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Alleviating the flood risk of critical water supply sites:
asset and system resilience
C. Henriques and G. Spraggs

ABSTRACT
Flooding can have severe impacts on the water supply services and adaptation responses for the
provision of high-quality water supplies are necessary to cope with the risks exacerbated by
climate change. This paper explores the planning process for adaptation strategies, emphasizing
current research and modelling constraints and comparing resilience strategies. The flood hazard,
vulnerability and impact were assessed based on information provided by the Environment
Agency, local knowledge and network modelling of outages. Improvements in flood estimation
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were suggested to extend the range of scenarios analysed and the geographic cover and scope of
models, whilst reducing and quantifying associated uncertainty. For evaluating consequences of
widespread flooding, information on joint flood probabilities would be relevant, particularly where
sites are interconnected. Considering the uncertainties in the approach, two strategies were
explored to manage the flood risk, i.e. enhanced asset and system resilience. Low-regret options
designed to protect a site from flooding were chosen and, where the population at risk is high,
those were complemented with long term strategies for increased robustness of supply network
to a multiplicity of risks.
Key words 9 adaptation, asset management, flood mitigation, flood risk, resilience,

water supply network

ABBREVIATIONS
Anglian Water Services

2008), can have severe implications across the whole range of

DTM

Digital Terrain Model

society, economy and the environment (e.g. Mokrech et al.

EA

Environment Agency

2008; Pitt Review 2008). From the water industry point of

LiDAR

Light Detection and Ranging

view, flooding may cause interruption or contamination of

OS

Ordnance Survey

supplies. As a response to this threat, a flood-proofing mes-

SEMD

Security and Emergency Measures Direction

sage has emerged emphasizing the need to plan for the higher

WTW

Water Treatment Works

levels of risk now emerging by taking a fresh look at vulner-

AWS

ability of infrastructure and enhancing flood resilience (e.g.
Pitt Review 2008; Water UK 2008). This is in line with the

INTRODUCTION

Stern review (2007) recommendation that adaptation is crucial to deal with the unavoidable impacts of climate change to

The flooding risk, which is likely to increase with climate

which the world is already committed (Hulme et al. 2002).

change (Hulme et al. 2002; Evans et al. 2008; Mokrech et al.

Adaptation options should reduce vulnerability to the full
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Case study area

change (Wilby et al. 2007). Moreover, even with stable
climatic conditions the need for effective flood mitigation

AWS provide water to 4.2 million people in the geographical

measures would not diminish (Marsh & Hannaford 2007).

area shown in Figure 1 (AWS 2007).

Driven by the legal requirements of the Security and

The greatest challenges to the provision of high-quality

Emergency Measures Direction (SEMD) and those of their

water supply with regards to future flooding are as follows.

customers, Anglian Water Services (AWS) is planning pro-

 The region includes the lowest-lying area in England and

tection of the key water supply sites from flooding (AWS

Wales where a quarter is below sea level. Increased

2009) under the scope of the PR09 periodic review. To

storminess and sea level rise will bring the potential risk

support the water industry, Ofwat provided guidance to

of more flooding.

assess and manage asset flood risk (Halcrow 2008). One of

 There is a concentration of intensive arable agriculture and

the major challenges was to make sure that water services are

future increased rainfall intensity may lead to the dete-

resilient enough to cope with extreme events. This paper

rioration of the resources or contamination of supplies as a

presents the methodology used to prioritize the need for
risk management identifying the assets at risk, evaluating

result of surface run-off.
 Around one million new homes are expected in the next

the consequences of flooding and assessing flood hazard

25 years (AWS 2007), which further increases pressure on

and vulnerability. The analysis considers uncertainties in

the expected levels of service.

the approach. Two options to improve resilience are discussed: enhancing asset resilience and system resilience.

Method to identify the sites at risk from flooding

The former is the design or modification of a site or building
so that it is able to withstand the effects of a flood and protect

Identification of potential assets at risk

the property (Halcrow 2008). The latter refers to the capacity
to provide alternative sources of supply to restore an accep-

Operational assets at risk were screened using information

table level of service reflecting the characteristics of the

provided by the Environment Agency (EA) complemented

supply system as a whole.

with local knowledge. The EA data are intended to be used by

Figure 1 9 The Anglian region.
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utility companies to understand the flood risk to infrastruc-

reduction in water availability were assumed not to be sig-

ture and services (EA 2006). The user-friendly tools show the

nificantly different from present (Henriques et al. 2008).

flood extent in the event of flooding from rivers and the sea
and are applicable to the whole region. They provide information for the return period that instigates adaptation

Assessing asset resilience: flood hazard and
vulnerability

responses; because, although flood risk management typically
considers timescales of 20 or 30 to 50 years (UKCIP 2006;

Asset resilience was evaluated for the sites potentially at risk

Defra 2007), there is a greater emphasis on appraisal of

from flooding with high consequences to the provision of

policies and schemes over a longer timescale of 100 years

water supplies. The flood depth was inferred from the flood

that define the medium term risk (Defra 2007). The national

extent and digital terrain models (DTM). The flood extents

guidance on the return period is important given the reliance

were obtained for a range of return periods, in line with Defra

of water supply assets on services which may also be dis-

(2006b), from the EA flood maps and/or detailed hydraulic

rupted such as power and chemical supplies.

and hydrological models, which were derived from a variety

The sites analysed were surface water and groundwater

of DTM. Given the time and resource limitations, the DTM

sources and water treatment works (WTW). To protect public

used to infer the flood depth consisted of the Ordnance

health, wastewater sites with potential long flood recovery

Survey (OS) Landform Profile and the Light Detection and

periods that are upstream of abstractions which have a low

Ranging (LiDAR) data. The former, with a vertical accuracy

storage capacity were also considered. The EA flood extent

of 1 m, was available for the whole region; the latter with

was overlaid with these sites to screen the ones at risk. Buffer

25 cm accuracy, whose geographic cover is being extended,

zones were applied to account for uncertainties on the

was used where available from the EA.

location and size of the assets and on the flood extent to
ensure that sites at risk are not excluded.

A sensitivity analysis of flood hazard was carried out to the
inevitable effects of climate change, given the use of long
timescales in the analysis. EA model outputs from a sensitivity

Evaluating system resilience – the robustness of the
supply network and the impact of asset failure on the
water supply

testing of the flood map using a 20% allowance for peak flows
over a 100-year period, which simulate a climate change
scenario, were used. The 20% band is based on the work of
Reynard et al. (1998, 2001, 2005) and is recommended by the

The identified sites at risk were prioritized given the potential

Planning Policy Statement 25 (2006) and Defra (2006a). This

impact of asset underperformance or failure on interruption to

will be superseded in 2009 by the results of the EA project on

water supplies, which depends upon the system interconnec-

‘Regionalised impacts of climate change on flood flows’.

tivity and local resource availability in terms of quantity and

Vulnerability of assets to flooding was assessed combin-

quality. MISER, registered trademark of Tynemarch Systems

ing the flood hazard information and local knowledge with

Engineering Ltd, is a decision-support tool for optimal water

site visits to determine the risks to the equipment and the

management, asset and resource planning widely in use by a

resources. Information gathered included sources and path-

large number of UK water companies. MISER (Figure 2) was

ways of flooding, asset characteristics, location/height of

used for a failure consequence modelling (Henriques & Fowler

sensitive equipment and existing/planned site defences and

2009) to explore the location and population affected by an

national flood defences making use of the EA National Flood

outage in 2015/2016 under current and planned future system

Risk Assessment.

resilience. Two types of simulation were carried out: an
individual outage of the selected sites at risk and multiple

Limitations in the approach to identify sites requiring

simultaneous failure events due to potential widespread flood

risk management

events. Average demand forecast was used and demand seasonality was accounted for if significant (e.g. holiday peak).

This study permitted identifying further research and model

Climate change induced patterns in consumption and

development/improvements beneficial for future flood risk
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Figure 2 9 Anglian Water Services MISER schematic.

assessment (Table 1). The EA modelled flood extents could be

maladaptation. Construction of embankments was the pre-

updated with more types of flooding and improved DTM to

ferred solution, but others included building walls, flood

explore a wider range of flood probabilities and scenarios

proofing buildings and improving site drainage. Adaptability

across an extended geographic region.

was incorporated in the responses which include options for
incremental enhancements to be made at minimal cost (e.g.

Enhancing flood resilience

raising embankments).

Improving asset resilience in the face of uncertainty

flood depth with a freeboard to cope with uncertainty. To

The height of the defence was based on the estimated
facilitate the identification of the adequate level of freeboard
In order to plan for adaptation options, it is fundamental to

protection, a sensitivity analysis to the cost of the protection

consider uncertainty, namely in a changing future, and how

was carried out and 1 m was found to be cost effective

this uncertainty impacts on the decisions (Willows & Connell

(Figure 5). Increasing the freeboard further was considered

2003). A site-specific analysis was carried out to choose robust

not to be practical and to have aesthetical implications

and cost-beneficial measures, i.e. low-regret options which

particularly in urban areas with potential planning permission

allow an asset to operate while it is flooded protecting

issues. Moreover, if the uncertainty is very high, a complete

the equipment and preventing contamination of supplies.

relocation of assets or improved system resilience may

Adaptable and low-regret responses were favoured to avoid

be more suitable due to potential large-scale disruption.
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Table 1 9 Limitations in the flood risk assessment carried out

Method used to (partially) overcome
the limitation

Limitations

Significance/Risk

The flood extents do not yet consider pluvial and groundwater
flooding.

Pluvial flooding can have severe consequences as illustrated by the 2007 UK summer floods (Pitt Review
2008) and is important due to increased risk from
surface water flooding in the future (Evans et al.
2008). Groundwater flooding is significant in some
parts of the Anglian region.

Flooding history was captured to identify
the sites at risk.

The EA flood extents were derived
from topographic data with low
accuracy.

Important for correct screening of sites at risk.

Expert local knowledge on the geography
and topography of the sites was used to
verify the sites considered at risk.

High uncertainty on estimated flood The average estimated depth for the sites at risk is 0.4 m;
depth. This is due to the inaccubut the estimates with LiDAR are, on average, 0.05 to
racy and mismatch of the DTM
0.68 m higher than those estimated with the OS data
used to model the flood extent
(a ¼ 0.05, n ¼ 38). The high uncertainties and lack of
and to infer the depth from that
their quantification can result in the choice of inapextent.
propriate mitigation options.

Adaptation options that cope with depth
uncertainties were chosen.

Data for a range of return periods
Important to choose cost-beneficial mitigation options
(e.g. Figure 3) were only available
that consider the life span of the asset.
for 4% of the assets at risk.

Flood hazard probability was not considered due to scarce and uncertain
data.

One single climate change scenario To ensure that policies adopted now are suitable and do
not limit future options.
available for a small number of
sites.

1:1000 return period was assumed as a
surrogate for the impacts of climate
and socio-economic change in the
medium term as inferred from the
sample in Figure 4.

No consideration of future socioeconomic changes.

As above. Future flooding depends not only on climate
change but also on socio-economic changes (Reynard
et al. 2001; Defra 2007; Wilby et al. 2007; Evans et al.
2008; Mokrech et al. 2008) such as urbanization and
land management.

This emphasizes the need for reduced and quantifiable

Currently, flooding of seven catchments poses risk to a

uncertainty in the tools used, as defended by Wilby et al.

population of over 50,000, which threshold is defined by the

(2007), to better inform the risk mitigation process.

SEMD. Options to enhance asset resilience were not proposed for the assets in catchments I, K, M, O, P, Q, R, S, T and

The efficiency of enhanced asset resilience

U because the MISER results for individual outages showed
that the risk to the population is low due to existing system

An outage was modelled with MISER simulating the situation

resilience. With the proposed enhanced asset resilience, the

before and after the implementation of the mitigation options.

population at risk is below target (Figure 6), confirming the

This allowed assessment of the population exposed at risk

suitability of the chosen options under this simultaneous

and if the SEMD requirements would be met in a catastrophic

outage scenario.

event. Flooding joint probabilities are not yet available from
the Defra/EA ‘Spatial Coherence of Flood Risk’ project and

Robustness of enhanced system resilience to flooding

Keef et al. (2009). Therefore, the simulation assumed that all
the sites at risk from flooding in a given catchment would fail

In order to manage the flood risk building adaptive capacity

simultaneously. The selected catchments represent a ‘worst-

and guide long term planning, enhancing system resilience

case’ scenario where the whole hydrological unit is affected

was explored. It has advantages over asset resilience because

by widespread flooding. Simultaneous outages of sites with

it is more robust to uncertainties and protects the customers

common flooding history were also simulated.

not only from flooding but also from drought and lower
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Figure 3 9 Flood frequency relationship for an asset showing flood depths for a range of
return periods and a climate change scenario (1:100 þ 20%). The flood extents
for a return period greater than 100 years were simulated by more than one

Figure 6 9 Population equivalent at risk in case of widespread flooding. Results shown per
catchment before and after implementation of flood mitigation options.

model that covered the geographical area in question.

probability events such as fire and significant pollution incidents, creating ‘win-win’ situations. Local solutions, typically
2.5

the least costly that can be delivered in the short term, were
1:100

Flood depth (m)

2.0

1:100 + 20%

1:1000

considered such as accelerating the delivery of proposed
supply-demand projects, duplicating infrastructure and

1.5

increasing connectivity. MISER modelling with single
outages was carried out to optimize measures for enhanced

1.0

system resilience. The costs of these measures were signifi0.5

cantly higher than those to improve asset resilience; i.e. up to
140 times greater, only being justifiable when the population
4
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at risk is greater than 30,000.
The ability of the proposed improved system resilience to

Asset number (and model)
Figure 4 9 Flood depth for 12 assets. The flood extent of assets 7 and 10 was simulated by
two models. The fluvial 1:100 þ 20% event has a probability of happening
between the 1:100 and the 1:1000 events, the depths of which differ by
up to 1.5 m.

provide robustness to the system was modelled and analysed
for distinct examples (Figure 7). The north-east coast is
characterized by relatively small WTW with good intercon-
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Figure 5 9 Sensitivity analysis of the freeboard used on the cost to protect the assets. 1
metre freeboard corresponds to 100% of the cost. The cost is less sensitive to
the freeboard if lower than 0.7 m due to fixed costs such as for contractors, and
preparing ground conditions and foundations.
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system resilience may be compromised by the wider impact of

Both options to improve asset and system resilience

flooding likely to affect several sites in catchment A (Figure 7).

were considered. Suitable measures are cost-efficient, low-

Securing supply to the customers also involves increasing

regret, adaptable and/or multi-purpose. The MISER model

asset resilience at the major sites (Figure 6).

was used to optimize the resilience measures. Single

By contrast, the south-west part of the region contains a

outages were applied where populations are dependent for

series of systems in which large populations are dependent

supplies on single treatment works. Where there is good

for supplies on single treatment works. As a result, enhancing

interconnectivity and dual sourcing options, it became

the system resilience at the major supplies in catchments

important to evaluate the robustness of the system to

B and D significantly reduces the population at risk, even in a

simultaneous outages likely to occur due to a widespread

widespread flood event (Figure 7). This suggests there is not a

flood event. Enhanced asset resilience was the favoured

direct need to implement flood mitigation options at those

option. Improved system resilience, more robust to uncer-

sites as opposed to the north-east coast. However, improved

tainties associated with a number of drivers and responses

system resilience schemes should be complemented with

to flood risk, was only justifiable for large population

enhanced asset resilience. Because some system resilience

centres as it is costly. Improved asset resilience was found

solutions strategically consist of supply-demand schemes

to be complementary to system resilience because it pro-

being brought forward, future growth will gradually erode

vides asset and resource protection and, where supply net-

the resilience these schemes provide. Therefore, providing

work interconnectivity exists, it also prevents erosion of

full asset resilience may prevent interruptions to the supply

resilience due to potential widespread floods.

of water in the long term whilst providing other benefits in
the short term such as protection of equipment avoiding
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CONCLUSION
AWS is adapting to cope with extreme flood events in a
changing climate avoiding potential interruptions and
contamination of water supplies. The method prioritized
the water supply sites at risk with impact to the customers.
Double jeopardy was considered such as potential contamination of resources by wastewater sites. Network interconnectivity was found to provide additional resilience which
resulted in a requirement for less intensive engineering
solutions. The analysis used the best available regional
tools and identified further challenges in flood estimation
such as to explore alternative scenarios and probabilities,
reduce and quantify uncertainties, extend the cover of the
models, simulate the major flood types and estimate joint
flood probabilities. To overcome the uncertainties site
knowledge and the choice of appropriate adaptation
options was critical.

Downloaded from https://iwaponline.com/aqua/article-pdf/60/1/61/401717/61.pdf
by guest

REFERENCES
Anglian Water Services 2009 PR09 Final Business Plan; Part-A: The
Company Strategy: http://www.anglianwater.co.uk/index.php?
contentid ¼ 1321&sectionid ¼ 103&parentid ¼ 50.
Anglian Water Services 2007 Strategic Direction Statement
2010–2035: http://www.anglianwater.co.uk/_assets/media/strategic-direction-statement.pdf.
Defra 2007 Sustainable Flood and Coastal Erosion Risk Management.
R&D Technical Report Part-1 FD2015/TR1.
Defra 2006a Flood and Coastal Defence Appraisal Guidance
FCDPAG3 Economic Appraisal Supplementary Note to Operating
Authorities – Climate Change Impacts. http://www.defra.gov.uk/
environment/flooding/documents/policy/guidance/fcdpag/
fcd3climateqa.pdf.
Defra 2006b Flood Risks to People, Phase 2. Guidance Note 4 Flood
Mapping. FD2321/TR2 Guidance document. Flood mapping, pp.
33–40: http://www.rpaltd.co.uk/documents/J429-RiskstoPeople
Ph2-Guidance.pdf.
Environment Agency 2006 Understanding the Flood Risk. Using our
Flood Map. Identifying and Understanding Flood Risk in England
and Wales: http://publications.environment-agency.gov.uk/pdf/
GEH00306BKIY-e-e.pdf?lang ¼ _e.

68

C. Henriques and G. Spraggs 9 Flood risk alleviation of water supply sites

Evans, E. P., Simm, J. D., Thorne, C. R., Arnell, N. W., Ashley, R. M.,
Hess, T. M., Lane, S. N., Morris, J., Nicholls, R. J., Penning-Rowsell,
E. C., Reynard, N. S., Saul, A. J., Tapsell, S. M., Watkinson, A. R. &
Wheater, H. S. 2008 An update of the Foresight Future Flooding
2004 qualitative risk analysis. Cabinet Office, London.
Halcrow 2008 Asset Resilience to Flood Hazards: Development of an
Analytical Framework: http://www.ofwat.gov.uk/pricereview/ltr_
pr0912_resilfloodhazglos.pdf.
Henriques, C. & Fowler, M. 2009 Case study in resilience analysis
and scheme selection. Computing and Control in the Water
Industry (CCWI) 2009 Conference Proceedings. Sheffield, September 2009.
Henriques, C., Holman, I. P., Audsley, E. & Pearn, K. R. 2008 An
interactive multi-scale integrated assessment of future regional
water availability for agricultural irrigation in East Anglia and
North West England. Climatic Change 90, 89–111.
Hulme, M., Jenkins, G. J., Lu, X., Turnpenny, J. R., Mitchell, T. D., Jones,
R. G., Lowe, J., Murphy, J. M., Hassell, D., Boorman, P., McDonald, R. & Hill, S. 2002 Climate Change Scenarios for the United
Kingdom: The UKCIP02 Scientific Report, Tyndall Centre for
Climate Change Research, School of Environmental Sciences,
University of East Anglia, Norwich.
Keef, C., Lamb, R., Tawn, J. A. & Dunning, P. 2009 Multiscale
Probabilistic Risk Assessment. In: Flood risk management:
Research and pratice (W. Allsop, P. Samuels, J. Harrop & S.
Huntington, Eds). Chapter 124, CRC Press, Boca Raton.
Marsh, T. J. & Hannaford, J. 2007 The Summer 2007 Floods in England
and Wales – A Hydrological Appraisal. Centre for Ecology &
Hydrology, Wallingford.
Mokrech, M., Nicholls, R. J., Richards, J. A., Henriques, C. & Holman,
I. P. 2008 Regional impact assessment of flooding under future
climate and socio-economic scenarios for East Anglia and North
West England. Climatic Change 90, 31–55.

Journal of Water Supply: Research and Technology—AQUA 9 60.1 9 2011

Pitt Review 2008 Learning lessons from the 2007 floods. The Cabinet
Office: http://archive.cabinetoffice.gov.uk/pittreview/thepittreview/
final_report.html.
Planning Policy Statement 25 2006 Development and Flood Risk:
http://www.communities.gov.uk/publications/planningandbuilding/
pps25floodrisk.
Reynard, N. S., Crooks, S. M. & Kay, A. L. 2005 Impact of climate
change on flood flows in river catchments – final report. Bristol,
Environment Agency. (CEH Project Number: C01967,R&D Technical Report W5-032/TR.): http://publications. environmentagency.gov.uk/pdf/SCHO0305BIWE-e-e.pdf.
Reynard, N. S., Prudhomme, C. & Crooks, S. M. 2001 The flood
characteristics of large UK rivers: potential effects of changing
climate and land use. Climatic Change 48, 343–359
Reynard, N. S., Prudhomme, C. & Crooks, S. M. 1998 Climate change
impacts for fluvial flood defence. Report to Ministry of Agriculture,
Fisheries and Food, FD0424-C.
Stern Review 2007 The Economics of Climate Change. The Cabinet
Office: http://www.hm-treasury.gov.uk/sternreview_ index.htm.
UKCIP 2006 Expressed preferences for the next package of UK climate
change information. Final report on the user consultation, 26 pp:
http://www.ukcip.org.uk/scenarios/ukcip08/documents/User_
Consultation_report_v5.pdf.
Water UK 2008 Lessons Learned from the Summer Floods 2007; Phase
1 Report – Emergency Response. Water UK’s Review Group on
Flooding: http://www.water.org.uk/home/news/press-releases/
floding-review-phase-1-4-feb-08/wateruk-review-group-on-floodingphase-1.pdf.
Wilby, R. L., Beven, K. J. & Reynard, N. S. 2007 Climate change and
fluvial flood risk in the UK: more of the same?Hydrolog. Process.
Willows, R. I. & Connell, R. K. 2003 Climate Adaptation: Risk,
Uncertainty and Decision-making. UKCIP Technical Report,
UKCIP, Oxford.

First received 1 July 2009; accepted in revised form 11 June 2010

Downloaded from https://iwaponline.com/aqua/article-pdf/60/1/61/401717/61.pdf
by guest

