Assessing and responding to
flood risk: a study of Greater
Manchester’s
transport
infrastructure

Deliverable No.

NA

Work Package

4

Dissemination Level

PU

Author(s)

Jeremy Carter, Angela Connelly and SM Labib

Co-Author(s)
Date

3/7/2019

Status

Final Draft

This document has been prepared in the framework of the European project RESIN – Climate
Resilient Cities and Infrastructures. This project has received funding from the European Union’s
Horizon 2020 research and innovation programme under grant agreement no. 653522.
The sole responsibility for the content of this publication lies with the authors. It does not necessarily
represent the opinion of the European Union. Neither the EASME nor the European Commission are
responsible for any use that may be made of the information contained therein.

CONTACT:
Email: Jeremy.carter@manchester.ac.uk
Website: www.resin-cities.eu

This project is funded
by the Horizon 2020
Framework
Programme of the
European Union.

Contents
1. Executive Summary ........................................................................................ 3
1.1. Background .................................................................................................. 3
1.2. Main findings ................................................................................................ 3
1.3. Applying the findings ................................................................................... 4
2. Introduction and background ......................................................................... 5
3. Methods ........................................................................................................... 7
3.1. Spatial Risk Assessment Method ................................................................ 7
3.2. Adaptation Pathways Method ...................................................................... 11
4. Spatial flood risk assessment of GM’s transport infrastructure assets ...... 13
4.1. Key Issues arising from the spatial risk assessment ................................ 20
5. Adaptation Pathways: a case study of the Bolton Transport Interchange .. 22
5.1. Overview of drivers relevant to the site ...................................................... 22
5.2. Flood risk ...................................................................................................... 23
5.3. Site Analysis ................................................................................................. 24
5.4. Defining acceptable thresholds for pluvial flooding: key challenges ....... 26
5.5. Identification of adaptation options ............................................................ 27
5.6. Building adaptation pathway alternatives .................................................. 29
5.7. Selection of an adaptation pathway ............................................................ 33
5.8. Reflections on the process .......................................................................... 34
6. ..... Potential Applications of the Results ....................................................... 34
7. ..... References .................................................................................................. 36
8. ..... Annex 1 ....................................................................................................... 39

1. Executive Summary
1.1. Background
Historically, flooding is the most frequently occurring extreme weather event in Greater Manchester
(GM) (Carter and Lawson 2011). Recent events have had significant impacts on transport
infrastructure. The 2016 Boxing Day floods, for example, resulted in Rochdale Transport Interchange
being closed close for one day and sustaining flood damage, whilst Transport for Greater Manchester
had to provide extra costs for clean-up, inspections and replacement vehicles across the transport
network (GMCA 2016: 20-21). Climate change in Greater Manchester is projected to result in
increased temperatures as well as more frequent and intense flood events in the future.
Well-functioning and reliable transport systems help to underpin economic growth in GM’s town and
city-centres by connecting people to work and leisure opportunities across the conurbation (GMSF
2019). Greater Manchester’s Climate Change Low Emissions Strategy (CCLES) envisions a Greater
Manchester that is ‘prepared for and actively adapting to a rapidly changing climate’ (GMCA 2015).
Therefore, proactively ensuring that the transport system is as resilient as possible to extreme weather
events and climate change is important in underpinning goals around connectivity and economic
growth. The CCLES contains an action (12) for TfGM to identify key risks to transport infrastructure
posed by increased incidence of flooding and heat as part of Transport Strategy and Planning.
This report supports the fulfilment of this action by spatially analysing the risk of flooding to TfGM’s
transport infrastructure both now and under climate change projections. The report builds on the
spatial analysis by working through a pilot case study that presents an adaptive approach to
understanding how TfGM assets could be assessed for resilience and, going forward, how
practitioners can factor resilience into future maintenance and design plans.

1.2. Main findings
1.2.1. Spatial Analysis (Section 4)
It is crucial to recognise that the spatial risk assessment outcomes presented within this report do not
provide a definitive statement on flood risk to GM’s transport infrastructure. However, the work
reported within this document provides the most comprehensive publically accessible assessment of
this issue that is available to date. The spatial risk assessment raises a number of key issues for
consideration:
-

-

-

Fluvial (river) flood risk is relatively well-documented and understood.
Surface Water Flooding (SWF, or pluvial flooding) has emerged in GM as a highly significant
hazard over recent decades (Carter et al 2015). This risk assessment identifies that a number of
GM’s transport assets are at high risk from this form of flooding, particularly rail and Metrolink
lines, but also over 10% of the Key Route Network (KRN).
SWF is already occurring in GM and climate projections indicate that this hazard is set to
intensify in GM with the projected increase in the incidence of heavy rainfall events (Cavan
2011). The threat of SWF risk intensifying in the future is further exacerbated by land
development, in the absence of adaptation measures such as sustainable drainage systems,
due to its impact on rainwater runoff.
Addressing SWF risk to the transport infrastructure network, in addition to other development
types and infrastructures, will be a key issue for GM to address over the coming years in order

to encourage prosperity and growth, and to address health and wellbeing issues associated
with flooding.
Ground-truthing is needed confirm whether transport infrastructure assets identified by this
study as being at high risk of flooding are at high risk in practice.
This spatial risk assessment provides a useful basis for planning such a ground-truthing
exercise should organisations responsible for managing GM’s transport network decide to
invest time and resources into reducing the risk of flooding to their infrastructure assets.

-

1.2.2. Adaptive pathways (Section 5)
The pilot study around the development of an adaptive pathways approach to reduce the risk of
flooding to transport infrastructure assets found that:
-

The full deployment of the method is hampered by the lack of climate change modelling for
pluvial flood risk.
In the studied asset (Bolton Transport Interchange), resilience measures may not necessarily
be required in the present day, but could be factored into routine maintenance and upgrades.
1
The adaptation pathways work (and the associated RESIN project Adaptation Options Library )
could be utilised to feed into a renewal of any design guidelines to further detail the
incorporation of associated flood risk reduction measures into the design of assets.

-

1.3. Applying the findings
The potential uses and applications of the outputs of this risk assessment study include:
-

1

Supporting the achievement of Action 12 in the GM CCLES.
Supporting bespoke flood risk communication and response activities around the identified
‘hotspots’ at high flood risk.
Informing spatial planning and decision making, particularly around proposed developments
served by transport infrastructure at high risk of flooding.
Informing the work of GM organisations such as the Civil Contingencies and Resilience Unit
(CCRU) to help ensure that the understanding of flood risk to transport infrastructure is shared
across GM.

https://resin-cities.eu/resources/library/

2. Introduction and background
This report outlines the results of a study carried out within the Horizon 2020 RESIN project to
spatially assess the risk to Greater Manchester’s (GM) transport infrastructure from flooding. The risk
assessment focused on surface water flooding (SWF) and fluvial flooding (both current and related to
climate change), and transport infrastructure assets owned or operated by Transport for Greater
Manchester (TfGM) (either solely or in partnership with other organisations). This was supported by a
study that aimed to undertake an adaptation pathways analysis for a selected transport infrastructure
site – Bolton Interchange – that was found to be at high risk of SWF by the spatial risk assessment.
The results of both aspects of this study are reported within this document.
Several drivers underpinned the selection of transport infrastructure and flooding as the focus of this
study. Firstly, Action 12 in the GM Climate Change and Low Emissions Implementation Plan, 2016 –
2020 (CCLES) prompts the identification of ‘key risks to transport infrastructure posed by increased
incidence of flooding and heat as part of Transport Strategy and Planning.’ This spatial risk
assessment aims to support the achievement of this objective. In addition, Action 13 of the CCLES
requires TfGM to integrate requirements for shelter from extreme weather and heat into building
design and transport systems as part of a sustainable design guide. The prototype methodology
developed for identifying and prioritising adaptation options outlined within this report has the potential
to support related work. Additionally, TfGM’s Vision 2040 strategy includes a policy (no. 12) in which
TfGM commits to ‘work[ing] with partners to maintain the transport system to a good standard, adapt it
and improve its resilience to the effects of climate change’ (TfGM, 2017, p. 28). In addition to these
policy drivers, a climate change risk assessment of GM’s critical infrastructure was undertaken as part
of the RESIN project (Carter et al 2018), and this identified fluvial flooding of the road network as one
of GM’s highest risks.
The study followed the Intergovernmental Panel on Climate Change (IPCC) risk based approach as a
guiding framework. This framework represents an international standard for climate change risk
assessment. Here, risk is a function of hazard, exposure and vulnerability (Figure 1; Box 1).
Vulnerability is further split up into sensitivity and adaptive capacity. This definition of risk lends itself
well to spatial analysis, if suitable spatial data can be gathered.

Figure 1: Conceptualisation of risk by the IPCC. Source: IPCC 2014.

Risk: ‘Risk is often represented as probability of occurrence of hazardous events
or trends multiplied by the impacts if these events or trends occur. Risk results
from the interaction of vulnerability, exposure, and hazard.’ (IPCC 2014a)
Hazard: ‘The potential occurrence of a natural or human-induced physical event
that may cause loss of life, injury, or other health impacts, as well as damage and
loss to property, infrastructure, livelihoods, service provision, and environmental
resources.’ (IPCC 2012)
Exposure: ‘The presence of people, livelihoods, species or ecosystems,
environmental services and resources, infrastructure, or economic, social, or
cultural assets in places that could be adversely affected.’ (IPCC 2014a)
Vulnerability: ‘The propensity or predisposition to be adversely affected.
Vulnerability encompasses a variety of concepts including sensitivity or
susceptibility to harm and lack of capacity to cope and adapt.’ (IPCC 2014a)
Adaptive Capacity: ‘The ability of systems, institutions, humans, and other
organisms to adjust to potential damage, to take advantage of opportunities, or to
respond to consequences.’ (IPCC 2014a)
Sensitivity: The degree to which a system or species is affected, either
adversely or beneficially, by climate variability or change. The effect may be direct
… or indirect (Adapted from IPCC 2014a)

Box 1: Definitions of elements of the risk based approach.

This report continues with a description of the methods used to progress the two elements of this
study – the spatial risk assessment and adaptation pathways analysis. The results of these methods
are then outlined and discussed. The report concludes with a discussion of the implications and
potential applications of the outcomes of the spatial risk assessment and adaptation pathways
analysis.

3. Methods
3.1. Spatial Risk Assessment Method
Following the IPCC risk assessment approach outlined above, the approach taken to assessing the
risk to transport infrastructure assets to different types of flooding is outlined below. Although this
study has focused on the specific themes of transport infrastructure and flooding, the methodology
outlined below is applicable to other types of receptors and hazards, should the appropriate spatial
data be available to undertake the assessment.

3.1.1. Hazard and exposure to hazards
Three types of flood hazards were considered within the risk assessment; surface water flooding
(SWF), fluvial flooding (flood zones), and climate induced fluvial flooding. Data on SWF was obtained
from Environment Agency (EA). SWF hazard data is categorised by the EA into four hazard classes
taking into account depth and velocity. The four hazard classes, each of which has numerical value
range, are low (0.5-0.75), moderate (0.75-1.25), significant (1.25-2) and extreme (>2).
In addition to SWF, data on Fluvial Flooding was utilised during the risk assessment, also derived from
Environment Agency flood risk data. The following layers were included:
 Flood Zone 3 (1% or greater chance of flooding each year)
 Flood Zone 2 (0.1% or greater chance of flooding each year)
Data on climate uplift fluvial flooding was obtained via JBA Consulting who conducted a Strategic
Flood Risk Assessment (SFRA) on behalf of the Greater Manchester Combined Authority. From the
SFRA the following layers were included to reflect climate induced fluvial flood hazard:
 Climate change with a 35% uplift in river flows (projected for 2050)
 Climate change with a 70% uplift in river flows (projected for 2080)
Three flood hazard scenarios were assessed during the spatial risk assessment. The first scenario
(Scenario-1, SWF) only considered SWF. In the second scenario (Scenario-2, Fluvial) EA flood zones
2 and 3, plus climate uplift fluvial flooding, were considered. The third scenario (Scenario-3,
Composite) included all types of flood hazards (i.e. SWF, fluvial flood zones 2 and 3, and climate uplift
flooding). Each of these hazard scenarios accounted for different types of flooding with the potential to
affect GM’s transport assets. Each of these scenarios produced a different risk output based on the
weights given to corresponding hazard types and the severity of associated flooding.
Data on transport assets considered within the spatial risk assessment was sourced from TfGM. This
included:
 The Key Route (Road) Network (KRN) for GM (approximately 3379 km)
 Metrolink network (approximately 93.514 km) and metrolink stations (91 stops)
 Rail network (approximately 372.85 km) and rail stations (91 stops)
The exposure of these assets to the different flood hazard scenarios was analysed spatially as part of
the risk assessment. Annex 1 provides more details on the spatial data used to underpin the risk
assessment.

3.1.2. Sensitivity
Sensitivity data was based around usage of transport infrastructure assets. Where usage is higher,
there is greater susceptibility to damage and disruption being caused should the asset be exposed to
flooding. Therefore, the risk posed by flooding is higher where a transport infrastructure asset is more
heavily used. Data utilised to understand this element of the risk-based approach included the number
of passengers using train and metro stations, which was provided by TfGM. For the KRN, data on the
weekly traffic frequency (for all vehicles) on different road stretches was obtained, counted, added
together and then organised into five categories. These categories (with weekly traffic count numbers)
were; very low (between 0-6226), low (between 6227-14458), medium (between 14459-25109), high
(between 25110- 45500), and very high (more than 45500). These category values were obtained
based on the data pattern using the Natural Breaks (Jenks) Categorization process. To enable the risk
assessment calculation, the categories were assigned the following numerical values; very low = 1,
low = 2, medium = 3, high = 4 and very high = 5. Annex 1 provides more details on the sensitivity data
used for this study.

3.1.3. Adaptive capacity
There were few examples of quantitative adaptive capacity data that could be readily accessed and
assessed spatially in order to inform the risk assessment. Adaptive capacity is indicated within this
study using the Environment Agency’s ‘areas benefitting from flood defences’ data, which only relates
to fluvial flooding. Where assets are protected by defences their capacity to adapt to flooding is higher,
as the ability to adjust to floods increases where defences are in place as the extent of floods is
potentially lower. In order to reflect this within the risk assessment, any route sections or infrastructure
assets within areas protected by flood defences were given 4 times more adaptive capacity to account
for the protection afforded by the flood defences. Data is also provided by the Environment Agency on
the location of flood defence structures, but data is not provided on areas that benefit from these
defences. In order to reflect the potential benefit provided by these flood defences, any route sections
or infrastructure assets within 500 metres of the flood defence structures were also given 4 times more
adaptive capacity as a result. It should be noted that, with a 500 metres buffer around the flood
defence structures, both side of the structures are highlighted as benefiting in terms of increased
adaptive capacity. In reality, flood defence structures usually provide protection for one side of the
structure. Therefore, this buffer approach produces an over estimation of the area benefiting from
flood defence structures. Although it is important to acknowledge this over estimation, in this study
2.16% of the key route network, 1.428% of train lines, and 10.52% of metro lines were found to be
located within the protected areas. Therefore, the impact of this over estimation is relatively minor, and
as this approach does help to reflect the reality of flood defence ‘on-the-ground’ it was felt to be
worthwhile to include within the study. It is recognised that this is only indicative of protection from
fluvial flooding as maps of areas actually protected by flooding were not available, but this approach
does nevertheless enable the potential benefits of flood defences to be recognised. Annex 1 provides
more details of the adaptive capacity data used for this study.

3.1.4. Calculating risk
Using a risk formula (presented below ), risk of different forms of flooding to transport
infrastructure in GM has been estimated for the three hazard scenarios outlined above. This
formula required the assigning of w eights to the flood hazard types. Here, the w eight
corresponds w ith the potential for damage to be caused by the flood hazard in respect of loss of
life, economic loss and disruption to services. Within this study, fluvial flooding w ith climate
change uplift w as assigned the highest w eight, follow ed by fluvial flooding based on the EA’ s

flood zones, w ith SWF assigned the low est w eight. Although SWF occurs more frequent ly in
urban areas than fluvial flooding, and can cause immediate disruption to critical infrastructure
(Yin et al., 2016), the severity of damage to critical infrastructure and the extent of associated
disruption is often dependent on the depth and duration of flooding (Van Ootegem et al., 2015).
Fluvial flooding can cause extensive damage due to its extended duration and the greater depths
and velocity of flood w aters. Indeed, previous fluvial flood events in the UK have demonstrated
that this type of flooding can cause massive damage to infrastructure (e.g. fluvial flooding in
Carlisle in 2005 caused damages of £450 million, Wheater, 2006) and increased insurance
claims (Penning‐Row sell, 2015). Further, w ith climate change (and associated uplift in river
flow s), damages from fluvial flooding are projected to rise in Western Europe (including UK)
(Feyen et al., 2012).

Based on these insights, weights were assigned to the hazard layers under the three scenarios in the
following way (see Table 1 for further details):





Scenario 1 – SWF: weights from 1 to 4 were assigned to the four EA hazard classes, with
weight increasing with the depth and velocity of surface water flooding.
Scenario 2 – fluvial: the two EA fluvial flood zones and the two climate change uplift flooding
projections for fluvial flooding were assigned weights from 1 to 4. For the fluvial flood zones,
weight was increased with the annual chance of flooding (1% chance of flooding was given a
higher weight than a 0.1% chance of flooding). Weight was increased with higher percentage
uplift in river flows due to climate change (70% uplift was given a higher weight than 35% uplift).
Climate change uplift flooding was assigned a higher weight than the EA fluvial flood zones due
to the increased potential for damage associated with higher river flows.
Scenario 3 - composite: This scenario aggregates all the forms of flooding considered within this
study. Weights from 1 to 8 were assigned to hazard classes. Regarding SWF and fluvial
flooding, this scenario followed the weighting approach outlined above for scenarios 1 and 2. To
distinguish between the different types of flooding, as noted in the preceding discussion, SWF
was given a lower weight than fluvial flooding, which was in turn given a lower weight than
fluvial flooding with climate change uplift.

Although a w eighting approach is needed to complete this risk assessment, t here are caveats
w ith this w eighting approach w hich should be acknow ledged. Ultimately, the damage associated
w ith any particular flood event w ill be context specific. It w ill depend on issues such as the time
that the flood occurs, w here it occurs and the length of time that the flood w ater persists. It is
possible, therefore, that a SWF of hazard class 4 could cause more damage that a fluvial flood
occurring in flood zone 2. Also it can be difficult to estimate the damage caused by SWF as
these damages are not alw ays reported.

After deciding on the weights attached to the different forms of flooding, the following formula (eq1)
was used to estimate the risk for each transport infrastructure asset type for different scenarios.
𝑅𝐸𝑚 =

(∑𝑛1 𝐻𝑛 𝑊𝑚 ) × 𝑆𝐸
… … (𝑒𝑞1)
𝐴𝐶𝐸

Where:




REm is the flood risk for asset ‘E’ for Scenario ‘m’, (m = 1,2,3); asset ‘E’ can be KRN, Metrolink
line, Metrolink station, rail line, and rail station.
HnW m is the weight associated with hazard type ‘n’ for scenario ‘m’, (n = 1…..8),
SE is the sensitivity of asset ‘E’, and



ACE is adaptive capacity of the asset ‘E’. (N.B. Adaptive capacity is only applied for fluvial
flooding hazard layers, as the Environment Agency’s ‘Areas benefitting from flood defences’
only relates to fluvial flooding.)

Hazard
Component

Code

Sub-types/

Critical

Range

Weights

Weights

Weights

Scenario 1

Scenario 2

Scenario 3

(SWF)

(Fluvial)

(Composite)

H1

0.5-0.75 Hazard Rating

1

NA

1

H2

0.75-1.25 Hazard Rating

2

NA

2

H3

1.25-2 Hazard Rating

3

NA

3

H4

> 2 Hazard Rating

4

NA

4

NA*

1

5

NA

2

6

Surface
Water
Flooding
(SWF)

Flood Zone 2 (0.1%
H5

chance of flooding each
year)

Flood
Zones

Flood Zone 3 (1% or
H6

greater chance of
flooding each year)

Climate

H7

CC 35% uplift (2050)

NA

3

7

H8

CC 70% uplift (2080)

NA

4

8

Change
Uplift
Flooding
*NA = Not Applicable
Table 1: Weights for different flood hazard types for risk assessment for three scenarios.

The estimated risk values for each transport infrastructure asset type for each of the three scenarios
was normalised and placed into 3 categories; low, medium and high risk. The range of risk values
associated with these categories was obtained based on the data pattern using the Natural Breaks
2
(Jenks) Categorisation process .
After estimating the risk values and categorising them, a hotspot analysis of risk for the KRN was
conducted for Scenario-3 (all forms of flooding). The risk hotspot analysis was conducted to identify
2

"Natural breaks" finds the "best" way to split up data ranges. It is a data specific classification method that produce classes
based on the natural groupings inherent in the data. More information is available at: https://pro.arcgis.com/en/proapp/help/mapping/layer-properties/data-classification-methods.htm

spatial clustering patterns concerning flood risk to the KRN. This process determined whether high risk
key routes are in proximity to other high risk key routes (i.e. higher risk clustering), whether low risk
routes are in proximity to other low risk routes (i.e. low risk clustering), or if there is no significant
clustering pattern in relation to flood risk to the KRN. The analysis was only done for KRN as, KRN
represent the most commonly used transport asset.
3

The hotspot analysis was conducted in ArcGIS using the ‘Hotspot Analysis’ tool, and the tool uses G4
5
6
i-Star algorithm (Getis and Ord, 2010) to estimate the z-score and p-values for each element of the
KRN based on spatial weight among surrounding features within a threshold distance. Here, threshold
distance of 2000 metres was selected (after several options were trialled) to explore the spatial
clustering pattern of flood risk to the KRN within more localised setting. Considering the full extent of
Greater Manchester would have provided a highly generalised and inaccurate representation of
clustering patterns. The result provided a spatial picture of hot and cold spots, with different levels of
statistical significance (99%, 95%, 90% or insignificant), indicating the strength and importance of
clusters of elements of the KRN that are at high and low risk of flooding.

3.2. Adaptation Pathways Method
In order to support the process of understanding and prioritising between adaptation options, the GM
RESIN case study tested an ‘adaptation pathways’ approach (see Mendizabal et al. 2018 for the full
testing results). Adaptation pathways are policy initiatives that are thought to better handle the
uncertainty inherent with future climate change projections through identifying a range of flexible and
adaptable policies. Stakeholders are encouraged to develop a variety of visions (which can range from
non-climate resilient to climate resilient) and then work out the multiple pathways, and where key
decision points occur, that enable the realisation of particular visions (Mendizabal et al. 2018: 9).
Policymakers can select the pathways that increase climate resilience and develop a corresponding
action plan with the ultimate aim of avoiding lock-in to maladaptive practices. One of the benefits of
the adaptation pathways approach is that whilst nothing needs to be done in the present day, the
identified issue can be put on a ‘watching brief’ by identifying trigger points (events) where climate risk
may need to be addressed in the future.
Adaptation pathways approaches are favoured by the IPCC and has been used successfully in the
Thames 2100 barrier project where different pathways of adaptation were identified to understand
when climate change would require decisions to be made surrounding an upgrade of the barrier (Reed
and Ranger 2011). Building on the outputs of the spatial flood risk assessment, this element of the
current study explored how the adaptation pathways approach could be tailored to GM needs,
focusing on the Bolton Transport Interchange as a case study. The aim was to explore whether an
adaptation pathways approach can be applied in practice, within GM and other locations, to adapt and
increase resilience to climate change.
The adaptation pathways work aimed to:


3

Identify adaptation options to reduce flood risk to selected TfGM transport infrastructure
assets, and prioritise these options based on different adaptation pathways.

ArcGIS is a geographical information system software package developed by ESRI.
G-i-Star algorithm is an algorithm that used G-statistics (a statistical test) to evaluate the spatial association of variables within
a specific search distance. More information is available at: https://onlinelibrary.wiley.com/doi/abs/10.1111/j.15384632.1992.tb00261.x
5
z- scores are standard statistical scores that expressed in terms of standard deviation from the mean, more information is
available at: https://statistics.laerd.com/statistical-guides/standard-score-2.php
6
p – values estimate the statistical significance of any hypothesis test used by statistical measures.
4

Specific objectives linked to this study on adaptation pathways included:
1.
2.
3.
4.

Define the acceptable thresholds and adaptation objectives.
Appraise adaptation options and prioritise between them.
Identify ‘adaptation turning points’ in order to set the context for decision making.
Identify potential climate resilient pathways through developing a ‘route map’ which includes
different adaptation options and decision points.

The overarching intention was to identify a workable process for developing climate adaptation
pathways that can be applied to other infrastructure types/institutional contexts within GM (and
potentially other locations), within the context of strained public resources.
The work is intended to develop a usable method that can be replicated in other contexts rather than a
standalone implementation plan for a particular organisation (although this task provides tangible
benefits to TfGM), and also to understand the information that stakeholders would need to access in
order to progress their own adaptation pathways study. For this reason, methods that involve
modelling work and simulations (e.g. Real Options Analysis. See Buurman and Babovic, 2016;
Kwakkel et al., 2015), have been discounted in order to focus on an easily replicable process
requiring minimum inputs and resources, which could be successfully implemented by a range of end
users in practice (OECD, 2015: 133).
The adaptation pathways processes applied within this study is visualised in Figure 2. This process is
adapted from the EU H2020 funded RAMSES project, in which a method was identified and validated
in case studies including tidal wave planning in London and heat planning in the city of Antwerp
(Mendizabal et al. 2016). Note that the final step, number 5, in the process (implementation and
monitoring) was beyond the scope of the GM case study within the RESIN project.

Figure 2: The steps to be followed in the GM RESIN Case Study Adaptation Pathways assessment.
Step 5 was not undertaken.

4. Spatial flood risk assessment of GM’s
transport infrastructure assets
This section of the report provides an overview of the outcomes of the spatial flood risk assessment.
Figure 3 shows the extent of flood hazards across GM for fluvial flooding and SWF. This includes
mapping of fluvial flooding accounting for climate change uplift, which is available for certain areas of
GM where modelling work has been undertaken. Whilst fluvial flooding may appear to be more
prevalent on this map, SWF can cause damage even at low depths and occurs more frequently (and
unpredictably) than fluvial flooding in GM. Also, the spatial mapping of SWF indicates that areas
potentially exposed to this hazard are highly fragmented and in some cases cover very small areas.
Therefore, they are less visible on the GM scale maps provided in this report compared to fluvial
zones.

Figure 3. Flood Hazard across Greater Manchester. Data Source: Greater Manchester Combined
Authority, Strategic Flood Risk Assessment, 2018.

Figure 4 overlays the flood hazard map (Figure 3) with a map displaying flood risk to GM’s Key Route
Network (KRN) (for Scenario 3). Figure 4 shows that the high and medium risk stretches of the KRN
are often in proximity to the fluvial flood zones and climate uplift flood areas. Figure 5 then identifies
risk hot and cold spots where defined clusters of roads within the KRN are at high, or low, risk of
flooding (for Scenario 3). It is apparent that there are several particularly high-risk areas in GM,
including parts of the KRN around Wigan, Salford, Bury. Most of these high risk clusters include
sections of the KRN that are situated around or near the flood zones and climate uplift flooding areas.

It is also apparent that several low risk clusters can also be observed, including around the centres of
Manchester, Oldham, and Tameside, and in parts of Trafford, Bolton and Stockport. The map also
illustrates that the majority of GM’s KRN does not exhibit any significant clustering, with flood risk to
this element of the transport network therefore not showing any discernible spatial patterns.
Nonetheless, the analysis does indicate that Wigan, Salford and Bury have more elements of the KRN
at high risk of flooding than the other local authorities in GM.

Figure 4. Flood Risk to GM’s Key Route Network (KRN) (Scenario 3). Data Sources: Flood data from
Greater Manchester Combined Authority, Strategic Flood Risk Assessment, 2018; KRN data from
Transport for Greater Manchester.

Figure 5: Flood risk hotspots and cold spots to GM’s KRN (Scenario 3). Data Sources: Flood data
from Greater Manchester Combined Authority, Strategic Flood Risk Assessment, 2018; KRN data
from Transport for Greater Manchester.

Table 2 outlines which elements of the KRN are at highest risk from SWF, fluvial and all types of
flooding. Stretches of the M60 and the A58 appear to be most at risk of flooding.

Scenario 1 (SWF)
Risk
Scenarios
Descriptor

Asset
Descriptor
and
frequency

Number of
stretches

Scenario 2 (Fluvial and
Climate uplift)

Descriptor

Number of
stretches

Scenario 3 (Composite)

Descriptor

Number of
stretches

C Roads

48

M60

24

C Roads

36

M60

39

A58

18

M60

29

A68

23

A57

16

A58

20

M62

18

C Roads

14

A49

16

M66

17

A49

13

M66

12

M61

16

A56

10

A56

11

A560

15

A5103

8

A57

11

A6

14

A5063

7

A577

8

A627

14

A577

7

A666

8

A666

12

A579

7

M6

8

-

-

-

-

M62

8

Table 2: Identification of key assets at the highest level of risk under the three scenarios

Figure 6 overlays all forms of flooding covered by this assessment with GM’s Metrolink and rail
network. Within this figure, risk is categorised as ‘low’, ‘medium’ and ‘high’ for Scenario 3. This map
indicates that assets at ‘high’ and ‘moderate’ risk are often within close proximity of fluvial flood zones
and climate uplift areas, although several sections of Metrolink track at high risk are co-located with
areas potentially exposed to SWF. Table 3 identifies the specific assets that appear to be most at risk.
The Bury-Altrincham Metrolink line is at risk from all forms of flooding assessed. In addition, Chorlton
Metrolink station and Bolton Interchange are identified as being at risk from SWF in particular.

Figure 6: Flood Risk to GM’s Metrolink and Rail network. Data Sources: Flood data from Greater
Manchester Combined Authority, Strategic Flood Risk Assessment 2018; Metrolink and Rail data from
Transport for Greater Manchester

Risk Scenarios
Scenario 1 (SWF)
Asset Type
Bury
Metro Lines

Scenario

and Climate uplift)

(Composite)

Bury

Bury

Rochdale

Altrincham

Town

Centre

Heaton Park

Chorlton

3

Altrincham

Chorlton

Rochdale

Whitefield

Metro Stations

Scenario 2 (Fluvial

Town

Centre

Exchange Quay

Trafford bar

-

Chorlton

-

Altrincham

-

East Didsbury

-

-

-

-

Wythenshawe

town

centre
Flowery Field

Lostock

Rail Stations
Bolton Interchange

Table 3. Identification of Metrolink and rail assets at highest risk of flooding.

Media City UK
Rochdale

Town

Centre
Shaw and Crompton

Lostock

Figure 7 brings together the mapped outputs, and highlights transport assets that are at high risk when
all forms of flooding are considered (Scenario 3). Table 4 quantifies the percentages of the transport
assets covered by this assessment that are at different levels of risk (high, medium and low) of SWF
and fluvial flooding. It can be seen that the Metrolink and train lines are at particularly high risk of SWF
and fluvial flooding compared to other elements of GM’s transport infrastructure covered within this
study.

Figure 7. Composite flood risk to GM’s Metrolink, Rail, and KRN assets at high risk. Data Sources:
Flood data from Greater Manchester Combined Authority, Strategic Flood Risk Assessment 2018;
Metrolink and Rail data from Transport for Greater Manchester.

Risk

Scenario 1 (SWF)

Scenario 2 (Fluvial

Scenario

3

and Climate uplift)

(Composite)

Assets
L

M

H

L

M

H

L

M

H

KRN

61.013

27.157

11.830

85.645

8.998

5.356

70.381

20.998

8.621

Metro Links lines

48.220

21.707

30.075

26.055

56.085

17.860

39.502

30.423

30.075

Rail Links

51.648

19.940

28.413

87.889

10.985

1.126

50.464

41.700

7.835

Metro Stations

85.714

6.593

7.692

85.714

12.088

2.198

76.923

17.582

5.495

Rail Stations

80.220

17.582

2.198

96.703

2.198

1.099

76.923

21.978

1.099

Table 4: Percentage of different elements of the transport network at low (L), medium (M) and high (H)
risk from different forms of flooding. For KRN, Metro and Rail lines, the values indicate the percentage
of the total length of the asset at risk. For Metro and Rail stations the values indicates the percentage
of total number of stations at risk.

4.1. Key Issues arising from the spatial risk assessment
The spatial risk assessment raises a number of key issues for consideration. Firstly, whilst fluvial flood
risk is relatively well-documented and understood, SWF has emerged in GM as a highly significant
hazard over recent decades (Carter et al 2015). It is clear from this risk assessment that a number of
GM’s transport assets are at high risk from this form of flooding, particularly rail and metrolink lines,
but also over 10% of the KRN. SWF is already occurring in GM and climate projections indicate that
this hazard is set to intensify in GM with the projected increase in the incidence of heavy rainfall
events (Cavan 2011). The threat of SWF risk intensifying in the future is further exacerbated by land
development, in the absence of adaptation measures such as sustainable drainage systems, due to its
impact on rainwater runoff. Addressing SWF risk to the transport infrastructure network, in addition to
other development types and infrastructures, will be a key issue for GM to address over the coming
years in order to encourage prosperity and growth, and to address health and wellbeing issues
associated with flooding.
It is crucial to recognise that the spatial risk assessment outcomes presented within this report do not
provide a definitive statement on flood risk to GM’s transport infrastructure, although they do offer the
most comprehensive publically accessible assessment of this issue that is available to date. The risk
assessment provides a spatially informed view on GM’s transport infrastructure assets that are of
higher (and lower) risk to different forms of flooding. Ultimately, however, ground-truthing is needed
confirm whether transport infrastructure assets identified as being at high risk of flooding are at high
risk in practice. Such an assessment would help to establish, for example, whether assets identified as
being at high risk do in fact benefit from flood defences that were not considered as part of this
assessment, or if local topography reduces the risk of flooding. This spatial risk assessment provides

a useful basis for planning such a ground-truthing exercise should organisations responsible for
managing GM’s transport network decide to invest time and resources into reducing the risk of
flooding to their infrastructure assets.
The next section of the report builds on and takes forward the spatial risk assessment, presenting a
case study of an adaptation pathways approach for a transport infrastructure asset at high risk of
surface water flooding; the Bolton Transport Interchange. The case study describes a process that can
be employed in order to support the development of options to adapt and build resilience of transport
infrastructure assets (and others forms of development and infrastructure) to flood risk.

5. Adaptation Pathways: a case study of the
Bolton Transport Interchange
In order to progress the adaptation pathways approach to identify a series of adaptation options for a
particular site in GM, a short-list of seven potential sites was drawn up. The sites covered existing
developments as well as proposed new developments (with and without plans). This list emerged from
the spatial risk assessment described above, as well as a consideration of potential development
areas in GM identified as part of the draft GM Spatial Framework. The following criteria governed the
selection of sites for consideration as adaptation pathways case studies:
1. The site should be at high flood risk whether this be fluvial, SWF, or both (as identified through
the spatial flood risk assessment described above).
2. Ideally the site should be in an area allocated for development (or providing key infrastructure
capacity to development) under the GMSF (as of 2016), or be subject to other major
development/change proposals.
3. Ideally, the site should encompass more than one mode of transport (e.g. an interchange, a
rail crossing).
Based on these criteria, Bolton Interchange was selected as the case study site. The key reasons for
selecting the Bolton site are:



The site is at high risk of surface water flooding relative to other TfGM assets.
The interchange sits within a town centre that will be undergoing £1 billion of redevelopment in
the immediate future.

In terms of specific objectives for the site, in order to develop an adaptation pathway to support
actions to reduce flood risk, there was a need to understand:
-

Any resilience measures currently in place to deal with pluvial flood risk.
The extent of site flexibility in order to incorporate further resilience measures if needed in the
future, including a mix of hard/soft strategies.
Who might be responsible for implementing such changes, and when.

5.1. Overview of drivers relevant to the site
Bolton Interchange is located in Bolton Town Centre and opened in late 2017. It is owned and
operated by TfGM. In the main, the site covers the bus station which has a connecting bridge to the
existing train station. The train station is owned and operated by Network Rail.
The wider area is targeted for significant investment. The Bolton Town Centre Masterplan indicates
£1billion of investment in order to regenerate Bolton town centre in a series of phases up to 2030. This
includes proposals to create:




1,800 new homes,
7,400 new jobs
Generate economic activity worth an additional £412 million over five strategic sites.

In the initial phases, £100 million of public funding is being allocated to various issues including
preparatory phases of establishing sites to be ‘development ready’, in addition to public realm and
infrastructure improvements.

The Trinity Quarter site (the focus of Phases 1 and 2 of the regeneration plan) adjoins the recently
completed Bolton Interchange. The Interchange opened in September 2017 at a cost of £48 million in
order to ease the movement between various modes of transport (including car, bus, train, cycling and
walking). Given the large amount of development around the site, it is proposed that the site is looked
at in fresh terms in order to understand the potential impacts of climate change, increased usage, and
further development.

5.2. Flood risk
The RESIN spatial flood risk assessment (detailed in section 3 above) showed that Bolton Interchange
is at high risk of surface water flooding. Figure 8 breaks this down into different depths of surface
water flooding. Depths of up to 2m occur within a 250 m buffer of the site although depths of between
0.75m and 1.25 m occur closer to the site.
A detailed look at fluvial flood risk shows that this is highly unlikely to affect the Interchange itself even
when considering providing a climate change allowance and even when looking at buffers to provide
an insight into the impacts of a flood occurring near the Interchange. Nevertheless, the Interchange
will contribute to surface water flooding in the surrounding areas through the generation of surface
water runoff. Further, surface water flooding to the road and rail networks around the Interchange will
impact on its operation in the event of a flood occurring.

Figure 8: Detailed surface water flood risk to the Bolton Interchange site. SWF = surface water flood;
KRN = Key Route Network. Source: Greater Manchester Combined Authority, Strategic Flood Risk
Assessment, 2018.

5.3. Site Analysis
Bolton Interchange was designed by AHR. The main purpose was to build a 23-stand bus station
connected to the existing train station via a skylink to ease passenger movement between the train
and bus station. The interchange was designed to achieve BREEAM certification of ‘very good’ in
terms of sustainability. There are two components to the site; the main bus station and a separate
accommodation annex containing offices and training rooms for TfGM and rented spaces for operators
such as Arriva and First.
An understanding of the site came from a site visit on 12 June 2018 with the facilities manager and a
TfGM representative as well as an analysis of the planning documents submitted to Bolton Council by
the architects (2011 – 2016; c. 40 documents). This demonstrated that the site had a number of
measures that aimed to ease the potential problems of excess surface water runoff. For example, a
Sustainable Urban Drainage Strategy, undertaken in 2011 as part of the planning proposals for the
Bus Interchange (Jacobs 2011), proposed the following measures to address excess rainwater and
surface water runoff:
 The separation of foul, storm and oily water
 The use of attenuation tanks on storm and oily water drainage systems
 The use of rainwater harvesting tanks to capture rainfall from the roof of the main building to the
2
accommodation blocks to slow the flow of rainwater (740m )
 The use of green roofs on the accommodation block (x 2)
 Some soft landscaping (not public realm)
It is not known whether these measures were implemented as specified on the initial architectural
plans associated with the planning application (from 2012). Visual inspection showed that there is very
little permeability in the public areas adjacent to the site. There is no permeable paving or any green
spaces. The site is built on land sloping towards the train station, which may also alter surface runoff
pathways. The main bus station is built atop an undercroft which contains a rainwater harvesting tank
as well as limited spaces for car parking (Figure 9). However, there was only one green roof (Figure
10). It is not known how these measures reduce the risk of flooding in a quantitative sense. There is a
large area of flat roof on the main bus station which has not been greened (Figure 11).

Figure 9. Rainwater harvesting tank in the undercroft. Source: Angela Connelly.

Figure 10. Green roof on the accommodation block at Bolton Interchange. Source: Angela Connelly.

Figure 11. Roof on the main bus station at Bolton Interchange. Source: Angela Connelly.

Internally, there is evidence of some measures that could reduce the time taken to recover from a
flood if this was to occur. For example, in the main bus station, the communications room is located on
the second floor (away from the ground floor). Electric sockets on the ground floor (e.g. TfGM offices),
are raised up around 1 m from the floor.

There has been previous flooding at the site. Stand C had been flooded before (twice) after heavy
rainfall. During this period, the stand was closed and the interchange was able to source filled tubular
bags from the nearby Rochdale bus station (also in Greater Manchester) which had also been

previously flooded. This flooding event was partly a design issue as the carriage way slopes down to
the bus stops on one side of the interchange. The carriage ways were supposed to be designed so
rain can drain away. However, there were channels, but they had no drainage system. To combat this,
there is now a retainer wall at stand C and holes were drilled into the drainage to increase capacity
(Figure 12).

Retaining wall

Figure 12. Added measures to prevent Stand C from flooding. Source: Angela Connelly.

In summary, there are measures in place that can help to mitigate surface water runoff during periods
of heavy rainfall. The interchange also benefits from existing emergency planning for a range of
different hazards (e.g. evacuation plans) and can access temporary flood barriers from nearby sites.

5.4. Defining acceptable thresholds for pluvial flooding: key
challenges
Identifying thresholds is an important element of adaptation pathways approaches. Adaptation
pathways approaches begin from a basis of how much climate change we can cope with (Mendizabal
et al. 2018) and, consequently, identifying thresholds (or trigger points) shows the level of risk that can
be tolerated for a particular site or objective. The identification of thresholds then allows the adaptation
pathways to be sequenced over time (e.g. when sea level rise reaches 4 cm then X needs to occur).
The focus of this study is on pluvial flooding. Acceptable thresholds for pluvial flooding in the UK are:
-

0.3m – 0.6/0.9m may be combated with resistance measures (e.g. doorguards, tubular bags,
flood gates, etc).
Flood levels of over 0.9m may begin to cause structural damage to the site, and therefore
recoverability measures (also known as wet-proofing; water entry strategies) may be needed.

This suggests a need to mix both resistance and recoverability measures on the site along with
considering softer options around emergency planning and communication. Therefore, the pathways
approach may consider alternative combinations of various measures. The introduction of permeability
and further green roofs (in addition to the existing provision) could potentially increase the rate of
water infiltration.
The study encountered some problems with the use of thresholds. This derived from the coarse nature
of GM’s modelling of future surface water runoff for GM. It was felt that the models would not be useful
for a detailed analysis, and were discounted. This presented a challenge in understanding when the
breaching of thresholds may present a problem in the future. Therefore, it was not possible to
establish a timeline for action.

5.5. Identification of adaptation options
Based on the analysis of existing resilience measures and an initial consultation of the RESIN
Adaptation Options Library (http://www.resin-cities.eu/resources/library/), as well as knowledge of
recent UK research on flood resilience (Connelly et al. 2015; Lamond et al., 2017), an adaptation
canvas has been drawn up to document existing measures and potential future measures (Figure 13).
At the point of this study, there were no planned adaptation strategies for the site.

Figure 13. Adaptation Canvas for Bolton Interchange. Options in green have already been
implemented/made available. Options in orange could represent future adaptation options to be built
into an overall strategy.

Using the RESIN Adaptation Options Library, the potential adaptation options were categorised
according to the type of risk that the measure is addressing (table 5). Here, most of the options are
structural/physical in nature. Relocation of the site to a safer area to reduce exposure could not be
considered with this site in the short-medium term future.

Measure
group

per

Nature
Based
Solutions
(e.g.
Green roofs, Tree
Planting,
Other
GI)
SuDS
(e.g.
Rainwater
harvesting)
Temporary Flood
Barriers
Resilient
transport system
(wet-proofing,
road
drainage,
permeable
surfaces)
Disaster
Risk
Reduction (early
warning system,
plans)

Risk tackled by type of adaptation measure
Increase
in Reduction
of Reduction of Relocation to
flood
peak
flows vulnerability
safer
area
protection
through water (SOCIAL/INST (EXPOSURE)
(STRUCTURA retention
ITUTIONAL)
L/PHYSICAL)
(STRUCTURAL/
PHYSICAL)
X

X

Ecosystem-based
Adaptation (GreenBlue)

Engineered
and
built environment

X
X

Type (IPCC 2014)

Engineered
and
built environment
Engineered
and
built environment

X

X

Government
policies
and
programmes/Inform
ation and education.

Table 5.Type of adaptation measure categorised according to the risk that it tackles

The next step was to characterise the adaptation options. This meant undertaking a more detailed
analysis of the adaptation options with respect to the set objectives, the type of adaptation option,
effectiveness, barriers, and so on. This is to ease comparability between each option. The
characterisation was based on criteria initially considered to be important for the assessment:
effectiveness, type, cost-efficiency, barriers, co-benefits and the type of action. Table 6 presents this
analysis. It can be seen, for example, that the flood effectiveness of creating pervious areas and
introducing permeable paving is significantly greater than expanding the green roof. However, there
are a range of different barriers to address depending on the selected option.

Flood
Effectiveness:
3 P’s Layer

Measure

Type

Run
reduction

off

Aspect

of

risk

Barriers

Co-benefits

(RESIN AOL)
Creating

Biodiversity,

pervious
areas

Prevention

Green/blue

19.5%

(trees/grass

Reduction in
run-off

Spatial

improves

Biodiversity,
roof

(expansion)

health

quality.

planting)

Green

lowers

heat, attractiveness,

Prevention

Green/blue

7.6 – 76%

lowers

Reduction in

Technical,

heat, attractiveness,

run-off

political

improves

health

quality.
Permeable
paving

Temporary
flood barriers

Prevention

Structural

17%

Prevention

Structural

No data

(wetproofing)

flooded area
Increased
flood
protection

Resilient
materials

Reduction in

Reducing
Preparedness

Structural

No data

damage
costs

Technical

Financial,
Technical

Financial,
technical

Recyclability

Low maintenance

Low maintenance

Table 6: Initial characterisation of the adaptation options. All data from the RESIN Adaptation Options
Library (AOL) (http://www.resin-cities.eu/resources/library/).

5.6. Building adaptation pathway alternatives
Difficulties were encountered in building the adaptation pathway alternatives because of the lack of
data on flood effectiveness, cost-efficiency or implementation of options at a micro-level. In addition, at
site level, a range of complementary adaptation options may need to be implemented on one site.
Understanding the flood effectiveness of an integrated suite of flood risk reduction options would
require detailed modelling beyond the resources available.
From the data available, it is possible to indicate that increasing green roof capacity at the site would
encourage increased runoff reduction. However, significant gains could also be made by increasing
permeability in the surrounding site either through grass/tree planting and/or permeable paving. This
will increase costs of making changes overall, but the run-off and flood risk reductions may justify this
in terms of reducing flood risk to the Interchange and its surrounding areas. However, it is notable that
the implementation of such measures is more difficult once a building has been completed and these
measures should ideally be identified at the design stage.

Undertaking Multi-Criteria Decision Analysis (MCDA) was thought to be a technique to develop the
adaptation pathways further and has been used in previous studies (Mendizabal et al. 2018). MCDA
can involve stakeholders to identify criteria that allow the prioritisation of a range of adaptation
pathways. However, given the paucity of data on the options, and the fact that the site has existing
resilience measures in place (including a rainwater harvesting tank, a green roof, separation of
drainage, access to temporary barriers), it was difficult to construct an MCDA analysis. The conclusion
from the Bolton Interchange case study is that the adaptation pathways approach is highly difficult to
enact without modelled data and a thorough quantitative understanding of future flooding with climate
change, which was not available in this study. However, this does not preclude determining which
adaptation options may be more feasible than others.
To move toward doing so, assumptions were made that surface water runoff could increase in the
future and that the main aim was to make the site more resilient to this increase. The best solution
would be to increase the permeability of the site and surrounding land. Therefore, effectiveness would
be best measured in terms of the reduction in infiltration rate (L/m2.hr). Temporary flood barriers aim
to keep water away from the site and so their effectiveness is best measured by the leakage rate
(L/m2.hr). Resilient materials assume that the site will flood and, consequently the best measure to
compare between products here is the cost of materials in terms of easy replacement. Cost is, indeed,
a driving concern for all measures as well as the level of ongoing maintenance required going forward.
Different packages of options, based on different aims, were identified: decrease in infiltration rates,
water exclusion and water entry strategies. These represent the different pathways and are outlined
below.






Pathway 1: All options
Pathway 2: Temporary flood barriers
Pathway 3: Temporary flood barriers + resilient materials
Pathway 4: Tree/grass planting + permeable paving
Pathway 5: Increase in green roof capacity

Once the pathways had been identified, their effectiveness against several measures had to be
compiled from various sources of information to enable comparison. The outcomes of this analysis are
detailed in Tables 7 and 8 which cover product performance, costs, co-benefits, maintenance
requirements, and barriers to implementation. Further observations could then be made on the options
included in the pathways, as detailed in the list below:
 Average cost was considered for each adaptation option and assigned a qualitative measure
(low [£0 – 50,000], medium [£50, 000 - £99, 999), high cost (£100, 000 and above).
 Further work should go into defining more specific details about the type and nature of different
flood barriers and species of trees and grass, for example.
 Temporary flood barriers should be divided between automatic barriers and manual barriers.

Bringing all of this data and analysis together, it becomes possible to begin to make comparisons
across the adaptation options. However, this was difficult for some adaptation options as they have
different functions which may not always be comparable. Resilient materials, for example, aid the flood
recovery process but there is an assumption that the flood will occur, whereas the other options work
to either slow down the rate of water or exclude water from entering a site in an effort to eliminate the
risk of flooding.

Therefore, it was concluded that the main rationale for whether or not to implement a measure may
depend on acceptable levels of water entry and associated planned maintenance for the site. The site
managers should identify how much water is a tolerable amount that would not interfere with the
continued function of the Interchange. Additionally, the introduction of any new measures could be
timed to dovetail with future maintenance/refurbishment of the site from a practical point of view.

Initial Cost (£)

Temporary Flood

Gates

(Pre-installed/automatic)
Temporary flood barriers
(free standing)
Resilient materials
Increasing

permeability

(tree/grass)
Increasing green roofs
Increasing
permeability(paving)

(1)

Leakage

rates

2

Infiltration
2

(L/m .hr)

Maintenance

rates (L/m .hr)

operation

(2)

N/A

Medium

(3)

Medium

0 to 5 L/h

Low

0 to 5 L/h

N/A

High

N/A

N/A

Low

High

N/A

10

High

N/A

8.2(6)

Medium

N/A

42.6

N/A

(4)

(5)

Low

(7)

High

Low

Table 7: Characterisation of the adaptation options based on effectiveness, cost and maintenance
Table Notes
1

Costs of Flood Barriers. See Keating et al. 2015
This is based on an assumption of the maximum rate allowed. See Connelly et al. 2015
See Connelly et al. 2015
4
Little data is available on the costs of resilient materials. See Lamond et al. 2017
5
See Changlia and CHengzhong 2018.
6
See Carson et al. 2013; Pirelli 2010
7
See Environmental Protection Agency 2012; Illgen et al. 2007; Valinski and Chandler, 2015.
2
3

/

Cost (£)

Temporary

Flood

Gates

(Pre-installed/automatic)
Temporary

flood

barriers

(free standing)

Resilient materials

Maintenance /
Operation

High

Medium

Low

High

(1)

N/A

Low

Barriers

Co-benefits

Financial,

Low

technical

maintenance

Financial,

Low

technical

maintenance

Financial,
technical

Recyclability

Component
Life (Years)

Unknown

Unknown

Unknown

Biodiversity,
Increasing

permeability

(tree/grass)

lowers
High

Low

Spatial

heat,

attractiveness,
improves

Dependant
on approach

health quality.
Biodiversity,

Increasing green roofs

High

High

Technical,
political

lowers

heat,

attractiveness,

30 – 50

improves
health quality.

Increasing
permeability(paving)

Medium

Low

Technical

Recyclability

20 – 25

Table 8. Characterisation of the adaptation options to prioritise the adaptation pathways with the final
criteria. Unless otherwise stated, all data come from the RESIN Adaptation Options Library
(http://www.resin-cities.eu/resources/library/)
Table notes
1

Little data is available on the costs of resilient materials. Recent literature considers domestic properties and small businesses.
(See Lamond et al. 2017)

5.7. Selection of an adaptation pathway
To enable a more detailed comparison, although in the absence of quantitative data, a SWOT analysis
was undertaken of the various pathways to support an assessment on which would be the most
feasible (Table 9).

Pathway

Strengths

Weaknesses

Opportunities

Threats

All options

Includes preventative
actions to slow the
flow of water, and
also easy to replace
materials if flooding
were to occur.

Expensive and timeconsuming
to
implement.

Opportunities
for
installation
around
planned maintenance.

Financial
and
technical
threats.
Lack of clarity around
future surface water
flood risk.

Temporary
Barriers

Can
be
actioned
immediately. Medium
costs and minimum
disruption.

Barriers need to be
maintained and, in the
case
of
manual
barriers (i.e. not preinstalled), there are
operational costs.

Could share barriers
with other nearby
sites.

Possible
issues.

Investigation
of
appropriate resilience
measures
for
commercial
sites
could
advance
technology.

Needs
to
be
combined with robust
emergency
management plans.

Depends
on
knowledge of species
and
paving
technologies.
Possible to action
when urban realm
requires
refurbishment.

Mainly
financial
relating to initial costs
and
ongoing
maintenance

Flood

Temporary
Flood
Barriers and Resilient
Materials

Can
be
actioned
immediately. Medium
costs and minimum
disruption.
Resilient
materials
are relatively cheap.

Barriers need to be
maintained and, in the
case
of
manual
barriers (i.e. not preinstalled), there are
operational costs.
Resilient
materials
may
not
be
considered
to
be
aesthetically pleasing

Increase permeability
(Trees/grass planting
+ permeable paving)

Beneficial for slowing
the flow of water.
Extensive co-benefits,
particularly
around
place-making
and
biodiversity.

Potentially expensive
and disruptive.

Need to work with
other
landowners
around the site to
create and implement
a good vision.

Increase green roof
capacity

Possibility of high
infiltration capacity

Limited
opportunity
for installation on the
main building.

Numerous co-benefits
to be realised by
increasing
biodiversity.

Table 9: SWOT analysis of the adaptation pathways for the Bolton Interchange.

aesthetic

5.8. Reflections on the process
At site level, modelled data on issues such as future flooding projections and the effectiveness of
measures in reducing flood risk would be needed to take this process further. However, in designing
this study we assumed limited data and wanted to understand whether adaptation pathways could be
undertaken on a qualitative basis since, in the UK, there is little projected data on future pluvial
flooding with climate change. Also, with limited resources in the public sector, it cannot be assumed
that quantitative data can be readily produced or commissioned. Therefore, the type of hazard
(flooding, heat stress etc) is an important consideration in undertaking adaptation pathways work,
which works better when there is projected climate data available in order to think about the future
climate and plan an adaptation pathway accordingly.
There are also issues about the number of adaptation options it is possible to consider at site level.
The Thames 2100 project, for example, considered the specific issue of when the Thames Flood
Barrier would need to be raised (Ranger and Reed 2011). Once further options are added into the
process, it becomes difficult to compare the adaptation pathways because of different ways of
measuring effectiveness. In addition, some measures are only just becoming politically and technically
feasible (e.g. resilient materials) and there is little data on their costs and other information needed to
undertake an adaptation pathways analysis.
This study has demonstrated that adaptation pathways are a useful way to think about when to plan in
adaptation options. However, it is difficult to come to any detailed decisions on adaptation options, and
judgements around comparability between pathways of adaptation options, when the process is based
on qualitative data.

6. Potential Applications of the Results
The spatial risk assessment identifies elements of GM’s transport network that may be at risk of SWF,
fluvial flooding and from fluvial flooding under future climate change. The potential uses and
applications of the outputs of this risk assessment include:
-

-

-

-

The outputs may be used to support flood risk communication and response. For example,
identified hotspots could be priority areas for developing bespoke emergency warning plans
that are specific to flood risk (and the type of flood risk). The spatial risk data could also inform
emergency preparation and response plans that are tailored to suit different areas according
to their risk levels, for example related to emergency vehicle routing in the event of floods
occurring.
The risk assessment can used to inform spatial planning and decision making, for example to
inform the evidence base supporting, and policy framework underpinning, the GM Spatial
Framework. Similarly, where development is proposed in locations that are served by
transport infrastructure at high risk of flooding, the case can be made to invest in measures to
reduce this risk.
The outputs could be utilised within TfGM (and GMCA) to support the achievement of Action
12 of the GM Climate Change and Low Emissions Implementation Plan, 2016 – 2020
(CCLES), which requires the identification of ‘key risks to transport infrastructure posed by
increased incidence of flooding and heat as part of Transport Strategy and Planning.’
The outputs could inform the work of other GM organisations such as the Civil Contingencies
and Resilience Unit (CCRU), for example to support ongoing work linked to the 100 Resilient
Cities initiative. This initiative could be used as a vehicle to help ensure that the understanding
of flood risk to transport infrastructure is shared across GM.

The spatial risk assessment has identified transport infrastructure assets, and clusters of KRN
sections forming broader hotspots where flood risk is high, and clusters where risk is low. Although
this method has been undertaken with a limited amount of data, it does nevertheless provide a
valuable indication of spatial patterns of flood risk to GM’s transport infrastructure. However, before
any concrete decisions are made on adapting and building resilience into GM’s transport infrastructure
network, detailed ground-truthing and modelling would be needed. This could be usefully undertaken
at sites identified by this assessment as being at high risk of flooding, particularly where they coincide
with planned areas of investment or existing strategic sites, in order to confirm actual levels of flood
risk. It would also be useful to assess the extent to which recorded incidences of flooding to the
transport infrastructure network coincide with locations identified as being at high risk via this spatial
risk assessment in order to help build the case for action to reduce risk. These would represent useful
next steps for TfGM, and other GM bodies with a role to play in adapting and building the resilience of
the conurbation to extreme weather and climate change.
Where transport infrastructure assets appear to be at high risk of flooding in practice, following a
process of local ground-truthing and modelling, these sites could be further investigated using the
preliminary adaptation pathways method developed for the Bolton Interchange. This method would
help to understand whether there are any existing adaptation measures for transport infrastructure
assets identified as being at high risk, and to assess the feasibility of developing additional adaptation
measures to address flood risk with respect to available resources, the effectiveness of measures and
timings regarding the implementation of measures.
Looking further ahead, the adaptation pathways work and the associated Adaptation Options Library
from the RESIN project could be utilised to feed into a renewal of TfGM design guidelines (and those
produced by other GM organisations and agencies engaged in the climate change adaptation and
resilience agenda) to further detail the incorporation of associated measures into the design of assets.
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8. Annex 1
Hazard Data

Data Name/Description

Source

Flood Zone 2 (between 1% and
0.1%
probability
of
river
flooding) [WebLink]

Environment
Agency (EA)

Flood Zone 3 ( more than 1%
probability of river flooding)
[WebLink]

Surface Water Flood
( Risk of Flooding from
Surface
Water
(RoFSW) map
output)
[WebLink]

EA

Data Type

Possible Use

Shape file

Consider as Hazard
layer with some
rank values to
evaluate Risk.

Shape file

Consider as Hazard
layer with some
rank values to
evaluate Risk.

Comments

Consider
as
Hazard,
for
composite hazard
determination.

Provides flood extent
spatially,
for
3
scenarios (3.3%, 1%,
0.1%) where the %
figure is the likelihood
of flooding occuring in
any given year.

Extent

EA

Shape
file
(multiple grid,
10 km2)

Depth

EA

Shape file

Same as previous

Provides depth in 6
categories
between
0.15-1.2. (3 scenarios)

Hazard

EA

Shape file

Same as previous

Depth and velocity and
grouped into 4 bands.
(3 scenarios)

Some Shape
files,
some
flood modeler

Use for future
scenario
considering flood
uplift
due
to
climate change.

The shape file/GIS files
shows the extent of
flooding in different
areas when uplift of
flow
volumes
is
included.

Future Flood

JBA

Transport infrastructure data (for exposure calculation)

Data Name/Description

Source

Possible Use

Comments

Figure

Key Route Network (10,955
lines)

TfGM

Exposure
of
different key routes
to multi hazards.

The data is fine, but some difference in terms of
routes, found with bus network data.

Metro Lines and Stations

TfGM

Exposure of lines
and stations.

Rail Stations

TfGM

Exposure
stations

of

Provides all functional lines and metro stations in
GM.

rail

Transport infrastructure usage data (for sensitivity calculation)

Data Name/Description

Source

Possible Use

Comments

Traffic Use (AADT/AAWT)

TfGM

Determine
sensitivity in terms
of number of use of
AADT/AAWT

This data is categorised in order to develop different
usage bands.

Metro Station and line use

TfGM

Can determine the
vulnerability
in
terms of metro use.

As above

Wikipedia

Can determine the
vulnerability
in
terms of trainline
use.

As above

Rail Station Use

Areas benefitting from flood defences (for adaptive capacity calculation)

Data Name/Description

Areas
benefiting
defences (1% chance)

from

Spatial flood defence lines

Source

Possible Use

Comments

EA

Finding
adaptive
capacities with the
lines
touch
or
within these area.

Only 163 areas/polygons within GM area, which do
not cover all the existing flood defences.

EA

Same as previous

These are lines indicating location of flood defences
and do not highlight which areas benefit from the
defences.

