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Abstract

In this article, we evaluate property flood resilience (PFR) to manage pluvial

and combined tidal/ fluvial flood risks. We achieve this by evaluating flood

risk and intervention targeting strategies across a case study in Bristol

(UK) using data types generally available for preliminary option assessment.

We investigate opportunities for mitigating flood damages within catchments

using PFR and evaluate two targeting strategies: Installing PFR across strategic

areas of a catchment and targeting interventions at specific high-risk proper-

ties. We find that individually targeting PFR is more effective than focusing

resources on specific high-risk areas. Targeting pluvial flood measures at indi-

vidual properties across our case study provides an average annual benefit per

property of approximately £750 more than applying zonal targeting,

supporting use of high-resolution modelling in surface water management,

and highlighting the applicability of PFR to manage damages at specific high-

risk properties which may not fall under the protection of community level

defences. A similar approach provides the best outcomes for fluvial targeting;

however, the hazard is more concentrated and so a zonal targeting approach

may be more acceptable. Overall, we find resistance based PFR an effective

intervention to mitigate damages, however complementary strategies are

required when managing extreme flooding.
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1 | INTRODUCTION

In this article, we develop a methodology to evaluate the
flood reduction benefits of property flood resilience
(PFR), applicable generally using resources and data typi-
cally available in flood risk management. The key mes-
sages from our work include illustrating how this

methodology can be applied in decision support to evalu-
ate different PFR targeting strategies, and the advantages
of integrating property-scale resolution across catchment-
scale analysis when doing so. Our findings are supported
by analysis of a case study in Bristol, UK.

Effective flood risk management is a vast and global
challenge (Hallegatte, Green, Nicholls, & Corfee-Morlot,
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2013; IPCC, 2014; Shah, Rahman, & Chowdhury, 2018).
Policy makers across the world are aware of the current
significant risks to lives, infrastructure, and communities
that the threats from climate change, natural hazards, and
aging drainage systems are likely to exacerbate (Carter,
White, & Richards, 2009; Committee on Climate Change,
2017; Wong & Eadie, 2000). However, despite established
understanding of future threats, new evidence indicates
that the scope and scale of these challenges has been sys-
tematically under-estimated, and in fact, these threats are
likely to represent a greater challenge than previously
anticipated (Guerreiro, Dawson, Kilsby, Lewis, & Ford,
2018; Wing et al., 2018). Compounding this ever-growing
threat are the economic pressures faced by decision makers
and a growing trend towards populations migrating into
cities (Djordjevi�c, Butler, Gourbesville, Mark, & Pasche,
2011; Wong & Brown, 2009). It is therefore crucial that
research develops urban management strategies to protect
properties, infrastructure, and people.

Decision makers have responded to these threats
through developing a range of flood management frame-
works, often including highly accurate hydrodynamic
models (Chen, Djordjevi�c, Leandro, & Savi�c, 2010;
Elliott & Trowsdale, 2007; Hunter et al., 2008;
Jayasooriya & Ng, 2014; Néelz & Pender, 2013; Schubert,
Burns, Fletcher, & Sanders, 2017; Viavattene & Ellis,
2013). These models feed into established risk manage-
ment approaches, such as UK based Surface Water Man-
agement Plans (SWMP) and Strategic Flood Risk
Assessments (SFRA) (DCLG, 2010; DEFRA, 2010; HM
Government, 2010). However, despite this understanding
and over a decade of legislation, there are still significant
barriers to the implementation of flood risk management
strategies, particularly those reliant on novel and distrib-
uted interventions (Commitee on Climate Change, 2015;
HM Government, 2010; Pitt, 2008; Thorne, Lawson,
Ozawa, Hamlin, & Smith, 2018).

In response, research has developed a diverse range
of flood management interventions, including conven-
tional piped drainage networks, sustainable drainage sys-
tems (SuDS), green infrastructure, PFR, nature based
solutions and catchment management, to name a few
(Butler, Digman, Makropoulos, & Davies, 2018; Fletcher
et al., 2015; Schanze, 2017; Woods Ballard et al., 2015). A
potential area of opportunity which has not yet been fully
exploited is flood management using decentralised inter-
ventions and PFR (Bowker, 2007; Environment Agency,
2015b; White, Connelly, Garvin, Lawson, & O'Hare,
2018). PFR aims to reduce water ingress, stress and dam-
age to properties using structural elements such as flood
gates and waterproofing building fabrics (Bowker, 2007;
Golz, Schinke, & Naumann, 2015). Research has found
these measures to be economically worthwhile when

properties predicted to flood at a 25-year return period
are treated (Thurston et al., 2008).

Although understanding of PFR at a site-scale is well
understood, with significant UK policy and technical
guidance (BSI, 2015; DEFRA, 2012, 2014; Environment
Agency, 2007; Lamond, Rose, Bhattacharya-Mis, &
Joseph, 2018), it remains under-exploited, with several
key barriers to implementation (White et al., 2018). One
such barrier highlighted within recent PFR evidence
reviews (Lamond et al., 2018) is the limited application of
high-resolution modelling, with many analyses relying
on general evaluation of national datasets and long term
analysis of stochastic risk profiles representing a tranche
of properties, as opposed to applying advanced modelling
to consider flood risk at a property-scale. Similarly, tools
for spatial analysis of strategy benefits and consideration
of how these accumulate under a range of targeting strat-
egies, and in response to different flood types and depths,
is still lacking (DEFRA, 2012), leading to ad-hoc applica-
tion as opposed to coordinated evaluation across local
contexts. This issue is synonymous with other distributed
flood management measures, which studies highlight
would benefit from developing consistently applicable
institutional decision support methodologies, developing
stakeholder tools and evidence to understand application
across the catchment-scale and integrating
application into local and strategic contexts (O'Donnell,
Lamond, & Thorne, 2017; White et al., 2018).

In this study, we respond to these research gaps
through evaluating how PFR can be targeted at a
catchment-scale to manage flood risks. We approach this
through developing a methodology, grounded in replica-
ble data, which combines established conventions and
products in a novel way to integrate a high-resolution
property-scale perspective within catchment-scale deci-
sion support.

Our study is complemented through a case study in
Bristol, UK, where we have co-developed analysis with
engaged stakeholders including Bristol City Council and
Wessex Water, providing additional opportunities to
develop trust and enhance consideration of novel inter-
ventions through supporting the science-practice
interface (Jasanoff & Wynne, 1998). Furthermore, our
method takes advantage of data types and products,
which are well established, trusted, and commonplace in
flood management, enabling general application of our
methods for international audiences.

2 | METHODS

We investigate our research questions through applying a
flood management framework to a case study in Bristol,
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South West UK. We selected this case study due to well-
formed stakeholder partnerships providing access to data,
engaged feedback and the potential for implementation,
which are all detailed further later in this article.
Although findings from this report are specific to Bristol,
the method and specific general lessons are applicable to
evaluate and understand intervention analysis and effec-
tiveness in similar large urban areas. This is particularly
relevant in England, where the sorts of large data sources
(Local Flood Risk Management Strategy, SWMP, and
Environment Agency data-sets) applied for analysis are
mandated by law and thus generally available (DCLG,
2010; DEFRA, 2018; HM Government, 2010). Similar
data are also available across the remainder of the UK
and internationally.

2.1 | Bristol case study

We evaluated the effectiveness of PFR targeting strategies
through analysis of a case study in Bristol City Centre.
The case study was selected due to the high availability of
data, particularly high-resolution fluvial and pluvial flood
modelling, made possible through key stakeholder part-
nerships formed with the city council and water utility
company as a part of the EU funded RESCCUE (resil-
ience to cope with climate change in urban areas) project
(Velasco et al., 2018). We note that the article does not
reflect an option assessment or wider flood risk manage-
ment strategy for Bristol, the approach is purely an analy-
sis of PFR targeting.

Bristol is the largest city in South West England, with
a population of over 450,000 (Bristol City Council, 2019).
The city is located on the coastline and is home to many
services of national and regional significance, including
access to a large commercial port. Flood hazards in the
city centre originate from a range of sources including
pluvial runoff and fluvial flooding exacerbated by the
tidal locking of outfalls and watercourses. Bristol is
highlighted in the top 10 pluvial flood risk areas in
England, with 22,300 homes at risk (Bristol City Council,
2018). Fluvial flood hazard is also significant from the
River Avon and its associated watercourses, notably
including the 1968 floods in which seven deaths were
recorded. Fluvial flood risk is exacerbated by situation
adjacent to the Severn Estuary, the second highest tidal
range in the world. This tidal influence extends into the
city centre and previous flood events have been worsened
by tide locking during intense rainfall. This includes
flooding in 1981 when 12 properties flooded (Bristol City
Council, 2018). The City Council predict that approxi-
mately 1,000 properties are at risk from tidal surge
flooding in the present day.

2.2 | Representing land use

We obtained land-use data for Bristol through the UK
Environment Agency National Receptor Dataset (NRD;
Environment Agency, 2014). The NRD contains point
data describing building types. We overlaid this
point data on building polygons from the UK Ordnance
Survey Mastermap to attribute building types to the spa-
tial extent of specific structures (Ordnance Survey, 2020).
Figure 1 presents the distribution of land-use classifica-
tion areas within the study area. The predominant land
use is residential properties.

2.3 | Flood hazard modelling

We applied existing high-resolution hydrodynamic
modelling to define flood depth, extent, and probabilities
across the study region. Modelling consisted of a range of
flood hazards, including pluvial and fluvial/tidal flood
risk. We evaluated each flood hazard through a range of
return periods and two management scenarios: a present-
day baseline and a ‘business as usual’ future scenario,
taking account of likely climate change.

The baseline scenario represents the study area ‘as is’
assuming the current land-use and climatic conditions
for rainfall generation. We used this scenario as a com-
parison with which to identify changes associated with
future management options. Management options
include positive (in the case of interventions) and nega-
tive (in the case of climate change increasing rainfall)
changes to the study area and baseline hydrology.

The business-as-usual scenario (BAU) represents
future flood risk in 2115 assuming climate change mitiga-
tion practices remain the same as currently employed.
This includes an uplift for rainfall intensity and peak
river flows, as specified in UKCP09 and a sea level rise/
tidal range uplift in accordance with the upper-end
increases predicted within the Severn River Basin District
(DEFRA, 2009; UK Government, 2020).

Pluvial flood modelling is provided by the Bristol
SWMP (Bristol City Council, 2012). The SWMP is an inte-
grated urban drainage model including representation of
the 1D sewer network and 2D ground surface. The model
was originally completed using the Microdrainage Win-
Des FloodFlow package and has since been updated in
the Infoworks ICM model software.

The SWMP includes simulation of large-scale rain-
fall events to identify areas at significant risk of pluvial
flooding. This comprises multiple storm durations and
climate change allowances, fully described in the asso-
ciated SWMP report (Bristol City Council, 2012). For
the purposes of this analysis, we have evaluated 10, 30,
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and 100-year return periods to describe the baseline
and 10, 20, and 100-year return periods to describe the
BAU scenario. Ideally, we would have preferred to
match these return periods, however, this was not pos-
sible given the modelling resources available. As such,
we applied a range of rainfall probabilities, from rela-
tively frequent events, through to extreme events, now
and in the future.

Fluvial flood modelling and tidal influences was
included using the Bristol Central Area Flood Risk
Assessment (CAFRA; Bristol City Council, 2015; Hyder
Consulting, 2013). CAFRA included a full 1D–2D
coupled ISIS-TUFLOW hydraulic model, which included
a full joint probability assessment of the interaction with
tidal and fluvial flooding and output flood extent, depth,
and velocities. The model was developed by Hyder Con-
sulting and subject to a full review from Bristol City
Council and a third-party reviewer, JBA Consulting. Full
details are available in the Bristol CAFRA Summary
Report (Bristol City Council, 2015; Hyder Consulting,
2013). As with pluvial flooding, we selected a range of
return periods to evaluate across the study in relatively
frequent and extreme scenarios. This included 20, 100,
and 200-year events in the baseline and 20, 200, and
1,000-year events in the BAU scenario.

Groundwater flooding was not included in this study
as it is considered to be of much lower risk than other
sources within the study area (Bristol City Council,
2018). However, it should be noted that localised ground-
water flooding in basements may be an issue in low lying
areas of the city.

Table 1 presents a summary of flood scenarios
included in this study.

2.4 | Flood damage assessment

We evaluate flood damage attributed to each scenario
using a damage assessment tool to calculate direct and
tangible flood damages to the structure of each building
(Chen, Hammond, & Djordjevic, 2016; Hammond, Chen,
Djordjevi�c, Butler, & Mark, 2015; University of Exeter,

FIGURE 1 Land use classification across the Bristol City Centre case study

TABLE 1 Scenarios evaluated in the Bristol case study

Fluvial
flooding
CAFRA

Pluvial
flooding
SWMP

Baseline
• Current land use
• Current climate

20, 100, 200 10, 30, 100

Business as usual plus
climate change

• Flood risk
management and
land use remains
the same

• Climate change
increases rainfall
intensity and
volume

• Sea level rise leads
to greater tides

20, 200, 1,000 10, 20, 100

4 of 18 WEBBER ET AL.



2014). The tool functions through spatially analysing the
contact of floodwaters with properties and deriving dam-
age estimates per square meter. A damage value for each
building polygon is calculated using peak flood depth
from hydrodynamic modelling and a depth-damage func-
tion. The depth-damage functions are taken from the
industry standard UK Multi-Coloured Manual (MCM;
Penning-Rowsell, Viavattene, & Parode, 2010) and are
specific to each building classification outlined in the
NRD (Environment Agency, 2014). Application of
standardised damage curves from the MCM ensures that
our methodology remains comparable (at a high-level)
with existing modelling studies, supporting our intention
to enhance a preliminary relative comparison of novel
distributed flood management measures with other, more
commonplace, approaches.

We calculated total damage per return period by sum-
ming damages of all polygons for the peak depth at each
location across the simulation. Damage is only related to
depth, without consideration of velocity or other damag-
ing factors such as contamination (Merz, Kreibich,
Schwarze, & Thieken, 2010). Intangible and indirect
damages have not been included within this assessment
(Hammond et al., 2015).

We synthesised damages from each simulation into
an estimated annual damage (EAD) for each scenario by
sampling damages from all return periods and integrating
into a single annualised average (Merz, Kreibich,
Thieken, & Schmidtke, 2004). Bookmarking this sample
across a range of different probability events, including
extreme and frequent return periods, generates a curve
representing damage across a spectrum of potential out-
comes and develops one comparable metric representing
each scenario (University of Exeter, 2014).

2.5 | Representing PFR

One objective of our study was to represent intervention
effectiveness using the types of modelling resources likely
to be commonly available to a wide range of potential
case study cities, thus providing an opportunity towards
considering PFR within general flood risk assessments.
As such, we included analysis of interventions through
adjustments to the flood-damage curve described in the
previous section.

PFR aims to reduce water ingress to a property by
flood-proofing areas through installation of measures
such as flood barriers, water-proof membranes and air
brick covers, among others (DEFRA, 2012; Lamond
et al., 2018; White et al., 2018). Literature indicates that
these types of measures are effective up to approximately
600 mm of standing water (Bowker, 2007; Bowker,

Escarameia, & Tagg, 2007; Ingargiola, Jones, & Quinn,
2012; Lamond et al., 2018; White et al., 2018). Some stud-
ies suggest flood proofing may be effective up to 900 mm
(Environment Agency, 2015a). However, others specify
that the effectiveness of flood proofing products may be
limited by the structural integrity of the building they are
protecting when water depth exceeds 600 mm, and as
such protection cannot be guaranteed over this height
(Bowker et al., 2007; US Army Corps of Engineers, 1988).
We have applied a conservative approach to avoid over
estimation of intervention effectiveness and have there-
fore adopted an intervention effectiveness value of up to
600 mm.

We have represented this intervention in our analysis
through adjusting depth-damage curves for protected
buildings to show no damage up to the 600 mm effective-
ness threshold (assuming no structural modifications/
reinforcement to the property). Figure 2 shows the depth-
damage curves for two residential properties: one with
and one without PFR adaption. We assume no damage
up to the threshold, and then normal damages (due to
overtopping) once flooding exceeds the threshold.

We have focused on residential flood damages and
not evaluated the effect of PFR on other property types.
This is due to the wide variation of PFR characteristics
and associated damages on other building types and the
government priority for residential flood protection.

2.6 | PFR targeting strategies

Evaluating full cost–benefit of PFR for targeting place-
ment strategies typically requires detailed analysis on a
case-by-case basis. However, the Environment Agency
technical report (Thurston et al., 2008) indicates that
investment in permanent resistance based PFR is eco-
nomically viable when applied to properties vulnerable to
flooding within the 25-year return period. This report
estimates a cost benefit of 1.6 per £1 spent. Installation
and maintenance costs from this report are based on
‘Kitemark’ approved products provided by flood product
manufacturers and previous research (ABI, 2003, Nor-
wich Union, 2005). Evidence reviews, such as Lamond
et al. (2018) indicate that literature highlights “exclusion-
ary-based” PFR (measures designed to resist ingress) can
be cost effective if applied to properties with a return
period of 40–50 years. However, for the purposes of this
strategic research we have based our placement of PFR
on meeting a threshold of a conservative 20-year flood
event.

We applied two intervention placement methods
within our study: Strategic intervention areas and indi-
vidually targeted interventions.
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Strategic intervention areas represent a typical high-
level approach for targeting interventions where all prop-
erties within the area are treated with the intervention.
We based targeting areas on local authority ‘super output
areas’. Super output areas are a geographic hierarchy del-
imited by the UK Government. Each super output area is
designed to contain a comparable population size, and
this unit is therefore effective and comparable for investi-
gating small area statistics in England and Wales. In
terms of flood analysis, super output areas can also be
considered indicative of the scope of a community level
flood defence scheme. Flood damage for all super output
areas was aggregated during the 20-year BAU flood event
and all properties within the top three flood risk areas
were selected for intervention. We performed this analy-
sis separately for fluvial and pluvial flood hazards. The
three fluvial flood risk super output areas with
the highest aggregated damage contained 235 residential
properties, and the top three pluvial areas contained 339.

Individually targeted interventions were developed as
comparative analysis to the zonal approach. For this strat-
egy we selected the same number of properties identified
for the relevant flood mode in the zonal analysis and then
applied interventions to the individual properties with the
highest flood damages, regardless of their location in the
study area. This included 235 and 339 residential proper-
ties in the fluvial and pluvial analysis, respectively.

3 | RESULTS

3.1 | Fluvial flood damage

Figure 3 presents fluvial flood damage under a tidal influ-
ence during the 20-year BAU event aggregated to the
local super output area scale. Fluvial flooding causes
the highest flood damages in the downstream area (left)
where the tidal influence is strongest. This is of particular

concern in the central ‘Harbourside’ area of the city, a
hub of commerce and entertainment, where between £1
and £3 million in damage is estimated per super output
area. Damage is concentrated around the watercourses,
with far lower damage values (<£500,000) upstream of
the city centre. The three super output areas with the
largest expected flood damages are all located in close
proximity to each other and adjacent to the watercourses.

Figure 4 develops analysis of flooding to present the
fluvial flood damage aggregated by building types across
all flood scenarios. The most significant result is the
almost 15-fold increase in flood damages between
the baseline and BAU events. For example, flood damages
in the 20-year flood event baseline are around £12 mil-
lion, whereas under BAU these rise to over £150 million.

The majority of baseline damages are attributed to
warehouses, industry, and unknown receptors. Future
risk also impacts retail and office premises. Damage to
residential properties is low during current conditions,
although increases significantly in the BAU scenario.

Figures 5 and 6 combine return periods to develop a
comparable EAD metric. These figures indicate that pre-
sent loss is estimated at £0.8 million per year, but that
this is anticipated to rise to £11.8 million by 2115.

Figures 5 and 6 also present the effectiveness of PFR
in mitigating losses. Zonal targeting is estimated to bene-
fit the catchment by approximately £0 (baseline) to
£170,000 (BAU) per year, whereas individually targeted
interventions are expected to realise a damage reduction
of £100,000 (baseline) to £220,000 (BAU). This represents
a relatively small proportion of flood damages caused by
fluvial flooding, particularly in the baseline scenarios;
however, this should be understood in the context of the
small number of properties located in the baseline flood
risk area. The benefit increases during the BAU scenario
but is significantly lower than the very high EAD values
due to predominance of flood damage to warehouses,
industry and office space located in the flood area.

FIGURE 2 Depth-damage curves

for residential properties with and

without property flood resilience
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FIGURE 3 Aggregated damage across local authority super output areas in the BAU 20-year fluvial flood scenario (235 properties are

located within the three super output areas with highest aggregated damage)

FIGURE 4 Fluvial flood damage by building type across return periods: (a) baseline scenarios and (b) business-as-usual scenarios
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3.2 | Pluvial flood damage

Figure 7 presents the spatial pattern of pluvial flood dam-
age aggregated to the local authority super output area
during the BAU 20-year flood event. Damage values per
super output area are lower than those presented for the
equivalent fluvial event (Figure 3), however damages are
spread city-wide across the catchment, rather than being
focused around watercourses. The three super output
areas with the highest flood damages are distributed
across the catchment and away from watercourses, mak-
ing their location difficult to predict without the detailed
modelling undertaken as part of the SWMP.

Figure 8 presents pluvial flood damages across all
events, aggregated to building types. This indicates that
flood damages during the present-day scenario focus
overwhelmingly on residential properties. This remains
the same for the BAU scenarios. Retail, warehouses,
offices, and unknown attributions are also impacted, but
not to the same scale as homes.

Figures 9 and 10 combine damages across events to
present EAD. This highlights that present day

(baseline) pluvial flood damages (£2.5 million) out-
weigh fluvial flood counterparts (£0.8 million). Pluvial
flood damages almost double in the BAU scenario
(to £4.8 million), however these do not match the
almost 15-fold increase displayed by fluvial flood dam-
ages (to £11.8 million).

Figures 9 and 10 indicate that the strategic implemen-
tation strategy has a benefit of between £120,000 (base-
line) and £160,000 (BAU) per year. Targeting individual
properties across the catchment has a much greater bene-
fit of between £390,000 (baseline) and £420,000 (BAU)
per year.

4 | DISCUSSION

4.1 | Pluvial flooding is currently the
predominant flood hazard in Bristol City
Centre

Our results provide evidence that pluvial flooding is the
predominant current flood risk in Bristol City Centre.

FIGURE 5 Estimated annual

damages caused by fluvial flooding in

the baseline scenario

FIGURE 6 Estimated annual

damage caused by fluvial flooding in

2115, assuming ‘business as usual’
practices
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FIGURE 7 Aggregated damage across local authority super output areas in the BAU 20-year pluvial flood scenario

FIGURE 8 Pluvial flood damage by building type across return periods: (a) baseline scenarios and (b) business-as-usual scenarios

WEBBER ET AL. 9 of 18



This supports earlier studies, such as the Bristol Local
Flood Risk Management Strategy, which also prioritise
action to manage pluvial flooding in the city (Bristol City
Council, 2018). Results estimate the current EAD associ-
ated with pluvial flooding is £2.5 million (Figure 9). This
is significantly higher than the current EAD of £0.8 mil-
lion associated with combined tidal/fluvial flooding
(Figure 5).

Furthermore, the risk of pluvial flood damage may be
under-represented in these figures. It is noted that pluvial
flood depths are based on the 1D–2D modelling under-
taken for the Bristol SWMP (Bristol City Council, 2012).
This modelling assumes a fully functioning drainage sys-
tem based on current utility records. However, literature
indicates that current deterioration of aging drainage sys-
tems could result in localised system failures; therefore,
in practical terms this risk may be higher due unac-
counted sewer condition (Ana & Bauwens, 2010; Fenner,
2000). Furthermore, other studies indicate the strong
influence of small-scale features (urban micro-
topography) on flooding. Micro-topographical features

include a range of factors which will influence flow paths
at a local-scale, including drainage ditches (Bates et al.,
2006), walls (Yu & Lane, 2006), fences (Mignot,
Paquier, & Haider, 2006), roads (Fewtrell, Duncan,
Sampson, Neal, & Bates, 2011), and buildings (Chen,
Evans, Djordjevi�c, & Savi�c, 2012; Schubert & Sanders,
2012; Syme, Pinnell, & Wicks, 2004). Other features, such
as vegetation (Dottori, Di Baldassarre, & Todini, 2013)
and pipe blockages, may be temporary, short lived, and
almost unpredictable, exacerbating the risk of pluvial
flooding in ways not accounted for in current risk
management.

These figures are subject to several limitations, such
as broad assumptions regarding damage functions and a
large number of unknown property attributions. How-
ever, use of high-resolution integrated flood models
(SWMP: Bristol City Council, 2012; CAFRA: Hyder
Consulting, 2013) alongside industry standard flood
depth-damage curves (MCM: Penning-Rowsell et al.,
2010) and receptor databases (NRD: Environment
Agency, 2014) means that these limitations are similar to,

FIGURE 9 Estimated annual

damage caused by pluvial flooding in

the baseline scenario

FIGURE 10 Estimated annual

damage caused by pluvial flooding in

2115, assuming ‘business as usual’
practices
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and thus comparable with, other studies conducted
across the UK.

This study has not included groundwater flooding,
however previous reports have indicated that this risk is
lower relative to other flood modes in the area (Bristol
City Council, 2018).

4.2 | Fluvial flooding under a tidal
influence is the predominant future flood
hazard in Bristol

Although the increase in estimated EAD caused by plu-
vial flooding is significant (£2.5 to £4.8 million in
Figure 9 and Figure 10), future flood hazard up to the
2115 time horizon in Bristol is dominated by combined
tidal/ fluvial flooding. Fluvial flood EAD in the city is
predicted to rise 15-fold, from £0.8 to £11.8 million
(Figures 5 and 6). We attribute this to the significant
increase in tidal flood hazard created by sea level rise,
which is in the order of magnitude of metres, and indi-
cates that enhanced flood management actions are
required to counter this significant future threat. This
finding correlates with similar literature indicating that
future coastal flood risk is expected to rise significantly
across a global-scale (Hallegatte et al., 2013). Further
details on fluvial flooding in Bristol are also available in
the draft Bristol Avon Flood Strategy, which includes an
options assessment to identify the best ways to manage
flood risk from the Avon.

Fluvial EAD is high, however of particular concern
are damage estimates linked to high magnitude, low
probability events. Even in relatively frequent events,
such as the 20-year return period, we calculate over £150
million in flood damages, whereas rare extreme events
such as the 200-year flood are forecast to generate
approximately £500 million in flood damages (Figure 3).
Damage of this magnitude indicates a need to develop
urban resilience strategies, which extend beyond resisting
damage to provide communities with the capacity to
adapt to and recover from system shocks (Butler et al.,
2014). Interventions such as distributed property resil-
ience measures provide opportunities to enhance this
capacity and so should be investigated and implemented
within urban environments (Bowker, 2007; White et al.,
2018). Other complementary strategies, such as hard
engineering, dispersed green infrastructure and catch-
ment management may also enhance the coping capacity
of downstream areas (Fletcher et al., 2015; Schanze,
2017; Webber et al., 2019).

A limitation of our study and point of note is that the
flood damages here are likely to be underestimates of
the actual disruption caused during an event of this

magnitude. This is because we calculate damages based
on direct tangible flood damages to buildings (Hammond
et al., 2015). Flooding is also likely to incur significant
additional direct damages to building contents and criti-
cal infrastructure, such as transport (Evans et al., 2020;
Pregnolato, Ford, Wilkinson, & Dawson, 2017), commu-
nication and energy networks (Hammond et al., 2018;
Stevens et al., 2020). In turn, disruption is likely to cas-
cade towards further indirect damages (Labaka,
Hernantes, & Sarriegi, 2016; Little, 2002). Furthermore,
flooding will affect the mental and physical health of
communities in ways that are challenging to account for
in purely monetary terms.

4.3 | Pluvial hazards are distributed
across the city, whereas fluvial hazards are
more concentrated

Pluvial flooding is distributed across the city, without an
easily recognisable relationship to clear features such as
watercourses or proximity to tidal waters. Figure 7 illus-
trates that every local authority super output area mod-
elled contains some level of pluvial flood damage. This is
in stark contrast to the fluvial flood damages presented in
Figure 3, which show a clear relationship between fluvial
flood damage and proximity to watercourses and the tidal
influence of the Severn Estuary. This result is expected;
however, it is noteworthy as the spatial differences in
flood damages indicate that different targeting strategies
will be required for each flooding mode.

Of particular note is the predominance of pluvial
flooding to impact homes (Figure 8), which is in contrast
to fluvial flooding, which tends to impact commercial
and industrial properties (Figure 4). Our Supporting
Information indicates that in the 100-year event pluvial
flooding poses a risk to between 3842 (baseline) and 5144
(BAU) homes, whereas fluvial flooding risks between
16 (baseline) and 74 (BAU). This significant risk posed by
pluvial flooding is evident even during lower magnitude
return periods in the present-day scenario.

On the other hand, fluvial flooding is a much more
concentrated hazard, which in this case affects the
Harbourside area, which predominantly consists of com-
mercial and industrial buildings. However, rising fluvial
flood damage to homes in future scenarios highlights
changes to flood distributions caused by increasing rain-
fall in the catchment coupled with rising sea levels in the
Severn Estuary, result in significant alterations to typical
hazards and leads to properties currently regarded as rel-
atively safe being flooded. This emphasises the need to
understand future flood risk and target effective manage-
ment strategies.
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4.4 | Effective resistance based PFR is
dependent on hazard type and intervention
distribution

Interventions reduced damage by some degree in all sce-
narios. When evaluated by EAD, the reduction of pluvial
flood damage is generally greater than the reduction in
fluvial flood damage. However, more properties are vul-
nerable to pluvial flooding within the top three flooded
areas, and therefore a larger number of properties are
treated with interventions (339 residential properties in
the pluvial and 235 in the fluvial analysis); therefore, we
have evaluated the per intervention effectiveness below.

4.4.1 | Hazard type: resistance based
PFR is most effective at mitigating shallow
pluvial flooding

When evaluated on a per property basis (Figure 11) the
reduction in total EAD caused by interventions in
the baseline scenario is much higher for pluvial defences,
which realise between £350 (strategic area) and £1,150
(individual targeting) per implementation, whilst the
average annual benefit for fluvial PFR is less than £50
per property.

However, it should be noted that interventions per-
formance in the baseline scenario is limited due to mea-
sures being targeted based on the BAU flood extents,
therefore some intervention implementations do not
realise a benefit now based on future risk. This is partic-
ularly evident for fluvial flood scenarios, which experi-
ence a much greater increase in flood hazards between
scenarios due to sea level rise, rather than pluvial
flooding for which extent is similar between scenarios.
This is demonstrated by a much greater number of

residential properties flooding in the fluvial BAU 20 and
100-year events (364–990) relative to the difference
between the same events in the baseline scenario (6–74;
Supporting Information).

Pluvial and fluvial interventions perform similarly
during the BAU scenario, with pluvial interventions
realising EAD reductions of £470 and £1,240 and fluvial
interventions realising £720 and £940. However, whilst
pluvial flood benefit remains relatively consistent across
all return periods, the majority of fluvial EAD reduction
is realised during the 20-year event (Supporting Informa-
tion). This is due to PFR effectiveness decreasing in
extreme cases when flooding reaches or exceeds the
600 mm threshold (Bowker, 2007), demonstrated by only
small reductions in fluvial damage in the BAU 200 and
1,000-year events. This highlights that resistance based
PFR is most effective at managing shallow flooding,
rather than deeper events. Furthermore, although outside
the scope of our study, other literature also highlights
that resilience and recovery based PFR can offer signifi-
cant additional benefits to households where water
ingress does occur (Beddoes, Booth, & Lamond, 2018).

Flooding above the resistance effectiveness threshold
highlights the need for management strategies to consist
of a diverse range of interventions, including property
level defences for hazard resistance and resilience, com-
plemented by dispersed catchment management mea-
sures which can mitigate hazards upstream (Schanze,
2017; Schubert et al., 2017). However, in terms of fluvial
flooding exacerbated by tidal locking, this sort of
upstream implementation may be insufficient to mitigate
the predicted sea level rise in the order of meters. There-
fore it is important that community resilience measures
are implemented to provide safe management and recov-
ery from extreme hazards and climate change mitigation
strategies are implemented on a global-scale to limit the

FIGURE 11 Reduction in

estimated annual damage per

property for all targeting

strategies. Full results are

available in the Supporting

Information
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impact of sea level rise (Butler et al., 2017; Webber, Fu, &
Butler, 2019; White et al., 2018).

4.4.2 | PFR targeting strategies:
individually targeted PFR is most effective,
particularly for pluvial hazards

We find that individually targeting PFR is always a more
effective option than focusing resources on specific high-
risk areas. This finding supports current strategies for
implementing PFR, where the flexibility of targeting indi-
vidual properties is seen as a way of addressing risks to
homes which are at a higher risk but may not benefit
from community level defences (DEFRA, 2014; Lamond
et al., 2018).

This is particularly significant in the case of pluvial
flood management, where individually targeted PFR pro-
vides an additional average benefit of between £750
(BAU) and £800 (baseline) per property per year, versus
targeting strategic areas. This significant difference is due
to the extensive and varied distribution of pluvial
flooding causing damages across a catchment. Therefore,
focusing resources on one area is not as effective as indi-
vidually targeting properties. This supports application of
catchment wide high-resolution hydrodynamic modelling
to evaluate and mitigate pluvial risks.

Differences in intervention targeting strategies are
less noticeable for fluvial flooding, where changes in
approach only represent a difference between £40 and
£210 per property (baseline and BAU, respectively). This
is due to the higher spatial concentration of fluvial
flooding making a zonal targeting strategy similar to indi-
vidual targeting. This finding supports zonal implementa-
tion of fluvial defences but indicates a need for
implementing diverse management strategies capable of
mitigating, resisting and adapting to deep flooding. This
is evident around the world in the large engineering pro-
jects used to manage tidal and fluvial flood interactions,
such as the Thames Barrier and Dutch Polder Pro-
gramme (Rowland, 2012; Stijnen, Kanning, Jonkman, &
Kok, 2014).

However, a drawback of an individually targeted
approach is that dedicating resources to the most dam-
aged properties also means the deepest flooding, which
in the case of PFR based interventions, is more likely to
exceed the 600 mm operational threshold and so may
lead to more properties flooding. We observed this when
evaluating pluvial flooding in this case study. In the base-
line scenario, strategic areas defend 187 properties in the
30-year pluvial flood, versus 84 when individually
targeting interventions (see Supporting Information).
This seems to support a strategic area targeting approach.

However, strategic targeting only realises a £1.39 million
reduction in damage, versus £4.56 million realised by the
individually targeted measures. This highlights the bene-
fit of additional economic analysis over purely counting
flooded properties.

Furthermore, this highlights that practitioners should
be wary of the events used to evaluate flood damages.
Targeting the most vulnerable properties may mean that
defences overtop in one particular return period; how-
ever, these high-risk properties will also be defended
from more frequent flooding, therefore contributing sig-
nificant benefits during lower magnitude events. Thus,
the total value of these interventions is underestimated
due to missed benefits during frequent storms. This is
demonstrated by the large increase in defended proper-
ties during lower magnitude flooding, whilst retaining a
much higher avoided damage. For example, during the
10-year event the number of properties defended by stra-
tegic and individual strategies is similar (143 and
125, respectively), whereas corresponding avoided dam-
ages are £1.06 and £3.67 million. This highlights the need
to base flood management actions on a range of return
periods, using metrics such as EAD to capture interven-
tion performance across a spectrum of extreme and rela-
tively frequent floods.

Overall, we offer general guidance that strategic level
and initial targeting of urban pluvial flood management
requires high-resolution analysis of runoff. A similar
approach provides the best outcomes for fluvial targeting;
however, the hazard is more concentrated and so a zonal
approach may be more acceptable.

4.5 | Utility and transferability of this
economic analysis approach

This approach presents a strategic tool for evaluating
placement opportunities for property-level flood manage-
ment within urban catchments. We have applied the
approach here to evaluate PFR, but it is also transferable
across other property-scale interventions. The key advan-
tage of the methodology is that high quality existing
modelling, of a type generally available across regions
with established flood management practices, is deployed
as the basis of an initial intervention assessment. The
damage assessment is also adaptable to any peak flood
depth mapping and therefore represents utility on a
global-scale. Furthermore, the approach is efficient and
can be deployed to screen a range of property-based strat-
egies to develop understanding of options in the informa-
tive preliminary stages of flood management.

A limitation of the approach is that it evaluates
property-scale impacts and not spatial adjustments to
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hazards. Other frameworks evaluating changes to flood
extent are available, but this considerably extends data
and resource requirements due to the need to develop
hydro-dynamic modelling (Néelz & Pender, 2013). The
drawback of these detailed approaches is that reluctance
for investment in them may restrict consideration of
novel management strategies, such as PFR. Preliminary
methodologies, such as ours, help bridge this gap by
developing initial evidence supporting consideration of
novel strategies.

The simplified depth-damage assessment is also rep-
resentative of broad-scale values but misses nuances of
damage to individual homes and their contents. In
future other damage factors, both tangible (infrastruc-
ture and cascading damages) as well as intangible
(health, wellbeing), should be developed (Hammond
et al., 2015). Similarly, the method only employs a high-
level analysis of cost–benefit, based on general guidance
assuming a set ratio of 1.6 for homes protected to a
25-year standard (Thurston et al., 2008). This is sufficient
for a screening study evaluating preliminary targeting,
however a detailed site-by-site assessment of property
suitability, capital, operational, and maintenance costs is
required as the next step towards implementing promis-
ing strategies.

A further limitation is that our research solely focuses
on PFR targeting strategies. In practice, PFR forms only
one component of an integrated defence scheme; there-
fore, we recommend that future research addresses the
spatial complexities of different flood defence options. It
is also noteworthy that PFR is often considered as a flexi-
ble way of extending protection to properties which do
not benefit from community level defences, so it is fur-
ther recommended that future research evaluates the
temporal opportunities of targeting PFR versus more
resource intensive strategies, using different planning
horizons to evaluate PFR's potential role supplementing
other strategies and preventing maladaptation.

In respect of these limitations, we recommended
that this methodology is applied as a screening tool to
evaluate high-level opportunities and feed this into
flood management frameworks as part of initial option
development to inform and direct later detailed
design.

4.6 | PFR should be applied on a case by
case basis, with respect to limitations and
residual risks

Whilst many studies highlight that PFR is an effective
measure in mitigating potential flood damages when
installed correctly, it is important to recognise several key

limitations in application of this approach (DEFRA,
2014; Lamond et al., 2018).

The primary limitation of resistance based PFR
remains the possibility of residual damages through over-
topping if flood levels exceed the height of defences. This
is of pertinence to our study, which focuses on resistance
based PFR. It should be noted that complementary PFR
which address water ingress inside of properties can be
applied to enhance the recovery and resilience, managing
additional risk and minimising recovery costs (DEFRA,
2012). PFR may also be unsuitable for application in spe-
cific circumstances. For example, if properties have a
non-standard construction (DEFRA, 2012), if water levels
exceed 600 mm (Bowker, 2007), flooding persists for
extended durations (Beddoes et al., 2018) or water veloc-
ity is high (BSI, 2015).

It is also important to note that effective implementa-
tion of PFR requires property owners to manage and
implement products in safe and effective manner. This
requires establishing a legacy to ensure property owners
continue to maintain, store, and deploy measures at
appropriate times. This is at odds with alternative flood
resistance measures, which are typically static and do not
require ongoing public engagement. Government guid-
ance and academic research reiterates this need for effec-
tive engagement through clear and consistent
communication about the responsibilities when
implementing PFR (DEFRA, 2014). In particular, guid-
ance highlights early engagement, clear instruction
avoiding technical terminology and managing expecta-
tions through using terms such as ‘risk reduction’, rather
than ‘flood prevention’. Further components of effective
continued engagement in support of this legacy are
timely and well communicated flood warnings and esta-
blishing trust with property owners (Owusu, Wright, &
Arthur, 2015; Terpstra, 2011; White et al., 2018). It should
be noted that flood warnings should arrive with sufficient
time for property owners to prepare, particularly in the
case of pluvial flooding which often presents rapidly.

We also highlight recent reviews on UK based PFR
studies which highlight that the majority of research is
focused on theoretical, as opposed to empirical studies
(Lamond et al., 2018). PFR has been empirically demon-
strated to perform effectively elsewhere, with notable
studies in Europe (Hudson et al., 2014; Kreibich et al.,
2011; Poussin, Botzen, & Aerts, 2014); however future
UK research should continue to develop this evidence
base from a national perspective.

With these limitations in mind, PFR should not be
considered a panacea, but if correctly targeted, installed,
maintained, and deployed can substantially reduce flood
risks to properties and the public (DEFRA, 2014; Lamond
et al., 2018).
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5 | CONCLUSIONS

Our work evaluates different targeting strategies for PFR
and presents a method which enhances decision support
through enabling a high-resolution spatial analysis rep-
resenting individual properties whilst still evaluating
strategy performance at the catchment-scale. Our method
is supported by data types, products and best-practices
which are likely to be available across, or adaptable to, a
range of international contexts where systematic and cen-
tralised flood risk management takes place. As such, it is
generally replicable in the informative preliminary stages
of strategy exploration; this is a pertinent factor in the
context of supporting wider consideration of novel strate-
gies, such as PFR, within flood risk management.

We find that flood damage reduction differs between
PFR distribution strategies and that targeting PFR at indi-
vidual properties across a catchment-scale provides more
effective damage reduction than concentrated uniform
application within specific ‘high-risk’ areas. Therefore,
we recommend that property level interventions for
urban flood management are targeted using high-
resolution analysis of flood dynamics. We find that this is
particularly important for pluvial flooding, where we
identified a benefit per property of approximately £750
more than applying a zonal targeting approach, but less
pronounced for fluvial targeting; where a more concen-
trated and predictable hazard extent means focusing on
high-risk areas is more acceptable. Our findings also
highlight the applicability of PFR to manage damages at
specific high-risk properties which may not fall under the
protection of community level defences.

Future research should enhance assessment by inte-
grating both tangible and intangible damages, evaluating
PFR measures versus other flood interventions, and
developing frameworks aimed at applying the type of ini-
tial optioneering developed in this work to complement
and support a suite of flood risk management tools.
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