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Abstract 
England has an extensive history of widespread flooding and with a changing climate 

increasing the regularity of extreme weather events, it is vital that the vulnerability of 

England’s road networks to flooding is understood to reduce the risks and impacts for 

the public and economy. In this study, flood scenarios modelled using the Risk of Flood 

from Rivers and Sea (RoFRS) dataset were spatially intersected at a district level with 

the national road network. This enabled comparative analysis to be made between 

districts and the spatial variations in road network flood vulnerability to be presented. 

Various demographic datasets were also included in the analysis, to create a more 

expansive approach to the assessment of road network flood vulnerability in England. 

The results from this study present the spatial distribution of road network flood 

vulnerability across the selected flood scenarios and have facilitated an evaluation of 

the national strategies for road network flood risk from both a social and economic 

perspective. ‘Hotspot’ districts for road network flooding were also identified through 

the analysis with the district specific risks and mitigation strategies for road network 

flooding examined further. Overall, this study concludes that the theoretical framework 

and practical application of road network flood management in England needs 

adjustment, so it can be adopted at a local level to address the plethora of risks and 

impacts that road network flooding poses both socially and economically. 
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1. Introduction 
For centuries, settlements have developed near rivers and coastlines to reap their 

diverse benefits. However, in recent decades, the consequences and frequency of 

extreme flood events has increased globally with over a third of economic damage 

caused by natural disasters attributed to flooding (Bosello et al., 2018). From 2012 - 

2018, widespread flooding has been experienced across the UK with economic 

damages rising from £1.3 billion in the winter of 2013-14 (Department for Environment 

and Rural Affairs, 2014), to an estimated £1.6 billion in the winter of 2015-2016 

(Environment Agency, 2018a). In the latest UK climate change risk assessment, the 

government presented evidence that climate change could lead to more frequent 

heavy rainfall events as well as rising sea levels, which would likely result in an 

increased risk of flooding from fluvial, coastal and surface water sources (HM 

Government, 2017).  

However, the impact of climate change on flood frequency and magnitude in the UK is 

disputed, as confidence in these studies remains low due to an absence of suitable 

long-term records that might suggest recent flood events in the UK are beyond the 

scope of natural variability (Hannaford, 2015; Wilby and Quinn, 2013). Regardless of 

the uncertainty over the expectations for future flooding in the UK, through reviewing 

the UK’s performance during past flood events it has been concluded that there have 

been serious failings in the management and response to flood risks and in identifying 

specific measures to improve the response to flooding and the resilience of 

communities (Pitt, 2008). This reaffirms the need for more extensive flood risk 

management research, to mitigate against the growing vulnerability to flooding that UK 

society faces.  

Flooding is responsible for a diverse range of impacts on society, but its debilitating 

effects can be felt most sharply in our transportation networks (Pregnolato et al., 2017). 

The UK road network is particularly vulnerable to flooding with close to 15% of all 

damage costings for the 2015-16 winter floods being attributed to this sector 

(Environment Agency, 2018a). For risk management authorities, it is crucial that their 

flood risk strategies are formed with an understanding of the impacts flooding can have 

on their road networks. As during a flood event, impassable roads have been shown 

to cause both physical and economic damage as well as increasing the exposure for 
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communities and the vulnerable populations within them to the risks that flooding 

poses (Hammond and Chen, 2016; Kramer et al. 2016). 

Previous risk assessments have been performed that specifically consider the 

vulnerability of the UK road network to flooding, but often these studies focus solely on 

the ‘Strategic Road Network’ (SRN) that is comprised of 4,300 miles of motorways and 

major A-roads (Highways England, 2016). Hankin et al., (2016) provides the most 

recent, comprehensive analysis of predicted flood risk for the SRN in England, whilst 

also identifying ‘hot spots’ for flooding within this network. Research focused on the 

SRN is understandable as it is a crucial infrastructural asset for the UK economy, but 

also key for the effective implementation of flood management solutions across the 

country (Highways England, 2016; Cartwright et al., 2018).  

However, there has been little research that considers the impacts caused by road 

network flooding at a localised level. The wider effects of road closure due to flooding 

such as limiting emergency service response times and effectiveness, increasing the 

exposure of vulnerable populations to the risks of flooding and its economic 

consequences have all been identified as areas lacking significant empirical study 

(Coles et al., 2017; Arkell and Darch, 2006).This study is a preliminary investigation 

that presents the spatial distribution of road network vulnerability to flooding for 325 

districts in England before appraising the road network flood risk management 

strategies of the most vulnerable ‘hotspot’ districts. Vulnerable populations are more 

likely to be exposed to the risks of road flooding (Lumbroso et al., 2008; Garbutt et al., 

2015), so this study has also incorporated data on the spatial distribution of elderly and 

disabled populations within each district. The flood management strategies for the road 

network flooding ‘hotspot’ districts that contain a large vulnerable population have also 

been assessed, offering a more expansive and multifaceted assessment of road 

network flood vulnerability in England. 

1.1 Flood Risk Management in the UK 

Whilst the focus of this study remains on the vulnerability of England’s road network to 

flooding, the overall approach to flood risk management in the UK has significant 

influence on the methods and rationale behind protecting the road network from 

flooding. Traditional hard engineering approaches to flood risk management have, 

over the years, been studied and their limitations illuminated with critics arguing that 

construction of flood defences encourages development in flood risk areas, resulting 
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in long term increases in risk as well as developing a reliance on one type of flood 

management solution (Collenteur et al., 2015; Steinfuhrer et al., 2009; Penning-

Rowsell and Pardoe, 2015). In 2004, the ‘Making Space for Water’ strategy document 

was published by the Department for Environment, Food and Rural Affairs (DEFRA) 

with its main objective to show that UK flood management was shifting towards the 

acceptance of floods as natural processes and the need to manage their impacts, as 

and when they occur (DEFRA, 2005a). 

Despite this altered approach to flood management, the UK remains vulnerable with 

widespread flooding continuing in 2007 (Pitt, 2008), 2012 (Webb, 2013), 2013-14 

(Muchan et al., 2015) and 2015-16 (Marsh et al., 2016). However, these flood events 

have been responsible for prioritising the development of localised flood management 

structures. The Planning Policy Statement 25, first published in 2006, followed by the 

Flood and Water Management Act of 2010 (FWMA) which made unitary authorities 

and county councils the Lead Local Flood Authority (LLFA) for their area, has enabled 

the foundations for flood risk policy to be developed at a local government level 

(Communities and Local Government, 2006; DEFRA, 2017). This has resulted in 

councils creating their own Strategic Flood Risk Assessments (SFRAs) and Local 

Flood Risk Management Strategies (LFRMS) which appraise current flood defence 

infrastructure, identify areas of risk for a magnitude of flood scenarios and aid the 

establishment of appropriate policy for site developments through minimising flood risk 

to local communities (Communities and Local Government, 2012). Widespread 

flooding remains a key issue for the UK, but a fresh approach to flood risk at a national 

scale spearheaded by the ‘Making Space for Water’ strategy has resulted in a 

redistribution of responsibility to a localised level. It is believed that this decision has 

enabled more flood risk management schemes to be delivered and that these schemes 

are more holistic in their approach, through offering a wider range of benefits (DEFRA, 

2017). 

1.2 Impacts caused by road network flooding 

Road network flooding can have a diverse range of impacts as the increasing 

interconnectedness within society often relies upon transportation infrastructure to 

move cargo, people and information (Rodrigue et al., 2016). Road flooding is frequently 

identified as one of the first causes of death during a flood event, as motorists can be 

caught out by rising flood waters or underestimate the depth of flooding once the initial 
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storm phase passes (Jonkman and Kelman, 2005; Ashley and Ashley, 2008). 

Vulnerable groups within communities such as the elderly or severely disabled will 

often require additional assistance during a flood event to evacuate and, due to their 

lacking mobility, rely upon transportation that predominantly uses the road network 

which could expose them further to risks that road network flooding causes (Tamura 

et al., 2005). Most vulnerable populations are prioritised in flood evacuations and this 

is effective to a degree, as many vulnerable populations are concentrated in specific 

areas such as care homes and sheltered housing (Lumbroso et al., 2011). However, 

challenges remain in identifying and extracting vulnerable populations living outside of 

the traditional care system due to their spatial dispersal amongst the wider community 

(Vink et al., 2014). 

Flooded roads have also been identified as significant obstacles for the delivery of 

emergency services, as there are often routes within a road network that are critical 

for accessing facilities such as hospitals (Koeste and Rietveld, 2009; Lumbroso and 

Vinet, 2012). Studies have been completed that assess the impact of road network 

flooding on the response times and effectiveness of emergency services through 

performing service area analysis, which quantifies how flooded roads can increase 

callout response times and, in some cases, cut off areas from being accessible in 

conventional vehicles (Coles et al., 2017). Yin et al., (2017) modelled coastal flooding 

in Lower Manhattan and revealed that emergency service response would be 

significantly affected by road network flooding, with 37% of study area completely 

inaccessible for police response under a 1 in 500 year scenario. For ambulance 

services, the impact would be even more pronounced as due to flooded roads, only 

one EMS centre would be operational under that flood extent (Yin et al., 2017). 

Research on the damage caused to, and by, road network flooding is limited, as 

studies focus on the more significant losses seen in other infrastructure such as 

residential property (Deniza et al., 2017; Escarameia et al., 2015). However, the 

tangible costs for road damages are significant during flooding as inundated road beds 

can become oversaturated and collapse, bridges and other crossings can be washed 

out by flood waters and paved surfaces can delaminate making them unusable until 

repair (Reese and Ramsay, 2010). Road network flooding can also have a severely 

detrimental impact for businesses, as road flooding often causes disruption through 

limiting travel routes thus slowing down supply chains (Smith et al., 2015). Dutta’s et 
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al., (2003) showed that when simulating a major flood event, where 360mm of rainfall 

fell over a four-day period in Japan’s Ichinomiya River Basin, traffic delays would result 

in losses upwards of £3.8 million. However, this is considered an intangible loss which 

is often overlooked due to the more visible cost that flooding causes to infrastructure 

through physical damage (Hammond et al., 2015). 

The UK road network is a crucial infrastructural asset for maintaining the national 

economy, delivering services and moving the population, but is susceptible to the 

impacts of road network flooding detailed previously. In the 2007 floods, many 

motorists around the country were exposed to the effects of the flooding leaving almost 

10,000 stranded (Department for Transport, 2014). In 2012, 50mm of rain fell on 

Newcastle upon Tyne trapping many drivers on their commute home through a 

combination of impassable roads and hours of slow-moving traffic (Newcastle City 

Council 2013). This resulted in the abandonment of vehicles and over £8 million in 

physical damage to the roadway (Eckersley et al., 2018). Coles et al., (2017) found 

that ambulance and fire service response times in York during a flood event increased 

significantly with 32% of care homes and 35% of sheltered accommodation 

unreachable within the 8-minute required threshold for a high-priority incident. Similar 

results were obtained by Green et al., (2017) in Leicester, with 10-minute response 

times for fire and rescue services dropping from 100% under a no-flood scenario, to 

39.8% in a 1 in 100 year flood scenario and only 26.2% in a 1 in 1000 year scenario 

(defined by the Environment Agency). From an economic perspective, the UK suffers 

when the road network is flooded, with the 2013-14 winter floods causing tangible 

damage to crucial infrastructure such as the Newhaven swing bridge which had its 

gearing, electrical and drive systems inundated and wasn’t fully operational until May 

2014 (DfT, 2014; CAPITA, 2016). Intangible economic consequences can be identified 

too, with a breach in flood defences in North Lincolnshire causing inundation across 

important road links between industrial areas meaning that for over two months, 

businesses had to follow a 16-mile diversion route (DfT, 2014). In some cases, the 

closure of a major road due to flooding can have economic losses of £100,000 an hour 

(Arkell and Darch, 2006). This diverse portfolio of consequences caused by road 

network flooding in the UK evidences how crucial it is to clearly understand: the 

vulnerability of the road network to flooding, the risks this vulnerability creates and how 

to implement strategies to reduce exposure and increase resilience. 
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1.3 Road network flood risk management 

The impacts of road network flooding have been expressed, but it is important to note 

that not all road links are equally critical to the overall functioning of the network. When 

assessing the vulnerability of a road network, it is useful to identify roads that, if 

inundated, would cause the largest impact on the overall network performance as well 

as formulate strategies to reduce the risk of exposure for these critical links (Balijepalli 

and Oppong, 2014).Taylor et al., (2006) used indices such as Hansen’s integral 

accessibility index which quantifies the importance of a location based on employment 

opportunities and population figures to identify critical links in the road network or ‘weak 

spots’ that if impassable, would have severe effects on the accessibility to specific 

locations and the overall performance of the network. However, the results were limited 

as the focus was on the sparse regional networks of Australia. Other studies have 

looked to quantify the importance of specific road links through calculating the increase 

in travel costs that would occur if road links were closed (Jenelius et al., 2006). 

However, these methods only indicate vulnerability when access is completely cut off 

across a sparse road network, which is why Balijepalli and Oppong (2014) call for a 

more robust methodology when addressing denser, urban road networks. Balijepalli 

and Oppong (2014) argue that accessibility alone shouldn’t be the sole concern when 

assessing road network flood risk management, as understanding a road links 

importance to the overall function of a network is crucial and this has been 

demonstrated through Coles et al., (2017), Green et al., (2017) and Yin et al., (2017) 

studies of road network flooding impacts on emergency service response times. 

The approach for road network flood management solutions in the UK has been 

directed significantly by the ‘Making Space for Water’ strategy (DEFRA, 2005a), as 

Hankin (2014) believes that when addressing road network flooding in the past, 

solutions have often failed to address the source of flooding and instead, simply treated 

the symptoms of the problem. Hankin (2014) explains that it is not road flooding per se 

that is the issue, but the decisions to build in areas prone to flooding or interrupting 

natural flows of water. Traditional road network flood management interventions such 

as culverts, bridges and flood walls are still used across the UK but ‘Making Space for 

Water’ has encouraged the use of natural flood storage measures to minimise road 

flooding, as it can significantly reduce the capital expenditure and aligns with the belief 

that floods are an integral part of a wider catchment system and that the consequences 
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need to be managed rather than defended against (Hankin 2014; DEFRA, 2005a; 

Dadson et al., 2017). Hankin (2014) also emphasises that non-structural interventions 

such as traffic management are becoming a key part of road network flood risk 

management. Oliveria et al., (2013) found that real-time traffic management based on 

forecast weather significantly reduce traffic disruption using hydrologic–traffic 

simulations in the Brazilian city of Belo Horizonte. This shift away from structural 

interventions for managing road network flood risk is reflected in the increasing 

research value of studies that model road network hierarchies (Balijepalli and Oppong 

2014; Albano et al., 2014; Yang et al., 2015), as they offer an opportunity to understand 

the economic and social impacts of road network flooding and how to better mitigate 

against the risks and impacts it creates (Coles et al., 2017; Green et al., 2017; Yin et 

al., 2017; Arrighi et al., 2019). 

1.4 Flood resilience within vulnerable populations 

Identifying and reducing social vulnerability is a major part of making a community 

more resilient to flooding but Twigger-Ross et al., (2015) argue that this is almost 

impossible to achieve at an institutional level because of the extent to which 

vulnerability is dispersed within a community (Vink et al., 2014). Developing flood 

network groups utilises the social capital that exists within communities and allows for 

a more effective identification of vulnerable members of society (Twigger-Ross et al., 

2012; Nye et al., 2011). During a flood event, these networks can provide the 

necessary support to vulnerable groups such as the elderly and disabled, which is a 

crucial part of raising their resilience to flooding, despite their potential lack of mobility 

or understand of the risks flooding poses (Twigger-Ross et al., 2012). A pathfinder 

project in Devon saw a collaboration between community response teams and parish 

councils to identify vulnerable people through examining census records and within 2 

years, 75% of parish councils had record of vulnerable populations to flooding 

compared to an initial 10% baseline (Twigger-Ross et al., 2015). The community 

response teams were then able to share their local knowledge to advise emergency 

responders on the location of flooded roads and where vulnerable people are located 

(Twigger-Ross et al., 2015). The success of community participation in increasing 

resilience to flooding demonstrates why it is essential that a better understanding of 

local road network flooding vulnerability and impacts is developed. 
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1.5 Aims and Objectives  
 

The vulnerability of England’s road network to flooding is clearly visible, but only a 

small number of studies evidence some of the risks and impacts it can create. No study 

has identified the spatial variations in road network flood vulnerability across England, 

but this is an essential research step to direct future studies to the areas where 

vulnerability to the risks, impacts of road network flooding is most prominent.  

The aim of this study is to present the spatial distribution of road network flood 

vulnerability across England’s districts and investigate the most vulnerable districts 

using multiple flood scenarios and demographic data. 

Objectives:  

• Present the vulnerability of England’s road network to flooding at a district level.  

• Identify ‘hotspot’ districts and investigate whether their flood risk management 

plans address road network flooding vulnerability and its impacts.  

• Present a vulnerability ranking using England’s district road network flooding 

combined with the proportion of vulnerable populations residing in each district.  

• Identify ‘hotspot’ districts and investigate the strategies implemented to make 

vulnerable populations more resilient to the risks that road network flooding 

pose. 

 

2. Methods 
2.1 Study Site 

This study aims to present the spatial distribution of road network flood vulnerability 

across England, but also address the lack of research into the impacts of road network 

flooding to vulnerable areas at a local scale, so this study considered all 325 districts 

in England. However, the Isles of Scilly district has been excluded, as many aspects 

of local government responsibility are shared with the Cornwall Council including their 

flood defence programme (HM Government, 2015). Approaching the study at a district 

level was grounded by the implementation of policy that has transferred the 

responsibility for developing, maintaining and applying a strategy for local flood risk 

management to local government (DEFRA, 2017) allowing for individual appraisal of 

district strategies for reducing the vulnerability, impacts and risks of road network 

flooding. 
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2.2  Flood Scenarios 

The dataset used to assess road network vulnerability to flooding represents the 

predicted flood risk originating from fluvial, tidal and coastal sources (Environment 

Agency, 2018b). The predicted risk is quantified into four probability bands 

summarised across 50x50m cells with three selected in this study. 

• High – each year, there is a chance of flooding greater than 1 in 30 (3.33% 

Annual Exceedance Probability) 

• Medium – each year, there is a chance of flooding between 1 in 30 (3.33% AEP) 

and 1 in 100 (1% AEP) 

• Low – each year, there is a chance of flooding between 1 in 100 (1% AEP) and 

1 in 1000 (0.1% AEP) 

The predicted flood risk also takes into account flood defences by considering their 

condition and construction type. Following the Risk Assessment for Strategic Planning 

(RASP) framework, the ‘Source-Pathway-Receptor’ model is used to quantify the risk 

and impacts of flood defence failure and over-topping from rivers and the sea (Hankin 

et al., 2016; Hall et al., 2003; Environment Agency, 2004). 

The final flood extent dataset used was the Environment Agency’s Recorded Flood 

Outlines with the earliest data collected in 1946, which show the extent of historic 

flooding from rivers, the sea, groundwater and surface water (Environment Agency, 

2016a). 

2.3 Road network intersect 

In ArcGIS, the flooding datasets were overlaid with the national road network dataset 

containing both public and privately maintained roads and a shapefile composed of 

England’s districts (EDINA Digimap, 2018), A model was created that automated the 

intersecting of the road network with each flood scenario and its output showed the 

areas of road network that are predicted to be inundated at different flood magnitudes. 

This output dataset was then spatially attributed to the boundaries of each district so 

when the data was exported, a comparative analysis could be made at a district level. 

2.4 Road network flooding 

The exported intersect data for each flood scenario was manipulated in Microsoft Excel 

to produce a ranking of the proportion of all roads flooded (%). The ranked data was 

then visualised in ArcGIS using choropleth maps to present the spatial variation of road 
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network flooding between districts and between flood scenarios. The top ten most 

vulnerable districts for each scenario were also presented.  

2.5 Road network flooding when considering population density 

Whilst certain district road networks may be highly vulnerable to flooding, it is only 

when a large population is exposed to road network flooding that its impacts and risk 

are fully experienced (Tacnet et al., 2013). Therefore, district level population data 

was obtained from the Office of National Statistics (2018) and cross-referenced with 

the proportion of road network flooding figures enabling a ranking to be created. The 

ranking system assumed that vulnerability to road network flooding risks and impacts 

increased proportionally when combining larger population and flooded road figures. 

This data was presented in an identical format using choropleth maps which also 

displayed the top ten hotspot districts. 

 
2.6 Road network flooding when considering vulnerable populations 

With Cutter et al., (2009) explaining that communities with fewer elderly and disabled 

residents likely exhibit greater resilience to flooding, district level census data was 

collected for people over the age of 60 and for people whose disability made them 

severely immobility (ONS, 2018). There is almost certainly an overlap between the 

elderly and disabled population figures, but to reduce complexity, this study assumes 

they are separate demographics. The data was ranked using the same system and 

presented in an identical format using choropleth maps to show the spatial variation in 

vulnerability between districts and across flood scenarios along with the top ten hotspot 

districts.  

2.7 Hotspot districts for road network flooding 

Performing detailed analysis of the top ten hotspot districts across four scenarios using 

three sets of parameters would be beyond the capacity of this study, so an aggregation 

of the 1 in 30, 1 in 100 and 1 in 1000 year rankings was created which identified the 

two most vulnerable districts under each population parameter for further investigation. 

Hotspot district maps were created to provide contextual information about the district’s 

road network layout, main rivers and spatial distribution of flooded roads. For each 

district, the flooded roads classification (Table I) was also presented in a pie chart to 

illustrate how the type of road flooded can alter between districts and across flood 

scenarios. This decision was supported by the approach of similar studies whereby 
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multiple flood scenarios are examined in an area of interest (Green et al., 2017; Yin et 

al., 2017) justifying this study’s focus on the selected districts. 

2.8 Hotspot district postcode analysis  

Whilst the hotspot district figure’s were effective at presenting the spread of road 

flooding across a district, they failed to show the population density within the district 

itself. Using a postcode sector dataset (ONS, 2018) that had been spatially joined to 

population data, choropleth maps were produced to show the population density 

throughout a district and enable a more insightful vulnerability analysis of the hotspot 

districts. 

3. Results 
3.1 National road network flooding  

Figure 1 presents the district variability in road network flood vulnerability when purely 

considering the proportion of road network affected. Table II is a collation of analysis 

completed on the changes and trends identified which will be used to direct the 

evaluation of national road network flood risk management. Figure 2 and Table III 

follow the same format but are influenced by population density in each district. Figure 

3 and Table IV also adhere to this format but instead, consider vulnerable population 

density across districts. 

3.2 Hotspot districts 

Leicester has been identified as the most vulnerable district to road network flooding 

when considering total population and proportion of roads flooded using results from 1 

in 30, 1 in 100 and 1 in 1000 year flood scenarios. The analysis completed in this study 

suggests that no roads were inundated using the historical flood records, however 

Green et al., (2017) explain that details of flood severity and extent are largely absent 

for historical flooding in Leicester. Figure’s 4 - 6 evidence that the River Soar, (Figure 

8) could cause road network flooding across all three scenarios. The effects of flooding 

from tributaries flowing in from the east is particularly pronounced in the 1 in 100 and 

1 in 1000 year scenarios and could potentially turn some of the most populated areas 

of the city (Figure 7) into ‘peninsulas’, where access is available through only a few 

critical routes due to concentration of flooding at many potential crossing points linking 

the city together (Gil and Steinbach, 2008).  
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Figure 1 Proportion of total roads flooded in each district across four flood scenarios 
with the top ten most vulnerable districts identified.
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Table II National road network flooding data analysis   

Flood 
Scenario 

Total 
Road 
Length 
Flooded 
(Km) 

Total 
Road 
Length 
Flooded 
(%) 

Proportion 
of Total 
Roads 
Flooded 
Accounted 
by Top Ten 
Districts (%) 

Coastal 
Districts 
in Top 
Ten 

Average 
Population 
and Relative 
Position of 
Top Ten 

A 
Roads 
(%) 

B 
Roads 
(%) 

Local 
Streets 
(%) 

Private 
Roads 
(%) 

Other 
(%) 

Historical 
Scenario 

17389 Km 
 

3.5% 17.8% 0 125,694 
(163/325) 

13% 4.4% 49.8% 29.9% 2.8% 

1 in 30 
Year 
Scenario 

7511 Km 1.5% 12.5% 5 102,170 
(225/325) 

10.6% 4.9% 49.3% 33% 2.1% 

1 in 100 
Year 
Scenario 

19504 Km 
 

3.9% 23.2% 5 112,070 
(200/325) 

10.2% 5.3% 53.2% 29% 2.2% 

1 in 1000 
Year 
Scenario 

39006 Km 7.8% 18.8% 5 162,992 
(110/325) 

11% 4.8% 55.2% 25% 2.9% 
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Figure 8 Main river network in Leicester City. Source: Leicester City Council, 2011a 
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Figure 4 Leicester road network flooding, 1 in 30 year flood scenario (3.33% AEP) 
 

Figure 7 Leicester’s population distribution within postcode sectors  
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North Somerset is the second most vulnerable district under the selected parameter 

and has suffered from significant flooding in recent years. North Somerset Council 

(NSC) found that in the 2012 floods, many of the road network flood incidents were 

attributed to surface runoff, as substantial rainfall saturated the catchment and caused 

surface runoff to flow onto the road network where it was transported to localised low 

points (NSC, 2013), explaining the concentrated hotspots of flooded roads in Figure 9. 

However, Figure’s 10 -12 demonstrate how road network flood risk from fluvial sources 

remains a widespread and significant concern for the district. Across all three 

scenarios, critical road links between Weston-Super-Mare and the towns of Clevedon 

and Portishead are predicted to be inundated. Additionally, in a 1 in 1000 year event, 

large portions of Weston-Super-Mare are predicted to become ‘islands’ with road 

network flooding completely cutting off access (Gil and Steinbach, 2008). 

East Lindsey is the most vulnerable district when considering vulnerable population 

density and proportion of roads flooded using the aggregated results from the 1 in 30, 

1 in 100 and 1 in 1000 year flood scenarios. Figure 14 reveals that historically, East 

Lindsey has suffered from coastal flooding and that it is focused in locations containing 

high numbers of vulnerable people (Figure 18). In the remaining scenarios, coastal 

flooding continues to affect the road network (Figure’s 15 - 17) with this analysis 

revealing that many locations with a concentration of vulnerable populations are at risk 

of becoming ‘islands’ or ‘peninsulas’ (Gil and Steinbach, 2008) because of the 

extensive flooding. 

As the second most vulnerable district identified using this parameter, Christchurch 

appears to hold the characteristics of a district that would be highly susceptible to the 

risks and impacts that road network flooding poses to vulnerable populations. Both the 

River Stour and the River Avon which have a history of flooding, flow directly through 

Christchurch with tidal flooding also an inherent risk to the district (Christchurch 

Borough Council, 2017). The population analysis completed also suggests that almost 

half of Christchurch residents are elderly or disabled increasing the potential exposure 

of vulnerable populations to flooding (Figure 19 and 23). However, Figure’s 20 - 22 

demonstrate that road network flood risk is very limited in Christchurch and it is only 

during a 1 in 1000 year scenario that significant road flooding is predicted. 

Nevertheless, a significant proportion of roads flooded in Christchurch are A roads; 

and this could result in the same impacts and risks identified in East Lindsey being 
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experienced in Christchurch, through the creation of ‘peripheral areas’ (Gil and 

Steinbach, 2008) that are more difficult to access by emergency services for example. 

4. Discussion 
4.1 Reviewing national road network flood risk management 

Figure’s 1 - 3 demonstrate that the assessment of vulnerability to road network flooding 

in society can be perceived in many ways based upon the data used in the analysis. It 

could be inferred that road network flood risk is being managed effectively, as the top 

ten most vulnerable districts for outright road network flooding (Table II) have a 

comparatively low, average population meaning that impacts and risks are being 

experienced by a smaller proportion of society. However, Figure 1 clearly evidences a 

vulnerability clustering pattern particularly within the Humber and Thames River Basins 

(Figure 24) but in both Flood Risk Management Plans, road network flood vulnerability 

receives only a passing comment (EA, 2016b; EA,2016c). Omission of road network 

flood vulnerability from the FRMP’s of the two most affected river basins reflects a key 

weakness in the focus of UK flood risk management strategy. 

Table III evidences that, to some extent, the cost-benefit analysis framework (EA and 

DEFRA, 2004) used in UK flood management is performing correctly, as the most 

vulnerable districts identified under these parameters represent a significantly lower 

proportion of road network flooding than those in Table II. As previously seen in Figure 

1, clustering is apparent in the Thames Basin, but is concentrated heavily in the centre 

of London in the historical extent and 1 in 1000 year flood scenario (Figure 2). This 

reflects one of the major ongoing challenges for UK flood risk management, as with 

predicted peak river flow increases in the Thames ranging from 15% - 35% in the next 

30 years, formulating and implementing an effective basin-wide flood management 

strategy will be crucial for reducing the direct and indirect risks and impacts London 

road network flooding would cause in a high AEP event (Restemeyer et al., 2018; 

Penning-Rowsell et al., 2012; EA, 2016d). 

Districts shown in Table IV containing the largest proportion of vulnerable populations 

exposed to road network flooding have comparatively small average populations. 

However, a concerning pattern is that these districts represent a far higher proportion 

of total road network flooding compare to the districts in Table III. This potentially 

reflects an inequality in national flood risk management, as most vulnerable districts in 

Figure 3 are located on the coast compared to a minority in Figure 2. 
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Figure 24 United Kingdom river basin district map. Source: Environment Agency, 
2015  
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Edwards (2017) explains that sea level rise is likely to significantly increase the 

exposure of 5% of the UK main road network to coastal flooding; with a recent report 

from the Committee on Climate Change (2018) arguing that the current approach to 

coastal flood management needs to be urgently revised as it does not do enough to 

address the enhanced vulnerabilities that the often older, poorer and more infirm 

coastal communities face from flooding. What Figure 3 and Table IV present is a spatial 

pattern and concentration of vulnerability to road network flooding associated with the 

most at-risk members of UK society (DEFRA, 2005b). This vulnerability will become 

more prevalent in the future as coastal populations are projected to become, on 

average, older than the national population (ONS, 2016) but currently, there is no 

national strategy for addressing the heightened pressures that these vulnerable 

communities face from flooding. 

It is paramount that mitigation against the economic losses that road network flooding 

causes is prioritised, as the EA (2019) estimates that daily economic losses caused by 

flood disruption in the United Kingdom’s infrastructure could range from £2 billion to 

£10 billion depending upon the AEP of the flood event. In the most recent Long-Term 

Investment Scenarios (LTIS) Report, the EA (2019) estimate that in a 0.1% AEP flood 

event, 30% of the UK road network could be directly or indirectly disrupted - a figure 

far beyond the 7.8% estimated in this study (Table II). Quantifying the wider 

macroeconomic impacts of this disruption is a key aim for the report and demonstrates 

that the UK road network flood management is broadening its understanding to better 

address the economic impacts of road network flooding, which is a concern that has 

been raised in the previous studies (Arkell and Darch, 2006;Jaroszweski et al., 2010). 

The LTIS approach for identifying flood risk to infrastructure is similar to this study, but 

Figure 25 shows how interdependences within networks are impacted by flooding and 

how the consequent economic losses are quantified through examining service 

disruptions. However, a lack of road traffic usage data at a local level means that only 

motorways and A roads have been included in the LTIS analysis, which is a significant 

limitation when considering the overwhelming exposure of the local road network to 

flooding (Table II). Nevertheless, the methodology developed for this macroscale 

assessment of flooding on the UK infrastructure could potentially be revised to evaluate 

road network flooding at a localised level, and enable pioneering studies to incorporate 

a hierarchical framework of network interdependences and estimate the impact of road 
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Figure 25 Long-term Investment Scenarios (LTIS) approach to quantifying the 

effects of road network disruption on macroeconomic losses. Source: Environment 

Agency (2019) 
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network flooding on economic losses across numerous flood scenarios. 

Climate change will bring a diverse and complex range of impacts to the UK road 

network with Figure’s 1 - 3 evidencing the spatial variation in vulnerability to road 

network flooding when considering different parameters. However, the UK government 

does not yet have a specific adaption strategy for road network flooding at a national 

level (Wang et al., 2019). Wan et al., (2018) explain that road network resilience is 

created when disturbances in the network can be absorbed and a basic structure and 

function can be maintained whilst recovery is achieved in an acceptable time and cost. 

To achieve this level of resilience, Wang et al., (2019) argue that their framework for 

adaption planning within road networks should be implemented, as through applying 

mathematical modelling they were able to quantify the economic loss, damage to the 

environment and loss of life posed by climate change as well as develop a prioritisation 

ranking for the most cost-effective adaptation measures in the UK. Wang et al., (2019) 

believe that their framework could contribute to future local studies that aim to measure 

the vulnerability of the road network to climate change, but also assist in developing 

adaption strategies against the future risks and impacts from both an economic and 

social perspective. 

4.2 Leicester road network flooding 

Green et al., (2017) have completed one of only a few studies considering the impacts 

of road network flooding at a local level. In their study, they found that a 1 in 100 and 

a 1 in 1000 year flood event would have significant impacts on emergency response 

times in the north of Leicester due to the dense band of road network flooding 

surrounding the tributary rivers (Figure’s 5 – 6). Green et al’s., (2017) findings 

prompted a multi-agency flooding exercise to enhance emergency responder 

resilience to the impacts of road network flooding in Leicester. Despite Green et al., 

(2017) demonstrating the potential impacts of road network flooding in Leicester, the 

most recent local flood risk management plan contains no explicit strategies to mitigate 

against the risks it poses apart from increasing drainage maintenance and replacing 

road gully’s (Leicester City Council, 2015). However, the strategic area’s selected in 

the city for improved flood defence measures reflect the locations of severe road 

flooding found by both Green et al., (2017) and this study. LCC (2017) have opted for 

a mixed strategy, with some areas simply having their fluvial flood defences raised but 

in other locations, sustainable urban drainage systems have been developed to 
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intercept flood waters and direct it into storage areas to then be slowly discharged back 

into the watercourse. Whilst these actions have been framed as protection measures 

for homes and businesses, they will also reduce the extent and longevity of road 

network flooding thus assisting both the emergency services and general public to 

move more freely across the city during a major flood event. 

There is evidence that Leicester’s flood risk management strategies also consider the 

economic impacts that road network flooding can cause. The Abbey Meadows Science 

and Technology Park located next to the River Soar has been identified as a high-risk 

flood location with access likely to be limited during flood events (LCC, 2012). The park 

is a strategic regeneration area that aims to attract new jobs in science, technology 

and related knowledge-intensive business, but with road access limited during a flood 

event, the business disruption would likely cause economic losses and be a threat to 

the long-term development of the project (LCC, 2012). In the site-specific FRA, the 

availability of access to the park during flooding was assessed (LCC, 2007) but 

Leicestershire County Council raised concerns that the FRA concentrated solely on 

access to the road network in the immediate locality and that to effectively minimise 

the economic consequences of road network flooding, LCC need to recognise that 

highways and transportation measures will be required much further afield than is 

currently envisaged (LCC, 2007). 

In Leicester City’s Network Management Plan, the risks and impacts of flooding are 

not specifically addressed, but some of the road management operations present 

opportunities for collaboration between council divisions to reduce road network flood 

impacts. As Balijepalli and Oppong (2014) explain, understanding road network 

hierarchies is crucial when trying to address the aspects of a network that would cause 

the biggest economic and social impact if flooded. LCC (2011b) have developed their 

own road hierarchies and policies to ensure that proper investment and maintenance 

is correctly targeted across the overall road network. Within their road network 

hierarchy, LCC have identified 170km ‘traffic sensitive streets’ whereby alternative 

routing would cause significant traffic disruption, so street operations can only occur 

during less traffic sensitive hours (LCC, 2011b). Through combining existing 

knowledge of Leicester’s traffic disruption effects and road network hierarchies with 

the predicted extent and magnitude of flooding, it is possible that a more expansive 

analysis of road network flooding in Leicester could be made. Going beyond assessing 
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the impacts of road network flooding on emergency response times (Green et al., 

2017), this approach could provide innovative analysis and allow a joining of flood and 

road network management strategies directed by an understanding of the spatial 

variations in the economic and social impacts of road network flooding across the city. 

Overall, Leicester appears to be addressing many of the risks and impacts of road 

network flooding, but a criticism that can be levelled is that these strategies are not 

explicitly presented. Having been identified as the most vulnerable district when 

considering population and proportion of road network flooding, it should be expected 

that the flood risk management plans contain specific strategies to address this 

vulnerability. A greater collaboration between stakeholders may be the solution to this 

shortfall as Green et al., (2017) have shown the value of understanding road network 

flooding for emergency services in Leicester, but further studies must be backed by 

LCC to quantify the risks and impacts for the populations and businesses in the city. 

4.3 North Somerset road network flooding 

Unlike Leicester, the North Somerset local flood management strategy clearly states 

that the measures it has designed will actively look to improve the road network 

resilience to flooding (NSC, 2015a). A key objective has been to develop a prioritisation 

matrix for managing road network drainage and flood risk (NSC, 2015a). This 

demonstrates an implementation of a road network hierarchy methodology for flood 

risk (Balijepalli and Oppong, 2014) but its effectiveness is unclear as there is limited 

evidence of matrix-driven road network flood management schemes in the strategy 

documents. The NSC Implementation Plan (2015b) does detail investigative actions to 

identify the mitigation measures required to stop road network flooding in locations on 

the ‘highways prioritisation list’, but most of the actions are limited to increasing the 

maintenance of existing drainage systems.  

However, Figure’s 9 - 11 evidence that the M5 which runs the length of North 

Somerset, is vulnerable to significant flooding, but is not included in the flood risk 

management plans produced by NSC. Losing a stretch of this road during a flood event 

could have severe economic impacts for North Somerset, as the M5 turns the district 

into the ‘gateway’ to and from the South West (NSC, 2017). The M5 is relied upon to 

direct a significant proportion of traffic to Bristol Airport which handled over 7.5 million 

passengers in 2016 and created £338 million in gross value for North Somerset (NSC, 

2017). The Royal Portbury Docks are also the only port in the UK to have direct 
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motorway access making this landside connectivity a key characteristic in North 

Somerset’s economic development. However, the River Yeo, which flows beneath the 

M5, has raised defences that predominantly provide a 1 in 100 year standard of 

protection, but between the M5 motorway and the main railway line the standard of 

protection only ranges from a 1 in 50 year to a 1 in 5 year standard resulting in this 

high risk of fluvial and tidal flooding (NSC, 2008). A possible explanation for this lack 

of inclusion by NSC is that the M5 is managed by Highways England meaning that the 

council does not have direct responsibility over the drainage of this subsection in its 

road network (Highways England, 2016). Despite this, given the economic impacts that 

the flooding of the M5 would cause for the overall district, NSC must collaborate with 

Highways England and other risk management authorities to ensure that appropriate 

flood management action is undertaken. 

Another concern for North Somerset is that Figure 11 and Figure 12 suggest that in a 

1 in 1000 year flood, Weston-Super-Mare, the most densely populated ward, is highly 

vulnerable to road network flooding and that this could have significant impacts on the 

mobility of both the public and emergency services. In Weston-Super-Mare’s (WSM) 

SFRA, access and egress routes have been identified for emergency evacuations 

using modelling results from a 1 in 1000 year flood scenario (NSC, 2010). However, 

NSC have found that under current defended conditions, access and egress is not a 

problem in WSM from either tidal or fluvial flooding (NSC, 2010). Model results show 

that access and egress is retained for all development areas (except the town centre 

and seafront) with the A370 providing a route to land outside the flooded areas (NSC, 

2010). However, these findings differ from the road network flooding results in Figure 

11, which indicate widespread flood in WSM including the A370. Even if the modelling 

results are accurate, road flooding remains an issue for WSM, as Figure 26 evidences 

that WSM’s town centre has the highest density of people per hectare thus making it 

one of the most crucial area in WSM for access and egress to be retained in a flood 

event. 

An important point that the NSC (2015a) have identified, is that the risks and impacts 

of road network flooding cannot be mitigated by simply improving the roads networks 

they have direct responsibility for. The integrated nature of flooding in North Somerset 

means that greater collaboration is needed with Risk Management Authorities such as  
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Figure 26 Number of people per hectare, by ward, North Somerset. Source: North 
Somerset Council, 2015c  
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Highways England who have the relevant responsibilities and assets to deliver 

effective improvements to the road network’s resilience (NSC, 2015a). Some essential 

research strands have been identified, including quantifying the economic impacts of 

road network flooding on accessibility to Bristol Airport and Royal Portbury Docks and 

evaluating the effects of road network flooding on emergency service response in the 

district especially during a 1 in 1000 year flood due to the overwhelming exposure to 

flooding in high population centres. 

4.4 East Lindsey road network flooding 

A fundamental issue identified by East Lindsey District Council is that the district has 

a high inward migration of elderly and disabled populations settling predominately in 

areas at high risk to coastal flooding (ELDC, 2016). Car dependency is high in the 

district as due to economies of scale, the district is not connected by public transport 

in a meaningful way (ELDC, 2018a). However, Figure’s 14 - 17 evidence that coastal 

flooding would have a widespread impact on road network usage. ELDC (2018b) 

identify that road network flooding could keep elderly and vulnerable populations 

housebound for prolonged periods during flood events, so creating resilience and 

maintaining support is an essential management goal. This is demonstrated through 

their Specialist Housing Policy for vulnerable populations in the coastal zone whereby 

flood mitigation measures must be developed for the site, no ground floor sleeping 

accommodation should be available and that priority will be given to potential residents 

who have family living locally who could assist their vulnerable relative during a flood 

event (ELDC, 2018a). Whilst ELDC appears to be aware of risks that road network 

flooding creates for vulnerable populations, there is no evidence that research has 

been undertaken to quantify the impacts of road flooding on the evacuation capacity 

of specialist housing or address the effect of road network flooding on response times 

by emergency services to these specific locations, as seen in the City of York (Coles 

et al., 2017). However, ELDC (2018a) state it is important that vulnerable populations 

should be able to choose their housing and have independent lives if possible, but as 

Twigger-Ross et al., (2015) explain, vulnerability dispersed within a community is 

extremely difficult to manage effectively. With such a high proportion of the population 

considered vulnerable, ELDC should also look to collate lists of addresses receiving 

personal care services and make them available to emergency planners (Houston et 

al., 2011). This could enable a more comprehensive strategy to be developed for the 
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evacuation of vulnerable population located within both care institutions and the wider 

community. 

Another factor that increases risk to vulnerable populations is the quantity of static 

caravans used as homes by many of the districts most vulnerable residents. Static 

caravans are considered highly susceptible to flooding in East Lindsey due to their 

coastal location (ELDC, 2017) and with Figure’s 14 - 17 showing extensive coastal 

road network flooding, emergency services need to know how many caravan residents 

would need to be evacuated (Beatty et al., 2011). Almost 30% of static home residents 

interviewed in Lincolnshire by Beatty et al., (2011) stated that during a flood event they 

would not evacuate and that every respondent who evacuate, was relying on a vehicle 

to do so. There was also only 12% of residents signed up for advanced flood warnings 

which further evidences a lack of understanding of the risks and impacts flooding can 

pose especially from a transportation standpoint, where early action reduces the risk 

of still being on the road network at the point of high tide (Lincolnshire County Council, 

2015). 

To address the widespread vulnerability, East Lindsey’s road network performance 

has been modelled under mass evacuation flood scenarios to identify the optimum 

routes, traffic management strategies and congestion points (ELDC, 2018b). This 

analysis has resulted in six flood evacuation routes being created in East Lindsey 

which have been sign posted to provide residents and visitors with a quick and safe 

route to higher-ground. However, ‘removing people from danger’ is a key operational 

strategy during a flood evacuation and with 15% of East Lindsey expected to need 

emergency service assistance to evacuate (Lincolnshire County Council, 2015), it is 

paramount that the vulnerabilities identified in these populations are researched further 

so robust strategies can be created in East Lindsey to manage the challenges a large 

elderly and disabled demographic create. 

4.5 Christchurch road network flooding 

Christchurch Borough Council (2017) acknowledges that currently, fluvial and tidal 

flood risk is low due to the 1 in 100 year flood defences in key areas along both the 

Stour and Avon and the low energy conditions Christchurch Harbour coastal defences 

experience. However, CBC (2017) also stress that climate change will cause peak river 

flows and mean sea level to increase, making significant areas of Christchurch at high 

risk to flooding in the future. Modelling completed on behalf of CBC, found that a 
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significant area of Christchurch’s town centre will be at high risk of flooding due to 

increases in sea level in the future (CBC, 2018). This vulnerability is partially 

demonstrated in Figure’s 20 and 21 with CBC (2017) also identifying the current and 

future flood risk posed to the low-lying highways when crossing the numerous 

watercourses which run through the town. A further vulnerability found is that the flood 

defences immediately upstream of the A35 have an issue whereby they trap water on 

the flood plain and prevent it flowing back into the watercourse (CBC, 2018). This 

design flaw could have severe impacts on the longevity of road flooding across critical 

links in the road network. 

Despite initially displaying minimal road network flood risk to vulnerable populations, a 

more extensive analysis of flood risk in Christchurch has demonstrated why it is 

essential that an understanding of road network flood vulnerability is developed in all 

places, rather than just areas that have been prone to flooding historically. Climate 

change will have far-reaching consequences especially for flood risk (Love et al., 2010; 

Colin et al., 2016; Wang et al., 2019) which further exemplifies the need for studies 

that present the risks and impacts that communities will face through road network 

flooding under future climate scenarios. Without more studies building upon the initial 

research into the risks and impacts of road network flooding, governments, 

communities, businesses and agencies of all kind will be unable to provide effective 

solutions in the event of a flood, as the risks and impacts created by road network 

vulnerability to flooding will not have been understood, planned for or mitigated against 

proactively. 

4.6 Limitations 

Firstly, a major limitation of this study is the use of only one type of flood dataset. Whilst 

the Risk of Flooding from Rivers and Sea (RoFRS) dataset is highly accurate and 

considers existing flood defences, other flood data could have further enhanced the 

accuracy of the road network flood vulnerability analysis. Including the Environment 

Agency’s Updated Flood Map for Surface Water would have added to the study, as it 

represents predicted flood risk originating from surface water and pluvial sources whilst 

making allowances for urban drainage. The Areas Susceptible to Ground Water 

Flooding flood map would have also been beneficial as ground water flooding has been 

found to be responsible for flooding road networks that are isolated from the risk of 

fluvial sources due to being built on high ground (Macdonald et al., 2012). The decision 
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not to include these flood maps was determined by the software available for use, as 

Hankin et al., (2016) incorporated all three flood datasets, but relied upon specialist, 

industry grade flood risk metric tools to perform their GIS analysis. 

Another limitation is that the flooding depth levels are not available with the RoFRS 

dataset as for each scenario, the model runs thousands of simulations which consider 

the possible combinations of defence breaching or overtopping but the results are 

consolidated to give a single likelihood of flooding (Environment Agency, 2018b). It 

therefore becomes impossible to quantify the impacts of varying flooding depth across 

the road network, especially as roads are only considered impassable at a depth of 30 

cm for vehicles (Kramer et al., 2016; Pregnolato et al., 2017). However, when focusing 

on a specific study site, 2D flood inundation modelling can be performed which 

provides detailed flood depth levels for road networks over space and time (Arrighi et 

al., 2019; Yin et al., 2016; Coles et al., 2017). 

A broader limitation is that the individual district maps do not present all the important 

data needed to understand the impacts of road network flooding. Including the 

locations of emergency service stations would have been beneficial, as it would have 

allowed initial observations to be made on the how road network flooding could affect 

their ability to respond to incidents across the district. Whilst the road classification pie 

charts offered some insight into the distribution of flooded roads, being able to visually 

identify the type of road flooded within the hotspot districts would also have enabled 

some impact weighting to be attributed to individual flooded roads from an economic, 

social and operational perspective using existing understanding of the road network 

hierarchies (Balijepalli and Oppong 2014; Albano et al., 2014). 

The postcode sector analysis was useful for establishing the spatial distribution of 

vulnerable populations within a district, but by including the locations of care homes 

and sheltered accommodation, the locations of a large proportion of a district’s 

vulnerable population could have been identified and initial observations could have 

been made on the impacts and risks that road network flooding could cause. However, 

Walker and Burningham (2011) argue that whilst ‘vulnerable groups’ often provides a 

useful shorthand to focus on the uneven impacts of floods, this categorisation needs 

to be used with caution as not all elderly or disabled people face the same level of risk 

due to variations in health, social class and access to support networks. 
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4.7 Opportunities for future research 

By starting at a national scale, the intention of this study was to present the spread of 

road network flood vulnerability and then identify hotspot districts for road network 

flooding using several parameters. Through identifying these districts, an initial 

appraisal of the district’s flood risk assessments for managing road network flooding 

has been made, but further research can take place that incorporates the datasets and 

analysis missing from this study and produce an extensive evaluation of the 

vulnerability, impacts and risks that road network flooding could cause in a specific 

location. 

With an economic focus, research could be performed to quantify the disruption and 

potential losses caused by flooding for businesses that heavily rely on the road network 

such as courier services like FedEx and Amazon Logistics. Even from this preliminary 

evaluation of some hotspot districts, key economic infrastructure such as ports, airports 

and technology hubs have been identified as at risk to disruption by flooding, offering 

scope for research into the economic vulnerabilities and mitigation strategies at a 

district level. 

This study has also revealed that vulnerable populations in coastal districts are most 

exposed to road network flooding. However, with no specific national strategy 

addressing this risk, research should take place that looks to quantify the risks and 

impacts that coastal road network inundation will have on emergency service response 

time, evacuation routes and critical infrastructure for vulnerable populations. This 

research will contribute to the pressure for fresh policies and implementation strategies 

to address these vulnerabilities at both a national and local level. 

Climate change has also been identified as a key factor to be accounted for in road 

network flood management. This offers opportunities across the spectrum of road 

network flood risk research to evaluate the risks and impacts that climate change 

intensification will have on the functionality of the road network. This understanding 

can then be used to guide climate adaption strategies at both a national and local level. 

5. Conclusion 
This study has used GIS to analysis how road network flood vulnerability across 

England varies between districts using a range of flood scenarios. By including total 

population, elderly population and disabled population data, this study has also 
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extended its scope of assessment by presenting how vulnerability to road network 

flooding can be perceived differently based on the demographic data associated with 

each district. 

The national findings presented in Figure 1 and Table II indicate that whilst the most 

vulnerable districts to road network flooding have comparatively small populations, a 

clustering effect can be seen within specific river basins. This accumulating road 

network vulnerability is not addressed adequately within the FRMP’s of the identified 

basins and presents a weakness within national FRM strategy.  

The clearest pattern revealed through the analysis completed on population exposure 

to flooding in Figure 2 evidences a clustering of road network vulnerability within 

London which is reflected in the level of research conducted on the capital’s flood risk 

management (Restemeyer et al., 2018). However, analysis of Leicester and North 

Somerset road network flood vulnerability has revealed a range of potential social and 

economic impacts with little evidence suggesting that research has been performed to 

guide policy in reducing risk exposure in these highly populated areas. 

This study has also identified that road network flood vulnerability is pronounced in 

coastal districts with high disabled and elderly populations (Figure 3, Table IV). 

Analysis of East Lindsey and Christchurch road network flood risk has revealed 

significant flood management challenges for these districts due to their demographic 

composition. Despite the coastal flood risk predicted to increase, no national level 

strategy is in place to address the inherent risks that road network flooding poses for 

vulnerable populations. 

Looking forward, it is clear that a robust but comprehensive framework is needed to 

understand and address England’s road network flood vulnerability, especially with 

climate change expected to enhance these vulnerabilities (Wang et al., 2019). The 

LTIS approach to quantifying the economic impact of road network flooding has good 

theoretical and practical grounding at a national level, but this study has demonstrated 

the importance of understanding road network flooding at a local scale. This study 

concludes that the theoretical framework and practical application of road network 

flood management in England needs adjustment, so it can be adopted at a local level 

to address the plethora of risks and impacts that road network flooding poses both 

socially and economically. 
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Figure 18 Map of East Lindsey’s population distribution within 
postcode sectors. 
 

Figure 19 Map of Christchurch’s road network flooding using historical 
flood outlines. 
 

Figure 20 Map of Christchurch’s road network flooding under a 1 in 30 
year flood scenario (3.33% AEP). 
 

Figure 21 Map of Christchurch’s road network flooding under a 1 in 
100 year flood scenario (1% AEP). 
 

Figure 22 Map of Christchurch’s road network flooding under a 1 in 
1000 year flood scenario (0.1% AEP). 
 

Figure 23 Map of Christchurch’s population distribution within postcode 
sectors. 
 

Figure 24 Map of river basin districts in the United Kingdom. 
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Figure 25 Diagram of the Long-term Investment Scenarios (LTIS) 
approach to quantifying the effects of road network 
disruption on macroeconomic losses. 
 

Figure 26 Map showing the number of people per hectare, by ward, in 
North Somerset. 
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Figures 

Figure 1 Proportion of total roads flooded in each district across four flood scenarios 
with the top ten most vulnerable districts identified.
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Figure 2 Proportion of total roads flooded and population density incorporated into a 
vulnerability ranking across four flood scenarios with the top ten most vulnerable 
districts identified.
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Figure 3 Proportion of total roads flooded and vulnerable population density 
incorporated into a vulnerability ranking across four flood scenarios with the top ten 
most vulnerable districts identified.
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Figure 4 Leicester road network flooding, 1 in 30 year flood scenario 

 
Figure 5 Leicester road network flooding, 1 in 100 year flood scenario  
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Figure 6 Leicester road network flooding, 1 in 1000 year flood scenario 

Figure 7 Leicester’s population distribution within postcode sectors  
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Figure 8 Main river network in Leicester City. Source: Leicester City Council, 2011a 
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Figure 9 North Somerset road network flooding using historical flood outlines 

Figure 10 North Somerset road network flooding, 1 in 30 year flood scenario 
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Figure 11 North Somerset road network flooding, 1 in 100 year flood scenario 

Figure 12 North Somerset road network flooding, 1 in 1000 year flood scenario 
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Figure 13 North Somerset population distribution within postcode sectors 

Figure 14 East Lindsey road network flooding using historical flood outlines 
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Figure 15 East Lindsey road network flooding, 1 in 30 year flood scenario 

Figure 16 East Lindsey road network flooding, 1 in 100 year flood scenario 
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Figure 17 East Lindsey road network flooding, 1 in 1000 year flood scenario 

Figure 18 East Lindsey vulnerable population distribution within postcode sectors 
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Figure 19 Christchurch road network flooding using historical flood outlines 

Figure 20 Christchurch road network flooding, 1 in 30 year flood scenario 
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Figure 21 Christchurch road network flooding, 1 in 100 year flood scenario 

 
Figure 22 Christchurch road network flooding, 1 in 1000 year flood scenario 
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Figure 23 Christchurch vulnerable population distribution within postcode sectors 
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Figure 24 United Kingdom river basin district map. Source: Environment Agency, 
2015  
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Figure 25 Long-term Investment Scenarios (LTIS) approach to quantifying the 

effects of road network disruption on macroeconomic losses. Source: Environment 

Agency (2019) 

 
Figure 26 Number of people per hectare, by ward, North Somerset. Source: North 
Somerset Council, 2015c 
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Tables 
 

Table I Road type classifications 
 

Road Classification Road Type Included 
A Road A Roads 

B Road B Roads 

Local Street Local Streets and Minor Roads 

Private Road Publicly and Restricted Access 
Private Roads 

Other Motorways, Alleys and 
Pedestrianised Streets 
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Table II National road network flooding data analysis   

Flood 
Scenario 

Total 
Road 
Length 
Flooded 
(Km) 

Total 
Road 
Length 
Flooded 
(%) 

Proportion 
of Total 
Roads 
Flooded 
Accounted 
by Top Ten 
Districts (%) 

Coastal 
Districts 
in Top 
Ten 

Average 
Population 
and Relative 
Position of 
Top Ten 

A 
Roads 
(%) 

B 
Roads 
(%) 

Local 
Streets 
(%) 

Private 
Roads 
(%) 

Other 
(%) 

Historical 
Scenario 

17389 Km 
 

3.5% 17.8% 0 125,694 
(163/325) 

13% 4.4% 49.8% 29.9% 2.8% 

1 in 30 
Year 
Scenario 

7511 Km 1.5% 12.5% 5 102,170 
(225/325) 

10.6% 4.9% 49.3% 33% 2.1% 

1 in 100 
Year 
Scenario 

19504 Km 
 

3.9% 23.2% 5 112,070 
(200/325) 

10.2% 5.3% 53.2% 29% 2.2% 

1 in 1000 
Year 
Scenario 

39006 Km 7.8% 18.8% 5 162,992 
(110/325) 

11% 4.8% 55.2% 25% 2.9% 
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Table III National road network flooding with population density incorporated in analysis 

 

 

 

 

 

 

Flood 
Scenario 

Total 
Road 
Length 
Flooded 
(Km) 

Total 
Road 
Length 
Flooded 
(%) 

Proportion 
of Total 
Roads 
Flooded 
Accounted 
by Top Ten 
Districts (%) 

Coastal 
Districts 
in Top 
Ten 

Average 
Population 
and Relative 
Position of 
Top Ten 

A 
Roads 
(%) 

B 
Roads 
(%) 

Local 
Streets 
(%) 

Private 
Roads 
(%) 

Other 
(%) 

Historical 
Scenario 

17389 Km 
 

3.5% 6.52% 2 316,039 
(23/325) 
 

13% 4.4% 49.8% 29.9% 2.8% 

1 in 30 
Year 
Scenario 

7511 Km 1.5% 9.12% 3 248,859 
(59/325) 
 

10.6% 4.9% 49.3% 33% 2.1% 

1 in 100 
Year 
Scenario 

19504 Km 
 

3.9% 10.24% 5 290,771 
(35/325) 
 

10.2% 5.3% 53.2% 29% 2.2% 

1 in 1000 
Year 
Scenario 

39006 Km 7.8% 6.25% 1 288,281 
(36/325) 
 

11% 4.8% 55.2% 25% 2.9% 
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Table IV National road network flooding with vulnerable population density incorporated in analysis 

Flood 
Scenario 

Total 
Road 
Length 
Flooded 
(Km) 

Total 
Road 
Length 
Flooded 
(%) 

Proportion 
of Total 
Roads 
Flooded 
Accounted 
by Top Ten 
Districts (%) 

Coastal 
Districts 
in Top 
Ten 

Average 
Population 
and Relative 
Position of 
Top Ten 

A 
Roads 
(%) 

B 
Roads 
(%) 

Local 
Streets 
(%) 

Private 
Roads 
(%) 

Other 
(%) 

Historical 
Scenario 

17389 Km 
 

3.5% 13.6% 6 107,819 
(213/325) 
 

13% 4.4% 49.8% 29.9% 2.8% 

1 in 30 
Year 
Scenario 

7511 Km 1.5% 6.5% 10 110,197 
(207/325) 
 

10.6% 4.9% 49.3% 33% 2.1% 

1 in 100 
Year 
Scenario 

19504 Km 
 

3.9% 18.24% 9 114,885 
(191/325) 
 

10.2% 5.3% 53.2% 29% 2.2% 

1 in 1000 
Year 
Scenario 

39006 Km 7.8% 15.74% 9 103,352 
(225/325) 
 

11% 4.8% 55.2% 25% 2.9% 



Road Network Flood Vulnerability in England 

72 

Appendices 

Appendix A Table of secondary data sources 

Name Details Provided by Access Date 
Flood scenarios 1 in 30, 1 in 100, 1 

in 1000 Year flood 
scenarios for 
RoFRS 

Environment 
Agency 

15th October 2018 

Historical flood 
outline data 

Historical flood 
outline data for the 
UK started in 1946  

Environment 
Agency 

15th October 2018 

Road network data Shapefile 
containing the UK 
national road 
network. 

EDNIA Digimap 15th October 2018 

Population data Total population, 
disabled 
populations and 
elderly populations 
census data 

Office of National 
Statistics  

11th January 2019 

Postcode sectors Postcode sector 
data for population 
mapping 

UK Data Service 26th January 2019 
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