated with input from subject matter experts (McClymont et al. 2022) and embeds the
12 outcomes from the 100 Resilient Cities framework at Level 2 (Arup 2015) [e.g. a Sus-
tainable economy or Effective provision of critical services]. The resulting USAH template
(for a generic UK city) is a hierarchical network with 5 levels and can be modified for
any hazard.

For a full description and a demonstration with examples of how links are constructed,
see Bedinger et al. (2020); for more detail on the development and overall validation of
the USAH, see McClymont et al. (2022).

2.1.1. USAH template
This paper uses the generic city USAH template, consisting of 5 levels, 483 nodes and 4483
links (see Bedinger et al. 2021 for the full dataset and code behind this paper). All links in
the template are weighted as one, which represents full functionality. Table 1 details the
number of nodes in each level of the hierarchy, and Table 2 details the number of links
that connect each level. These nodes and links can be modified for any shock, and the

Figure 2. Workflow to apply specific hazards.
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number will change for different hazard scenarios. This methodology is outlined in Figure
2 and detailed in Section 2.2.

2.2. Part 2: modifying for a hazard

To introduce a hazard into the USAH, a ‘link guide’ is created to outline which nodes and
links have been impacted by the hazard, and thus must be modified in the model. All city
Resources (Physical objects) that Provide employment in the baseline have been assigned
to a UK Standard Industry Classification (SIC) category (Companies House 2018). For
example, Eateries were assigned to the SIC category Accommodation and Food Service
Activities. This helps with node categorisation when different hazards are inputted into
the USAH. Depending on the hazard type, a node-based or link-based approach can be
used.

(1) A node-based approach focuses on identifying the exposed city Resources (Level 5 –
Physical objects) and treating all links to Processes (Level 4 – Object-related pro-
cesses) as affected. This approach suits spatially explicit hazards across urban areas,
such as floods. The entry point for impacts on the system is the physical resource itsel-
f.If 6/10 Eateries have been flooded (i.e. are within the flood extent), all links to associ-
ated Processes would be weighted 0.4 (their ability to Act as an access point for food is
affected as much as their ability to Act as community meeting space) to reflect a
reduction in their functionality.

Table 1. The number of nodes at each level of the USAH.

Level

Whether nodes refer to
tangible or intangible city

system components

How nodes at each level are
defined in the context of the

overall city system
Number of
nodes Node example

1 – Functional
purposes

Intangible city Purposes 8 Economic
opportunity

2 – Values and
priority
measures

Intangible city Outcomes 14 Effective provision
of critical
services

3 – Generalised
functions

Intangible city Tasks 37 Energy supply

4 – Object-related
processes

Tangible city Processes 170 Generate
electricity

5 – Physical
objects

Tangible city Resources 254 Power stations

Total 483

Table 2. The number of links in each layer of the USAH.

Layer
Number of

links Example of a link within layer

Links between Functional purposes (Level 1) and
Values and priority measures (Level 2)

48 Safety and security (Level 1) and Effective
provision of critical services (Level 2)

Links between Values and Priority Measures (Level 2)
and Generalised functions (Level 3)

147 Effective provision of critical services (Level 2)
and Emergency services (Level 3)

Links between Generalised functions (Level 3) and
Object-related processes (Level 4)

717 Emergency services (Level 3) and Provide
emergency healthcare services (Level 4)

Links between Object-related processes (Level 4) and
Physical objects (Level 5)

3576 Provide emergency healthcare services (Level 4)
and Hospitals (Level 5)

Total 4483
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(2) A link-based approach focuses on city Resources (Level 5 – Physical objects) and Pro-
cesses (Level 4 – Object-related processes) and is determined on a case-by-case basis.
The entry point for impacts on the system is the system design. If the Resource
Eateries could only open for take-away service, Processes that are afforded by Eateries
but relate to the building might remain fully functional (e.g. Act as access point for
food), but other Processes could have a reduced weight or be removed completely
(e.g. Act as a community meeting space). A change in link weight reflects a change
in the capacity of a Resource node to afford a particular Process. This approach
may suit a more ubiquitous hazard, such as a pandemic.

In this paper, three hypothetical scenarios are applied to demonstrate that the USAH is
a comprehensive systems approach to impacts modelling and versatile for multiple
hazards. The methodology for creating a link guide that represents each hazard type is
outlined below, and Table 3 illustrates the number of nodes and links impacted for
each hazard scenario. Figures 1 and 2 detail the overarching approach.

2.3.1. Floods
To enter a flood hazard into the USAH, a proportional approach to node weighting is
required (the linked guide can be found in Bedinger et al. 2021). Flood exposure would
be introduced by counting the number of physical object types within a city and the
number in the flood extent. The proportion of each Physical object remaining functional
would correspond to the node weight. All edges from the flooded node would then be
weighted equally (as the whole node has been exposed).

In this hypothetical scenario, the Environment Agency’s National Assessment of Flood
Risk report (Environment Agency 2009) was used as a guide. A representative scenario in
the report was reviewed to identify which Physical object nodes could be exposed to
flooding. The SIC categories associated with these Physical objects were reviewed. For
any SIC categories that contain ten or fewer Physical objects, and that did not include
any of those Physical objects in the report, the authors selected one representative Phys-
ical object. For SIC categories that contain more than 10 Physical objects and that did not
include any of those Physical objects in the report, the authors selected two representa-
tive Physical objects. To represent greenspace and residential areas, Parks and Residential
properties were marked as affected.

Every link from the selected nodes was then weighted as 0.5 to represent 50% less
capacity in the system than the baseline. In total, this corresponded to 37 exposed
nodes with 635 degraded links. As all nodes remained functional to some extent, no
nodes were removed completely from the USAH in this scenario.

Table 3. The number of nodes and links impacted for each scenario.

Hazard
No. of impacted

links
% total links connecting

levels 4–5
No. of nodes removed (as a result of the hazard

modifications to the network)

Flood (node-based
approach)

635 18% 0

Drought (node-based
approach)

674 19% 0

Pandemic (link-based
approach)

1257 35% 7
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2.3.2. Droughts
To enter a drought hazard into the USAH, a link-based or node-based approach to weight-
ing can be taken, depending on the extent of the drought experienced. In this scenario,
the impact of drought is experienced as water scarcity resulting in reduced functionality
of different sectors. The level of detail available in the input data for the USAH can inform
the approach taken. Outputs from other models (e.g. a detailed water balance model of a
particular location) could be used to reflect exactly where (specific USAH links) and to
what extent (adjusted link weights) drought is affecting the wider urban system. In a
more grounded scenario, different link weights might apply to the link between Waste-
water treatment works to Treat wastewater vs. the link between Power stations and Gener-
ate electricity vs. the link between Common green areas and Support nutrient cycles. These
links may be affected to different extents at different drought durations, depending on
the specific location and severity of the event modelled.

To demonstrate broadly in this simplified hypothetical scenario, a node-based
approach was taken at the Object-related processes level. The drought impacts were
assumed to be distributed equally across such links (the link guide can be found in Bedin-
ger et al. 2021). In other words, Object-related processes were reviewed to assess which
would be affected by water scarcity in any way. Then, all links downward to Physical
objects were weighted equally as 0.5 to reflect 50% less functionality than in the baseline.
33 Object-related processes were affected, degrading 674 links.

2.3.3. Pandemics
To enter a pandemic hazard into the USAH, a link-based approach to weighting is
required (the linked guide can be found in Bedinger et al. 2021). Pandemic exposure
would focus on the sectors impacted by various policy restrictions (such as lockdown
restrictions, restrictions on social gatherings, workplace closures, furlough schemes,
etc.). Rather than modelling person-to-person disease transmission, the USAH tracks
system-wide impacts on services. A detailed explanation of the methodology is explained
in Beevers et al. (2021); however, a simplified approach for a generic city is completed
here.

In this hypothetical scenario, nodes that would be impacted by restrictions on gather-
ings, workplace closures, workplace restrictions, and school closures were selected. Links
in this scenario are either functional (weight = 1) or not (weight = 0) based on whether a
node was considered a key workplace, online, or closed. The exception to this was Schools
that had to remain open for children of key workers and vulnerable children, so the links
were set to a weight of 0.5. All links from Physical objects that afford the processes: (1) Act
as a community meeting space, (2) Advise on community activities and (3) Facilitate cultural
events were removed. This degraded 1257 edges. Seven Object-related processes that
could no longer be fulfilled by the Physical objects so were removed from the USAH
(Act as community meeting space, Advise on community activities, Construct buildings, Facili-
tate cultural events, Provide younger childcare, Screen media and Survey buildings).

2.3. Part 3: compare results

The USAH is an undirected, hierarchical graph representing a complex topology of nodes
and links. Network metrics can be used to identify and navigate its highly interdependent
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parts, both in the baseline, and in scenarios representing other conditions e.g. a flood,
drought or pandemic. Different network metrics exist and can be used (Morrison et al.
2022) to determine how the system responds to hazards.

Here the network metric [weighted] eigenvector centrality (EC) has been used to deter-
mine the response of the system to a shock. EC describes each node’s relative influence
based upon the influence of its neighbours and explore the importance of a node within
the USAH. For a graph G := (V , E, W) with |V| vertices and |E|edges and |W|weights, the
adjacency matrix A defines the weighting between nodes. The eigenvector centrality of a
node x is then defined as

Ce(x) = 1
l

∑

j

AijCe(xj) (1)

This can be rewritten in matrix form as the eigenvector equation:

lCe = ACe (2)

where Ce = [Ce(x1), . . . , Ce(xn)]
T is the eigenvector of G(V , E, W). Then, by the Perron-Fro-

benius theorem, the eigenvector corresponding to the maximal eigenvalue, l, contains
only positive values. This ensures that Ce is the normalised dominant eigenvector of A
with every eigenvector centrality bounded by 1 for each node in the graph. EC provides
a stable, continuous centrality measure, which is critical to ensure that system noise has
little effect on the centrality result. This explores small permutations within link weight-
ings (equivalent to variations in an adjacency matrix), which do not result in discontinu-
ities, as seen in betweenness centrality.

For each scenario (or network), different conditions are reflected through link weight-
ings and return results for each node. When exploring a single scenario, comparisons are
made only between nodes within a level (e.g. Level 3 Generalised functions to other Gen-
eralised functions) rather than across the whole graph (e.g. Level 5 Physical objects to
Level 3 Generalised functions) due to the imposed hierarchical nature of the USAH
network, where certain levels are at a mathematical disadvantage for central connectivity.
Where nodes experience within-level rank changes over time, this indicates underlying
conditions have reprioritised parts of the system. Where a node’s EC has increased in
absolute value, the node has become more important than in the baseline, and the per-
centage change in EC (positive or negative) shows the strength of that change compared
to other nodes, i.e. whether a node has ‘grown’ or ‘shrunk’ in influence.

2.5. The three questions

The results are interpreted via three questions and corresponding result types:

. Systemic impacts of different hazards: How do the different hazards impact different
parts of the system? This is explored through the absolute change in EC value for
each node in the three hazard scenarios. This result type indicates how much a
node has experienced a change in influence from the baseline.

. The city system response:Which system components are most influential in maintaining
system functioning during the three hazard scenarios? This is explored through
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changes in rank (in order of EC value) within each USAH level. This exposes the
elements of the system which become more (or less) influential during the hazard.

. Intangible exposure: Can cascading impacts be identified across the system? This is
explored through percentage change in EC value for nodes in city Tasks (Level 3)
and Outcomes (Level 2). This result type indicates the extent to which a specific
node has grown or shrunk in influence.

3. Results and discussion

3.1. Systemic impacts of different hazards (absolute value change in EC)

To explore the systemic impact of different hazards, the result type used is an absolute
change in EC for each node in the three hazard scenarios. This result type indicates
how much a node has experienced a change in influence since the baseline. It shows
the distribution of change in influence within each level across the different scenarios.
Floods, droughts and the pandemic response have varying spatial characteristics
reflected in the amount of change to system functionality. Floods have a relatively
smaller spatial distribution compared with droughts and pandemics. In this paper, the
analysis has considered a recurrence interval of a similar frequency across the three
hazards as far as possible (Environment Agency 2009; AON Benfield 2013). Using
hazards of similar recurrence intervals, allows for a similar scale of hazard to be compared
as far as possible.

As the method for applying a flood hazard to the USAH takes a proportional approach
– i.e. no Physical objects have been completely removed – there is physical redundancy in
the number of resource types located within the city. Floods are also a spatially-explicit
hazard where impacts on specific Physical objects will likely vary on a case-by-case
basis. Droughts have a larger spatial distribution than floods but the hypothetical scen-
arios outlined above affect roughly the same proportion of links between Physical
objects and Object-related processes. The pandemic response may have a similarly
large spatial distribution to droughts; however, in this case, a larger proportion of the
system functionality has been adjusted due to the disruptive elements of the hazard
response. Various unrelated sectors have been impacted by all three hazards. However,
in the case of a flood, there are some clear, known and logical cascading impacts from
individual resources to related processes. Importantly, the strength of the USAH approach
is in its ability to capture the complexities of the system approach associated with both
types of impact.

Figure 3 indicates the absolute changes to EC for each of the three hazards (where blue
represents the pandemic scenario, red the drought, and green the flood). The negative
absolute changes (points on the left of the zero line on the figure) indicate the intangible
city Purposes, Outcomes, and Tasks that become less influential in the system during the
hazard, while those on the right (positive change) indicate those which become more
important during the shock. Using the absolute change in EC value, we can see the big
picture impacts, which arise as the urban system experiences a shock. The varying spatial
extents of the three hazards are reflected in the distribution of change for each hazard.

We can explore the impact of these shocks relative to each other across tangible and
intangible levels of the city system. During the shock, the city Task Community activities
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and engagement becomes less influential during the pandemic scenario as a direct result
of the ‘stay at home mandate’, however, due to indirect impacts during both a flood and a
drought, we can see that this task becomes more important. Moving up to the city Out-
comes level, we can see that all of these become more important during a shock, indicat-
ing the pressure on achieving these Outcomes during a shock. What is interesting in the
context of the three hazards is the variability of impact across the city system as a whole,
and this indicates that resilience planning needs to have a broad remit when planning
potential measures, which should reach across all relevant sectors and considering
various potential system shocks. The difference in the direction of the change can also
give insights into the period over which interventions should be considered. Tasks and
outcomes that have shrunk in influence should be considered in the immediate aftermath
of the shock, with direct interventions to support recovery. Conversely, those that have
grown in influence should be considered in longer-term resilience strategies for future
planning. This analysis suggests that these are the system parts that are emphasised
during a hazard shock.

Figure 3. Absolute change in EC by hazard type across the intangible levels (Purposes – Level 1, Out-
comes – Level 2 and Tasks – Level 3) of the USAH (blue represents the pandemic scenario, the red
represents the drought scenario and the green represents the flood scenario). Negative changes
(i.e. to the left of the graph) indicate Tasks and Outcomes the system is deprioritising, while a positive
change (to the right of the graph) indicates Tasks and Outcomes that become more important.
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3.2. The city system response (rank change in EC)

To identify the prioritisation of system components during the three hazard scenarios, the
result type used is the rank change in EC value within each level. This exposes the
elements of the system which become more (or less) influential during the hazard.

3.2.1. Relative change in the influence of city Tasks
In the generic template baseline, Public health and Employment provision have the great-
est influence of all the city Tasks by order of magnitude. These Tasks remain the most
influential to overall city functioning across all hazard scenarios, as seen in Figure 4(a).
The pandemic scenario has the most Tasks that are reprioritised in influence on the
overall system (34), followed by droughts (24) and floods (11) (Figure 4 a). Table 4 lists
the Tasks that have increased or decreased the most in terms of their relative influence
on overall system functioning during the degraded system state for each hazard type
compared to the baseline.

The USAH can track changes in network prioritisation through rank changes in EC. It
demonstrates what has been most changed from baseline conditions and indicates the
nodes which have fallen in rank may require ‘reprioritisation’ during intervention discus-
sions if a return to baseline conditions is desired. The USAH can be used to trace back
through the hierarchy to understand how these are achieved and thus consider how
recovery may usefully be designed.

These results (Table 4 and Figure 4a) explore the changing system in more detail
due to a hazard. What is interesting is that the USAH picks up the differences in
system response due to different hazard types. During a drought, Clean water, Bio-
logical hazard regulation and Physical security have a lower priority than ‘normal’,
as the reduction in available water means that the system has less ability to fulfil
these Tasks. In contrast, during a pandemic, Recreational activities, Historical and cul-
tural value contribution, and Community activities and engagement have been signifi-
cantly impacted by the ‘stay at home’ mandate. Moving forward, resilience strategies
developed to prepare for these hazards need to look to strengthen such Tasks. To
look at what resilience strategies may be useful, the USAH can be used to trace
back downwards through the network to explore which city Resources and Processes
are delivering these Tasks and explore what alternatives to ‘normal operation’ are
possible.

3.2.2. Relative change in the influence of city Outcomes
In the generic template baseline, Socio-economic equality and equity have the greatest
influence of all the city Outcomes by order of magnitude and remain the most influential
Outcome to overall city functioning across all hazard scenarios Figure 4(b).

The pandemic scenario has the most Outcomes that are reprioritised in influence on
the overall system (10), followed by droughts (5) and floods (2). Table 5 lists the Outcomes
which have increased or decreased the most in terms of their relative influence on overall
system functioning during the degraded system state for each hazard type compared to
the baseline.

These results (Table 5 and Figure 4b) expose how the system behaves differently due to
each hazard, demonstrating that different parts increase and decrease in overall influence
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during an event. The Outcomes that increase in influence during an event can be con-
sidered more important during the event and thus critical for future resilience planning.
As with the city Tasks each hazard demonstrates different impacts. During a pandemic,

Figure 4. (a) Rank changes for Level 3 (city Tasks) for each hazard. (b). Rank changes for Level 2 (city
Outcomes) for each hazard.
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Table 5. City Outcomes that have increased or decreased in relative influence (measured by EC) for
each hazard scenario compared to the baseline.

Scenario

Outcomes that have
become prioritised

(measured by increased
rank change within the

level)

Outcomes that have
become more influential
(measured by increased
absolute change within

the level)

Outcomes that have
become deprioritised

(measured by decreased
rank change within the

level)

Outcomes that have
become less

influential (measured
by decreased

absolute change
within the level)

Flood Environmental
sustainability (+1)

Socio-economic equality
and equity
Minimal vulnerability
Effective provision of
critical services

Sustainable economy (−1) N/A (no negative
change from
baseline)

Drought Collective identity and
community support
(+2)
Integrated
development and
planning (+1)

Socio-economic equality
and equity
Collective identity and
community support
Empowered
stakeholders

Effective safeguards to
human health and life
(−1)
Reduced exposure and
fragility (−1)
Environmental
sustainability (−1)

N/A (no negative
change from
baseline)

Pandemic Effective leadership and
management (+3)
Reduced exposure and
fragility (+2)

Socio-economic equality
and equity
Minimal vulnerability
Effective provision of
critical services

Sustainable economy (−4)
Collective identity and
community support (−3)

N/A (no negative
change from
baseline)

Note: Change is measured within level only. Both rank change and relative EC increase are reported; only the most
changed Outcomes are presented here.

Table 4. City Tasks that have increased or decreased (most changed) relative influence (measured by
EC) for each hazard scenario compared to the baseline.

Scenario

Tasks that have become
prioritised (measured by
increased rank change

within the level)

Tasks that have become
more influential

(measured by increased
absolute change within

the level)

Tasks that have become
deprioritised (measured

by decreased rank
change within the level)

Tasks that have become
less influential

(measured by decreased
absolute change within

the level)

Flood Historical and cultural
value contribution (+2)

Public Health
Employment provision
Housing provision

Clean air (−2)
Community activities
and engagement (−2)

Road conditions and
safety
Observance of
religion
Planning activities

Drought Emergency services (+4)
Food provision (+3)
Energy supply (+3)
Recreational activities
(+3)
Historical and cultural
value contribution (+3)
Tourism (+3)
Community activities
and engagement (+3)

Foster social cohesion
Social interaction
Community activities
and engagement

Clean water (−11)
Biological hazard
regulation (−7)
Physical security (−5)

Employment provision
Clean water
Biological hazard
regulation

Pandemic Emergency services (+10)
Governance (+9)
Environmental
conservation (+8)

Public Health
Biological hazard
regulation
Emergency services

Recreational activities
(−19)
Historical and cultural
contribution (−17)
Community activities
and engagement
(−14)

Recreational activities
Historical and cultural
value contribution
Community activities
and engagement

Note: Change is measured within level only. Both rank change and relative EC increase are reported; only the most
changed Tasks are presented here.
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Effective leadership and management becomes more influential, while during a drought,
Collective identity and community support is highlighted, and for floods, this is Environ-
mental sustainability. These Outcomes can be traced back through the system to the tan-
gible levels to design suitable resilience strategies that can strengthen the delivery of
these Outcomes in the longer term.

3.3. Intangible exposure (percentage change in EC)

To explore intangible exposure across the system, the result type used is the percentage
change in EC for nodes in city Tasks (Level 3) and Outcomes (Level 2). This result type indi-
cates how a specific node has grown or shrunk in influence. The results can show how
tangible exposure of the city Resources and Processes cascades to expose intangible
Tasks and Outcomes.

These results capture nuance within the system, highlighting those Tasks or Outcomes
which have increased or decreased (Tables 6 and 7) most due to their starting system
influence (as measured by EC), and as above, this should be linked to the period over
which interventions should be considered. The Tasks which have shrunk in influence
(Table 6) must be considered in the immediate aftermath of the shock, with direct inter-
ventions to support recovery. Conversely, those that have grown in influence should be
considered in longer-term resilience strategies for future planning. This analysis suggests
that these are the system parts emphasised during a hazard shock. As with each test
before this one, all three hazards show a different response, highlighting different

Table 6. City Tasks that have grown or shrunk in terms of influence (measured by EC) for each hazard
scenario compared to the baseline.

Scenario
Tasks that have grown in influence (measured by

increased percent change within the level)
Tasks that have shrunk in influence (measured by

decreased percent change within the level)

Flood Financial services
Waste management
Sanitation provision

Observance of religion
Road conditions and safety
Planning activities

Drought Observance of religion
Ceremonies and services for major life events
Community activities and engagement

Clean water
Sanitation provision
Biological hazard regulation

Pandemic Waste management
Societal hazard regulation
Travel (people, not goods)

Recreational activities
Historical and cultural value contribution
Community activities and engagement

Note: Change is measured within level only. Only the Tasks with the largest growth or shrinkage are presented here.

Table 7. City Outcomes that have grown in terms of influence (measured by EC) for each hazard
scenario compared to the baseline.
Scenario Outcomes that have grown most in influence (measured by percent change within the level)

Flood Minimal vulnerability
Environmental sustainability
Diverse livelihoods and employment

Drought Collective identity and community support
Empowered stakeholders
Reliable communications and mobility

Pandemic Reliable communications and mobility
Reduced exposure and fragility
Effective provision of critical services

Note: Change is measured within level only. Only Outcomes with the largest growth are presented here.
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system parts. This demonstrates the importance of considering a broad range of hazards
with a systems approach within any resilience planning, to recognise the sometimes neg-
lected interdependencies across a system.

4. A way forward

This paper has demonstrated a new type of model which allows the exploration of inter-
connected impacts across the urban system. The model is an imposed hierarchical
network, which allows tangible objects within a system (e.g. city Resources) to be con-
nected to the more intangible city Outcomes that they afford (for example, a Sustainable
economy). The model combines and connects different sectoral functions across the city
system (e.g. health, transport and education).

This demonstrated that network metrics could be used to understand how the system
reacts to different hazards in a handful of hypothetical scenarios. The paper demonstrates
that the model is ‘hazard agnostic’ and different large-scale shocks can be examined com-
parably, to understand how the system responds and how the system reprioritises
different functions. The functions highlighted by the USAH can be shortlisted and con-
sidered to strengthen specific supporting components of city resilience by tracing
down from the city Outcome or Task which has become degraded or overloaded to
the tangible processes and resources which deliver them. This kind of exploration sup-
ports going beyond economic stimulus to ensure a holistic recovery towards desired
city Outcomes, recognising the importance of, and interdependence between, society,
governance and leadership, health, infrastructure and the environment. This suggests
the USAH is a tool that can capture a diverse set of future challenges, and develop holistic
solutions, for comprehensive future resilience plans. To support this, two open-source
software packages – OSMtidy (Visser-Quinn and Bedinger 2021b) and AHgen (Visser-
Quinn and Bedinger 2021a) – have already been developed to apply the generic and
hypothetical analysis here, to more specific cities and hazards.

The development of the mathematical approach can also take us much further. Cur-
rently, the approach uses only one network metric to explore the changing influence
of nodes within the system. A wealth of network metrics exist (Rodrigues 2019), which
can be used to explore different system properties. Other metrics, such as betweenness
centrality (White and Borgatti 1994), can provide additional insights and more in-depth
analysis. This work is possible; however, it requires mathematical care and must recognise
the importance of employing a numerically stable metric (Segarra and Ribeiro 2016) when
analysing a weighted, hierarchical graph such as the USAH. Stable betweenness centrality
(as just one example) can identify changes at the tangible levels to further explore resili-
ence concepts such as redundancy and diversity (see Elmqvist et al. 2003; Beevers et al.
2021). This could help understand how a system absorbs a shock and how adaptation
could be supported in the future (McClymont et al., in review). Big data related to critical
infrastructure, cutting-edge network analysis, and capabilities approach analysis from the
social sciences could push this envelope beyond what civil engineers may currently think
is feasible or even possible for this type of systems analysis. This is fertile ground with
many opportunities for engineers, and the interdisciplinary teams required to tackle
civil engineering systems issues, to develop this research further and address imminent
global challenges.
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