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Emergency responders must reach urgent cases within mandatory timeframes, regardless of weather conditions.
However, flooding of transport networks can add critical minutes to travel times between dispatch and arrival.
Here, we explicitly model the spatial coverage of all Ambulance Service and Fire & Rescue Service stations in
England during flooding of varying severity under compliant response times. We show that even low magnitude
floods can lead to a reduction in national-level compliance with mandatory response times and this reduction can
be even more dramatic in some urban agglomerations, making the effectiveness of emergency response
particularly sensitive to the expected impacts of future increases in extreme rainfall and flood risk. Underpinning
this sensitivity are policies leading to the centralisation of the Ambulance Service and decentralisation of the Fire
& Rescue Service. The work provides opportunities to identify hotspots of vulnerability (e.g. care homes, sheltered
accommodations, nurseries and schools) for optimising the distribution of response stations and/or developing
contingency plans for stranded sites.

Vulnerable groups such as the elderly, young children and people with poor health are disproportionately affected
by natural disasters such as flooding (Ngo, 2001; Nick et al., 2009; Walker et al., 2010). One ‘adaptation tracking’
study (Lesnikowski et al., 2015) examined evidence of policy change between 2010 and 2014 in 41 high-income
countries and found no progress in the reported inclusion of vulnerable populations in climate adaptation policy
design. Understanding who gains and who loses from climate change impacts (as well as from adaptation policies) is
an important step towards resolving potentially disproportionate consequences for vulnerable and disadvantaged
populations and the development of more socially-just adaptation measures (Adger, 2006).

In the U.K., Ambulance and Fire & Rescue Services are the primary emergency responders to extreme flood events,
during which demands for services often rise significantly. Spikes in demand during major flood events can affect
multiple health care facilities simultaneously (Arent et al., 2014), thereby requiring additional ‘surge capacity’ within
health care units (Banks et al., 2007; Hess et al., 2009). Surge capacity should also be considered for emergency
responders, factoring in the rising demand and adverse impacts of flooded transportation networks on access to and
evacuation of vulnerable population and facilities. However, a prerequisite to considering surge capacity (and indeed
other coping strategies for emergency services) is to understand the socio-economic and geographic distributions of
vulnerability to service provision (hereafter termed “hotspots”). Such vulnerability is a function of two parameters.
First, concentrations of people (e.g. young children or the elderly), or facilities (e.g. nurseries or care homes) where
personal circumstances may create barriers to obtaining/ understanding information and/or reacting to flood events
compared with the general population (lowa Department of Public Health, 2009), or where emergency responders
become proportionately more critical in providing emergency services; and second, the spatial distribution of
emergency responders. Both are non-stationary, for instance, the U.K. has witnessed progressive centralisation of
Ambulance Services over recent decades. Flood events have the capacity to change the relationship between these
two parameters through both primary impacts (e.g. flood-impassable roads) or secondary consequences (e.g.
development of traffic congestion). Climate change may impact the magnitude and frequency of flood events, and so
both the primary impacts and secondary consequences, which makes the identification of vulnerability hotspots
crucial if emergency response systems are to adapt to future flood risk.
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In this paper, we identify vulnerability hotspots within flood-sensitive patterns of emergency services coverage for
England. We focus on: (i) three population groups that are most dependent on emergency services during flooding
(the elderly, young children and people with very poor health) and (ii) facilities with high concentrations of
vulnerable people (care homes, nurseries, schools and sheltered accommodation; Supplementary Information, S1).
Quantitative assessment is based on compliance rates against timeframes (Supplementary Information, S2) for
reaching incidents of different categories (including life-threatening cases), a key performance indicator for
emergency response services in England. Spatial accessibility (Weiss, et al., 2018) to vulnerable populations and
facilities is mapped explicitly for every Ambulance and Fire & Rescue station in England, using their mandated
timeframes for specified incidents and navigation-grade transport network dataset for routing (see Methods and
Supplementary Information, S3). Performance is measured in terms of areal coverage and population that can be
reached within given response times, under various authoritative flood scenarios (see Methods and Supplementary
Information, S4), compared with no-flood baseline conditions. Specifically, flood vulnerability hotspots for the three
population sub-groups, and four types of facilities are identified with the most detailed census data and exact facility
locations (over a million points) in England. The analysis reveals the extent to which even low magnitude/high
frequency floods can significantly impact emergency response times.

Results

Areal and Population Coverages

Areas covered by individual Ambulance, and Fire & Rescue stations were derived for the baseline, coastal/fluvial and
surface water flood conditions of various magnitudes. For example, Figure 1 shows the spatial coverage of all Fire &
Rescue stations in England (inset) and Southeast (main) under local 100-year surface water flood events, for the 5-,
8-, and 10-minute timeframes under normal traffic (see Methods and Supplementary Information S2). Equivalent
maps for Ambulance stations are shown in the Supplementary Information (Supplementary Figure 3). Statistical
analysis of the accessibility mapping under various conditions is presented next.

Figure 2 summarizes the percentage coverage by Ambulance Service stations in England, in terms of: (i) total area, (ii)
total population, (iii) population over 75 (elderly), (iv) population under 5 (young children); and (v) population with
Very Bad Health (people with VBH) as defined in the 2011 census. Coverages are given for coastal, fluvial and surface
water flood events for various Annual Exceedance Probabilities (AEPs), and within the 7-minute timeframe for
Ambulance Services in England (see Methods and Supplementary Information S2). Complete results for other
timeframe targets are given in Supplementary Table 1. Equivalent results are given for the Fire & Rescue Service in
the Supplementary Information (Supplementary Table 2).

Spatial Disparity

Whilst the Ambulance Service 7-minute percentage areal coverages are low (37%), on a national scale, the coverages
of both the total population and individual population groups in the baseline condition are above 80%. County-level
statistics reveal the spatial disparity. Variabilities of the Ambulance Service 7-minute coverages are illustrated in the
scatter plots (Figure 3) which compare baseline coverage with those under fluvial/coastal flood conditions for the 47
ceremonial (geographic) counties in England (City of London is included in the Greater London). Counties with less
than 60% coverage, and most dramatic reduction from baseline are labelled in the plots (Figure 3). Equivalents for
Fire & Rescue Service 5-minute statistics show a similar pattern. Apart from several counties where under both the
baseline and flood conditions, populations coverages are notably low, East Riding and Berkshire see the most
dramatic reduction in population coverage in all categories, with total population coverage reducing from 65% and
80% respectively to just 9% and 12%.

The impact of flooding on accessibility is demonstrated at both the national (Supplementary Tables 1-4) and county-
scale (Supplementary Tables 5-6). The 50" percentiles (Supplementary Figure 10) of Ambulance Service county-level
7-minute coverage for the population groups decrease from 77-82% in the baseline condition to 53-58% in a less
than 30-year fluvial/coastal flood, and further down to 41-46% for the 30-100 year event.

Population coverages of the top ten most populated counties by Ambulance Service (Supplementary Table 5) and
Fire & Rescue Service (Supplementary Table 6) highlight those counties with emergency service accessibility most
affected by flooding for their 7-minute and 5-minute timeframes respectively. Three counties in the south and
southeast of England are expected to have the most significant service area reduction for their population, including
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Hampshire, Kent and Essex. A 30-year surface water flood event will reduce Essex Fire & Rescue Service 5-minute
population coverage from 78% to 53%, and Ambulance Service from 87% to 49%. Large surface water flooding
(1000-year) appears to be more disruptive than fluvial/coastal flooding with similar magnitude, due to its
widespread nature, a finding echoed in Coles et al. (2017) and Green et al. (2017).

Vulnerable Facility Coverage

We identify the facilities with vulnerable people that emergency services might not be able to reach within
regulatory timeframes under baseline and flooding scenarios. Figure 4 shows the care homes outside of the
Ambulance Service 7-minute and 15-minute coverage under a 30-year, 100-year and 1000-year surface water flood
event. Ambulance Service accessibility to all vulnerable facilities within all compliance timeframes (7-minute, 15-
minute, 18-minute and 40-minute) under both surface water and coastal/fluvial flood scenarios are summarised in
Supplementary Table 3. Equivalent summary statistics for Fire & Rescue Service are shown in Supplementary Table 4.

Results suggest that, with the increase of flood magnitude, there is a growing number of vulnerable facilities not
covered by the emergency services. For example, national coverage of care homes within the Ambulance 7-minute
timeframe under baseline conditions is 86%, but reduces to 70%, 58% and 29% during 30-, 100- and 1000-year
surface water flood events, respectively. Similar declines in service coverage were found for other facilities, and for
coastal/fluvial flooding, as well as for the Fire & Rescue Service (Supplementary Table 4).

Hotspot Analysis

Supplementary Figure 8 shows hotspots of low coverage of vulnerable population facilities by the Ambulance Service
within the 7-minute response time under baseline and flood conditions. Perhaps most notable is that flood events
cause hotspots of reduced coverage in some of the major urban agglomerations (e.g. London, Birmingham, Liverpool,
Newcastle) and that this happens even for low magnitude flood events.

Hotspots under Traffic Congestion

The above results do not consider the impact of route inaccessibility on other road users and the congestion that can
follow. Hotspots of vulnerable facilities under combined surface water flooding and congestion scenarios are shown
in Supplementary Figure 9, compared with situations under no-flood conditions. Although traffic congestion varies
spatially, the scenarios are still plausible given the widespread nature of surface water flooding and cascading
impacts of floods on transport networks. In “worst-case” scenarios, traffic congestions caused by extreme flooding
induced by large weather events (e.g. 1000-year flood events) can render the transport network of a city to standstill.
Sensitivity testing shows that the hotspot pattern is more sensitive to traffic speed reductions under no-flood
conditions and low to medium magnitude (30-year and 100-year) flooding than to more severe (e.g., 1000-year)
floods.
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Validation

A unique mobilisation and incident response dataset associated with a large surface water flood event on UK
European Union referendum polling day (23 June 2016) in Greater London was obtained from London Fire & Rescue
Service (LFRS). This extreme surface water flood event (second largest daily total on record) stretched the operation
of the Fire & Rescue Service. Figure 5 shows the timing, response time and the nature of delay for each incident
attended by the Fire & Rescue Service between 22™ and 24" of June 2016, along with the hourly rainfall recorded at
seven rain gauges in the Greater London area.

In total, 1002 incidents were attended by LFRS on 23 June 2016, of which 450 (45%) were flood-related. This
represents a three-fold increase in the total number of incidents compared with the 22 June 2016. In total, 1337
dispatches were made, of which over 59% of the journeys took more than 6 minutes (LFRS’s internal target
timeframe), compared with 33% on the previous day. Records for 23 June show that 10% and 9% of the responses
were ‘held-up’ by weather and traffic conditions respectively.

We modelled the event at 5-meter resolution for the entire city, using distributed rainfall derived from the Met
Office 1 km Radar observation and a high-resolution LiDAR dataset. Modelled flood footprints were compared to the
recorded flood-related incident points and a good agreement was achieved (see Supplementary Information S6).
Flooded roads over 30 cm were used as barriers in the network analysis and the 6-minute (London Fire & Rescue
Service internal target for responding to incidents) service areas from Fire & Rescue stations were derived. The
modelled 6-minute service area agrees well with the actual response time recorded on a binary basis (i.e. whether
an incident was attended within 6-minutes or not). More details of the validation are provided in Supplementary
Information S6. The analysis provides further insight as to how floods affect the operation of Fire & Rescue Service in
terms of their ability to reach incidents within target time frame. Figure 6 shows the areas (light blue) modelled as
unreachable within 6 minutes and the response time for each individual incident (bars). The modelled response time
for individual incidents has a moderate correlation with the recorded response time. For example, 52% of the
incidents that fall within the modelled 6-minute accessible areas were attended by LFRS in 6 minutes. And, 69% of
the incident points which are estimated to be unreachable within 6 minutes were attended outside of 6 minutes.
The moderate correlation is associated with the assumption that traffic speed remains optimal during flooding and
there are no other interacting factors. However, further analysis of the mobilisation dataset (Supplementary
Information S6; Supplementary Figures 1 and 2) revealed the complex interaction between surge demand for
emergency rescue, adverse weather and traffic conditions, and limited resources available at individual stations.

Discussion

Infrastructure networks are often dependent on transport systems for continued operation, such as ensuring access
to fuel, personnel and emergency response (Dawson et al. 2018). Research reported herein is the first study that
evaluated the interdependency of emergency services on the transport network at the national scale, in a systematic
way using authoritative datasets, under the systems framework for national assessment of climate risks to
infrastructure (Dawson et al. 2018). The national perspective reveals just how stressed the emergency services are in
England in meeting their response timeframes even without flooding and the places (hotspots) that require
attention under various flooding scenarios. The fact that these challenges are so geographically variable is a major
finding and suggests improvements in resilience must be geographically targeted. This information is needed to
support strategic planning for emergency service planning and to improve overall resilience to flooding under
evolving climate conditions.

Even under the baseline conditions, areal coverage of both Ambulance and Fire & Rescue Services is modest at 37%
(Figure 2) and 59% (Supplementary Table 2) for their respective 7-minute and 8-minute key timeframe targets.
Government policies over past decades have led to the centralisation of Accident and Emergency Departments,
resulting in increased journey times between emergency facilities and incidents (Williams et al., 1996). Notably, a
large proportion of rural areas are not covered by the Ambulance 7-minute service. The low rural areal coverage
under the current Ambulance Service arrangement is of concern as, despite the lower population densities
compared to urban areas, many emergency calls arise from rural areas (Turner et al., 2017). Research also shows
that road traffic mortality rates are higher in rural areas (Jones and Bentham, 1995; Bentham, 1986; Williams et al.,
1991) and positively correlated with time waiting for ambulance arrival (Brown et al., 1979) and distance from
hospitals (Nicholl, et al. 2007; Byrne et al. 2019). On the other hand, for the Fire & Rescue Service, the government’s
push to decentralise the service to cover more peri-urban/rural areas may alleviate the poor spatial coverage of such
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locations. However, such changes may at the same time reduce the accessibility to vulnerable populations in urban
areas, especially in cities where the surge capacity of fire & rescue service is limited.

Our analysis reveals important inequalities between population groups in terms of Ambulance Service response time
provision in England. Regardless of the response timeframe, flood type or severity, the elderly always had least cover.
Furthermore, under both coastal/fluvial and surface water flood scenarios, flooding reduces the spatial coverage of
all population sub-groups dramatically, but disproportionately for the elderly population. The same result emerges
from our analysis of Fire & Rescue Service coverage (Supplementary Information, Supplementary Table 2).
Comparable analysis was undertaken for different ethnic groups and households with various levels of deprivation,
as defined by the 2011 census data. Results are presented in Supplementary Information S9. In terms of ethnicity,
white populations were found to have least spatial coverage and greatest reduction in Ambulance service
accessibility within 7-minute and 15-minute under all scenarios (including baseline) (Supplementary Figure 12),
compared with ethnic minorities (mixed, Asian and black). We also found that households with more dimensions of
deprivation (as defined by the 2011 census data) tend to be less affected by flood impacts on emergency
accessibility (Supplementary Figure 13). These patterns can be explained by urban/rural population proportions of
each population group (Supplementary Tables 8 and 9). Our analysis of the urban/rural demographic distribution
shows that greater proportions of deprived households and ethnic minorities live in city/town centres (as defined by
the UK Office for National Statistics in 2015), whilst greater proportions of elderly and white population group tend
to live in rural areas. These findings highlight the importance of addressing geographies of (in)equality in emergency
planning.

Future studies could consider population vulnerability in the context of environmental injustice (Cutter, 2006) and
encompass more granularity in defining vulnerable populations (lowa Department of Public Health, 2009), by
including factors such as: physical, mental, emotional, or cognitive status; ethnicity (Maantay and Maroko, 2009);
culture and religion; language; or socio-economic status (Walker and Burningham, 2009). Severe hurricanes in the US
have already exposed significant gaps in emergency preparedness, and highlighted social, physical, and economic
inequities among population sub-groups (Nick et al., 2009). For example, Hurricane Katrina (2005) disproportionately
killed black, elderly males (Brunkard et al., 2008; Sharkey, 2007), whereas Hurricane Irma (2017) claimed eight lives
in a Florida nursing home that was left without power for days (http://www.bbc.co.uk/news/world-us-canada-
41258307).

Whilst direct impacts of flooding on vulnerable facilities may be evaluated relatively easily by overlaying hazard
maps with facility locations, wider cascading impacts on emergency service provision are poorly understood. Our
analysis contributes to this understanding. Hotspot analysis of vulnerable facilities revealed that many facilities,
where elderly, children and people with very bad health concentrate, fall outside emergency service areas during
flood events. This is a serious issue because flood events render vulnerable populations more exposed in a double
sense — flooding does not just mean that vulnerable people need help (e.g. evacuation) but it is much harder for
emergency responders to gain access to those affected in good time. Identifying service vulnerability hotspots ahead
of major events where emergency services are already under strain helps to prioritise resources.

Extreme flooding is of major concern to emergency responders. However, we also revealed that even relatively low-
magnitude coastal/fluvial (<30-year) and surface water (30-year) flood events can lead to dramatic reductions in the
spatial coverage of emergency services, reducing the already limited areal coverage of Ambulance Service from 37%
to 21% and 20% under coastal/fluvial and surface water flood scenarios respectively. Similarly, small (<30-year) to
medium (30-100 year) coastal/fluvial events reduce the spatial coverage of the overall population and sub-groups
more dramatically than larger events (>100-year).

Notably, whilst areal and population coverage under coastal/fluvial and surface water flood scenarios of various
severities exhibit similar patterns, they are distinctively different for the most extreme high-end scenario (1000-
year+). There is little change in areal and population coverage between a 1 in 100 to 1000 year and greater than
1000-year coastal/fluvial event for Ambulance Service (Figure 2). However, a 1 in 1000-year surface water flood
event results in the least coverage, both areally (7%) and overall population (27%), more than halving the coverage
of a 1 in 100-year surface water event in all categories. This is an important finding, especially for cities, which are
arguably more prepared for coastal/fluvial flooding than surface water flooding arising from heavy downpours,
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despite the recognition that surface water flooding is the “biggest flood risk of all” in the UK
(https://www.gov.uk/government/news/surface-water-the-biggest-flood-risk-of-all).

Detailed investigation (Supplementary Information, S6) of the mobilisation and incident response dataset associated
with an extreme surface water flood event in Greater London also generates further insights into: (i) the interaction
between flooding & traffic (Figure 5; Supplementary Figure 1), (ii) the ‘surge demand’ for emergency rescue during
flooding, and (iii) the needs for ‘surge capacity’ in response to ‘surge demand’ within LFRS (see Supplementary
Figure 2). The interaction between flooding and traffic is well known (Pregnolato et al. 20173, b) and this dataset
provides further evidence from emergency responders’ perspectives. The most important revelation is the need for
‘surge capacity’ within Fire & Rescue Service, and perhaps more efficient use of existing resources (Supplementary
Figure 2), to deal with the spatially and temporally distributed ‘surge demand’ during flooding under difficult
weather and traffic conditions. Surge in demand has also been reported for Ambulance Service in extreme weather
conditions. A study undertaken for London Ambulance Service found rising demand for ambulance service when
temperature drops below 2°C or rises above 20°C (Mahmood et al., 2017). This agrees well with the call for ‘surge
capacity’ within medical care facilities during extreme weather conditions including flooding (Banks et al., 2007; Hess
et al., 2009). Whilst there is clear evidence of correlation between extreme temperature, call-out volumes and
Ambulance Service response time, further quantitative analysis is needed to evaluate to what extent flooding is
related to increased demand for Ambulance Service. Such demand should also be investigated in conjunction with
the implication for Fire & Rescue Service as increasingly both category 1 responders are responding together to
emergency 999 and 112 calls in England (Home Office, 2017).

Recommendations for Adaptation Policy

Emergency service provision is an essential part of the critical infrastructure underpinning the well-being of society.
Developing reliable, sustainable and resilient emergency services, whilst recognising the need for affordability,
equality and inclusivity, contributes to several of the targets laid out in the United Nations Sustainable Development
Goals (e.g. Target 1.4; Target 9.1; Target 11.a; Target 11.2; Target 11.5).

This study provides the first detailed risk assessment of potential impacts of different flood types on emergency
response services in England, focusing on vulnerable populations. Knowledge of the patterns of vulnerability
hotspots allows all levels of government to identify opportunities for strengthening the resilience of emergency
services to flooding. At the national level, vulnerability mapping and ranking tables can be used by authorities (e.g.
UK National Health Service; Home Office) to inform strategic planning, and to optimise resource allocation,
especially in anticipation of widespread multi-basin flood events (De Luca et al., 2017). Under such extreme
conditions, cross-administrative regional response is needed, because local resources are often strained (e.g. Figures
5 and 6; Supplementary Figures 1 and 2). Our mapping and network analysis could be applied under different
scenarios to reveal the impact of station closures, movements or additions to service coverage.

At city-region scales, where individual emergency service organisations operate, our risk information can be used to:
(i) raise awareness of existing vulnerability, (ii) drive more robust contingency planning, and (iii) design more tangible
measures for improved accessibility to vulnerable populations. An example of a local/regional scale adaptation (e.g.
Supplementary Figures 11c and 11b respectively) would be to increase pumping capacity for local roads that are
known to be susceptible to flooding (e.g. circles in Supplementary Figure 11c), or to position emergency vehicles
ahead of major events. Furthermore, whilst it is rare for Fire & Rescue Service to have standby vehicles, they are
routinely placed in strategic locations by the England Ambulance Service (National Audit Office, 2017) to meet
response times for life-threatening incidents. We note that optimisation of emergency provision for “normal times”
is not necessarily going to lead to optimisation for more difficult times because floods have a particular spatial
structure and its impact on the road network has a different spatial structure. As shown by our analyses, the
superposition of these two spatial structures leads to non-linear reductions in response times. Therefore, further
geospatial analysis should be undertaken to identify the optimal sites for standby vehicles, for specified flood types
and severity.

Whilst the management and operational structure of emergency responders in other countries might be different
from the centralised emergency services in England, the methods demonstrated herein can be readily adapted to
other regions where data exist on road networks, flood mapping, and for exposed people. Unfortunately, many of
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the regions that are most vulnerable to flood hazards (such as rapidly developing cities in Africa, south and
Southeast Asia) are also amongst the most data and resource scarce. Nonetheless, a risk assessment approach that
integrates network-flood-vulnerability methods for emergency service has the potential to support more efficient
distribution of resources, in this case the number and location of emergency service stations, improving the well-
being of the population in general and most vulnerable groups in particular.

Future implications of the findings from this research are presented in S10 of the Supplementary Information, including
the needs to: (i) incorporate climate change to consider future risks, (ii) undertake economic evaluation of flood impact
on emergency response service provision; and (iii) consider non-technological solutions in adapting to flood impacts on
emergency service provision to vulnerable populations.

Methods

Our accessibility mapping involves a network-based geospatial analysis (Coles et al., 2017; Green et al., 2017) which
derives areas that can be reached by individual emergency service nodes within a certain timeframe (Supplementary
Information, S1). We map accessibility corresponding to the various timeframe targets for the Ambulance Service
and Fire & Rescue Service in England. For the Ambulance Service, we consider spatial accessibility within 7-, 15-, 18-
and 40-minute response times. The 7- and 15-minute targets are, respectively, the average and 90™ percentile of the
time required for the Ambulance Service to reach life-threatening incidents (‘Category 1’; such as cardiac arrest and
serious allergic reactions). The average and 90™ percentiles are 18- and 40-minutes respectively for Category 2 calls
(emergency calls such as those associated with burns, epilepsy and strokes). For the Fire & Rescue Service, the
corresponding upper limits recommended by the Home Office for various categories of incidents are 5-, 8-, 10- and
20-minutes (Home Office, 1985) (Supplementary Information, S2). However, local Fire & Rescue services in England
often have their internal response timeframe target and in London it is 6 minutes.

The assessment was undertaken for: (i) baseline (no-flood) conditions; and (ii) flood conditions with prescribed AEPs,
for coastal, river (fluvial) and extreme rainfall related (surface water) floods. The Risks of Flooding from Rivers and
Sea (RoFRS) dataset (Environment Agency, 2016) provides the chance of flooding by rivers and the sea,
corresponding to an AEP greater than 3.3% (High; <30 year), between 3.3% and 1% (Medium; 30- to 100-year),
between 1% and 0.1% (Low; 100- to 1000-year), and less than 0.1% (Very Low; >1000 year). Extreme rainfall related
flood scenarios are based on the Environment Agency’s Risks of Flooding from Surface Water (RoFSW) dataset
(Environment Agency, 2013), delineating three potential flood zones (AEPs: 3.3%, 1% and 0.1%, respectively).
Further details of the datasets and their processing are provided in the Supplementary Information (S3). These data
sets were used to introduce restrictions into the transport network, from which the accessibility could be
recalculated (Supplementary Information, S4).

Finally, the spatial distributions of potentially vulnerable populations (the elderly, young children, people with very
bad health, households with deprivation, and ethnic groups) were obtained from two datasets: (i) UK 2011 Census
(Office for National Statistics, 2011); and (ii) key facilities where these populations concentrate (Ordnance Survey)
(Supplementary Information, S5). Using this information, hotspots of relatively low emergency service coverage
were then identified for the chosen populations and facilities for the baseline and flood condition scenarios, using
the quartic kernel function described by Silverman (1986). Sensitivity of the hotspot patterns to congestion was
evaluated using three traffic scenarios, by ‘stress-testing’ (Brown and Wilby, 2012) through reducing road traffic
speeds by 20%, 50% and 80%.

We note the key assumptions involved in accessibility mapping. The method we use is designed to provide a first-
order analysis of where emergency responders can reach following the legislated road speeds and under traffic
congestion scenarios. Whilst areas that can be covered by emergency responders can be accurately modelled with
the navigation-grade transport network that we use, other factors such as availability of resources (e.g. crew and
vehicles), trip-specific traffic details (e.g. use of hard-shoulder), or interactions between traffic and weather are not
considered in our national-scale modelling. However, such details could be captured using methods such as Agent-
Based Modelling, which can incorporate the behaviours of individual agents (Haer et al. 2019), the dynamic
environmental processes and the interactions between them. Such analysis could reveal further insights into the
emergency response vulnerability for different population groups. Second, the use of national flood risk maps does
not indicate simultaneous occurrence of flooding, hence results should be interpreted as local/regional
manifestation of flood impacts, rather than their simultaneous occurrence. However, we also recognise that
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widespread multi-basin flooding does occur (De Luca et al., 2017) during which cross-boundary operations are often
involved.

Data Availability

The transport network of roads in England were obtained from the UK Ordnance Survey MasterMap® Integrated
Transport Network™ (https://digimap.edina.ac.uk/). Locations of emergency service stations were collated from
various sources including UK Ordnance Survey, Ambulance trusts, Fire & Rescue Services and open sources. Whilst
station locations were quality-checked to ensure their accuracy, there might be inconsistencies as they came from
different sources. Data were used under licenses for the current study. Certain datasets are however available from
the lead and corresponding author upon reasonable request and with permission of the parties that provided the
data. Locations of vulnerable facilities were extracted from the UK Ordnance Survey datasets
(https://digimap.edina.ac.uk/) under license. Fluvial/coastal and surface water flood risks maps were provided by
the UK Environment Agency (https://data.gov.uk/publisher/environment-agency). Vulnerable population groups
were derived from the 2011 England & Wales Census, available from the Office for National Statistics. Major city and
town boundaries are defined by the Office for National Statistics in 2015.
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Figure Captions

Figure 1: Accessibility by Fire & Rescue stations in England (inset) and South West England (main figure) within 5-, 8-, and 10-
minute during a local 1 in 100-year surface water flood event. The maps do not imply simultaneous occurrence of flooding.
Contains OS data © Crown Copyright [and database right] (2018).

Figure 2: Ambulance Service spatial accessibility: coverage expressed as percentages of total area, total population, population
over 75, population under 5, and population with Very Bad Health (VBH) in England, for specified return periods of local
coastal/fluvial/surface water flood events, and mandatory 7-minute targets for life-threatening incidents categories. (a) River
and coastal flooding; (b) Surface water flooding.

Figure 3: Scatter plots of Ambulance Service baseline coverage versus coverage for coastal/fluvial floods (RoFRS) of various
magnitudes: (a) total population; (b) elderly (>75 year); (c) children (<5 year); and (d) people with Very Bad Health. Counties with
population coverage of less than 60% in the baseline and counties with the most dramatic reduction of population coverage
from baseline are annotated on the graphs.

Figure 4: Care homes in England that fall outside (red pluses) of the Ambulance 7-minute and 15-minute service area (blue
areas): (a) and (d) 1 in 30 year surface water flood event; (b) and (e) 1 in 100 year surface water flood event; (c) and (f) 1 in 1000
year surface water flood event. The maps do not imply simultaneous occurrence of flooding. Color scheme (5-class PiYG
diverging color scheme) adopts Brewer, Cynthia A., 200x. http://www.ColorBrewer.org. The color scheme is colour-blind friendly.
Contains OS data © Crown Copyright [and database right] (2018).

Figure 5: Timing, response time and delay mode for each incident attended by the London Fire & Rescue Service on 22" to 24™
June 2016. Circles represent individual incidents attended by London Fire & Rescue Service. Individual lines are the hourly
rainfall total in millimetres at gauging stations within the Greater London area. The red line parallel to the x axis represents the
6-minute internal response timeframe target of London Fire & Rescue Service to emergency incidents.

Figure 6: Modelled 6-minute service area (white areas) for London Fire & Rescue Service on the 23" of June 2016. Blue
areas are classified as unreachable within 6 minutes due to flooded roads. Size of the bar indicates the response time
in minutes. The base of the bar pinpoints the recorded location of incidents (within 50-meter accuracy).
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(a) Ambulance 7-minute (30-year surface water)
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(e) Ambulance 15-minute (100-year surface water)
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