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Abstract The occurrence of disasters such as extreme flooding in urban environments has
severe consequences, not only on the human population but also on critical infrastructures
such as the road networks, which are of vital importance for everyday living and partic-
ularly for emergency response. In this article, our main goal is to present-conceptually and
in praxis-a model that could be used from the emergency responders for timely and
efficient emergency management and response in an urban complex environment. For the
city of Cologne in Germany, we aim to indicate possible ways to decrease the emergency
response time during an extreme flood scenario through the development of an accessi-
bility indicator, which consists of different components. Therefore, we will investigate the
opportunities that occur, in a flood risk scenario, from the use of geographic information in
different forms such as Volunteered Geographic Information (VGI) and open-source data
in an ArcGIS environment, to increase urban resilience through the decreasing emergency
response time. We will focus on network analysis for the fire brigades (first acting
emergency responders) during a flood scenario to calculate their emergency response
ranges and emergency response routes through flooded road networks, for the assistance of
the possibly affected hospitals, refugee homes and fire brigades, which can be flooded. At
the end of the paper, we suggest that the vulnerable community of the refugees could be
taken into consideration as a new source of VGI, as an additional component that would
lead to the decrease in the emergency response time. The geo-located information that
could be provided by the refugee community can be very useful in emergency situations,
such as those examined in this article where timely information can be forwarded to the
proper authorities for a more focused and timely emergency response, increasing the
resilience of the urban population and their community.
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1 Introduction and conceptual definition of the problem

Over the past few years, an increasing number of disasters caused by natural hazards have
been observed and have drawn attention to environmental risks and their potential impact,
guiding scientists to more focused research. In particular, there have been approaches
targeted at improving community resilience, i.e. the capacity to resist, change or adapt to
obtain a new framework for tracing a pattern in the occurrence of disasters (Norris et al.
2008).

The disaster risk management (DRM) framework through extensive risk analyses
provides important means for the improvement of resilience and the mitigation of the
impact of natural disasters (Baharin et al. 2009). One of the essential steps of risk analysis
is to answer the question “What can go wrong?” (Kaplan and Garrick 1981). Relevant
failure or damage scenarios can be identified in urban environments. After disastrous
events and emergencies occurring in an urban environment apart from the population also,
Critical Infrastructures (CI) are affected. CI are for instance, water, energy and transport
lifelines such as roads. The knowledge regarding the vulnerability of CI plays a key role in
the prevention, mitigation and the gathering of the consequences that disasters and
emergencies have, especially in urban areas. Various interdependencies exist amongst
critical infrastructures and are therefore relevant, not only in sustaining the day-to-day
functioning of the urban centres, but also because not understanding the dynamics of their
interplay may result in ineffective response and poor coordination between decision
makers and disaster managers before, during and after a disaster (Baloye and Palamuleni
2016; Comes and Van de Walles 2014; Faturechi and Miller-Hooks 2015).

The development of spatial technologies has been driven by the need for better and
easier decision-making (Mansor et al. 2004). Decision makers have used technology in
making numerous tasks easier, and recently it has also being used in helping cities become
more informed, more prepared and thus more resilient (GAR 2015). Emergency managers
include strong spatial components in assessing the potential impact of a hazard or in
identifying the best evacuation routes during disasters (Cova 1999). In dealing with
extreme events such as floods or earthquakes, many of the critical problems that arise are
inherently spatial. Spatial problems cover issues related to the extent of the disaster, on-site
crisis, number of people in need with exact location, etc. Among other sources, the people
at risk can provide such spatial information. People experiencing disasters may still be able
to share messages and locations on different platforms, voluntarily supplying information
regarding the affected areas via online social media (Twitter, Facebook, and mobile
applications such as WhatsApp), collaborative platforms, or in situ and mobile sensors
(Goodchild and Glennon 2010; Albuquerque et al. 2015; Resch 2013) such as the GPS-
enabled devices (Middleton et al. 2014). Such information is crowdsourced, i.e. the so-
called Volunteered Geographic Information (VGI), and can provide timely updates for
estimating the disaster severity (De Longueville et al. 2010; Zook et al. 2010) when no
other resources of timely information are available. For this study and in this article, we
define as VGI (Volunteered Geographic Information) all the voluntarily exchangeable
information that includes any geographic and spatial information, provided from the
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population (before and during a risk scenario) and is available through different VGI
platforms (OpenStreetMap, social media platforms, mobile applications, etc.)

With the advances of information communication technologies, it is critical to improve
the efficiency and accuracy of emergency management systems through modern data
processing techniques (Xu et al. 2015) and new sources of data such as VGI. The resilience
of a community, specifically in an urban environment, is enhanced by timely response and
rescue which can save human lives (Crutchfield 2010). Timely emergency management
and response require the right information in a short time frame in order to save lives and
property at risk. Geospatial applications (including GIS) are extensively used at each
emergency management stage. Geographic Information Systems (GIS) models and simu-
lation capabilities are used to practice response and recovery plans during non-disaster
times. They help decision makers understand near real-time possibilities during an event
and to optimise emergency services delivery. GIS are ideal for developing frameworks that
assist emergency managers. They are appropriate tools for different agencies for the
analysis and the visual display of important information before and during an emergency
event. One of ICLEI’s (International Council for Local Environmental Initiatives) sessions
with the title “Advancing urban resilience through the strategic use of spatial data” gave
scientists an overview of how the use of GIS has transformed itself into an infrastructure
essential for urban resilience.

In general, it is known that extreme weather events (Keller and Atzl 2014) and floods
(Arkell and Darch 2006) have a serious impact on several Cls but specifically on the road
network. The road network is one of the most important Cls for fire and rescue services.
Research on transport network reliability and resilience to disasters demonstrates that a
disruption to particular nodes of that network can have different degrees of disruption
(Sakakibara et al. 2004) resulting in adversely affected travel on the degraded network.
Therefore, it is essential to start to use road network analysis methods (Gil and Steinbach
2008) by adopting vulnerability and criticality assessments with geographic context
(Jenelius et al. 2006). The vulnerability of the road network under disruptions that cover
large areas (flooding, forest fires, etc.), in contrast to single link failures, indicates that the
impacts of this kind of events are largely determined by the population concentration.
More precisely, the travel demand within, as well as into and out of the disrupted area itself
has greater influence, while the density of the road network has a smaller influence
(Jenelius 2010). More recent examples of disasters, such as Hurricane Sandy in 2012, have
also shown the importance of finding alternative transport routes when, for example, the
subways are flooded. Meanwhile, large amounts of such collected spatial information can
be updated and utilised in addition to conventional authoritative data (Adger 2006).

1.1 Conceptual steps and motivation for the development of the accessibility
indicator through GIS

Prerequisites for taking right decisions when carrying out different tasks in different sit-
uations is the access to complete, credible and timely information about geographical
objects and several factors. In a well-mapped urban area such as Cologne city, it is very
important for the time effectiveness of emergency response activities, the responders to
have up-to-date data, such as updated road network enriched with car speed and population
density areas. The most up-to-date data that the emergency responders can have in hand
before and specifically during a crisis (always depending on the type of crisis) are data that
can be derived and utilised from open sources or even be produced voluntarily on site from
the people in need.
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In Fekete et al. (2016), the aim was to indicate for the city of Cologne, the need for more
research and consideration of spatial distribution of shelters, their location within hazard
zones and their dependence on emergency infrastructure services that might be affected by
a flood or blackout themselves. Using this as a starting point, in this article and in the
frames of an extreme flood scenario, we present the opportunities provided from the
combination of GIS using authoritative OS data and VGI for a timely emergency response
through the development of the accessibility indicator in the urban environment of
Cologne.

The accessibility indicator, presented in this article for the emergency responders and
for an extreme flood risk scenario, consists of the following components:

Preparedness: Situational analysis
Component A: Exposure assessment of the population of Cologne to flood

Component B: Exposure assessments of the CI, such as road network, fire brigades, hospitals and other
critical points of interest including vulnerable population such as the refugee homes

Response
Component C: Optimised routing and response time analysis before and during a flood

Component D: VGI of different sources and forms for identification of level of damage and prioritization
of the emergency response

Motivation for components A and B In Apel et al. (2004), it is mentioned that is
important to identify significant sources of risk and to obtain a scenario that is represen-
tative for the risk situation under study. Hence, flooding, which is typical example for
Germany, is selected as a risk scenario, as presented in this article, for the area of Cologne,
since river floods and flash floods are common. In Rawls and Turnquist (2006), it is also
mentioned that information on the level of damage caused by the disastrous event is needed
and that each resource (e.g. police, fire fighters, rescue parties, medical assistance)
responds with a different level of mitigation depending on the disaster effect (e.g. building
collapse, fire, flood, power loss). Exposure and vulnerability assessments to specific risks
through GIS provide information that is tied to a location or area. The information can be
in regard to the number of people who are actually affected and the level of damage of
some CIs. The information can be in regard to the amount of people that are actually
affected and the level of damage of some CI’s. By overlaying additional geospatial
datasets, the system can reveal patterns in the data that might go unidentified without this
mapping functionality. For instance, in an emergency response management plan, infor-
mation on population density alone improves exposure information and indicates possible
hot spots for evacuation. Moreover, the combination of travel time and population expo-
sure data gives an indication of the number of people who are potentially unable to
evacuate in the available time (Fraser et al. 2014). Unable to evacuate could be the
disabled, the elderly who are of limited movement abilities and those with communication
issues like the refugee community.

Using spatial risk assessments, Keller and Atzl (2014) address road and route inter-
ruptions due to extreme weather events. In most disasters, like hurricanes, earthquakes,
terrorist attacks, some CIs (such as road and railway networks, schools, hospitals, shelters)
become unstable, inaccessible, overused or even destroyed, and as a consequence, emer-
gency responders cannot rely on the use of these existing network infrastructures and may
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deploy and use their own or look for other solutions. Such disasters as the aforementioned
can cause immense damage to the infrastructure resulting in adversely affected travel on
the degraded network (Balijepalli and Oppong 2014). Thus, there is a strong interdepen-
dency between the conditions of the road network (level of functionality) with the time of
the emergency response. There are many studies using methodologies based on accessi-
bility measures (Taylor et al. 2006) that analyse the vulnerability in sparse regional net-
works. Others are based on network topological measures (Latora and Marchiori 2001) and
some use methods that consider the importance of the links and analyse the impact of
complete disconnection between the networks (Jenelius et al. 2006). Furthermore, Jenelius
(2010) studied the vulnerability of the road network under area-covering disruptions (such
as flooding, heavy snowfall or forest fires). It was found that in contrast to single link
failures, the impacts of these kinds of events are largely determined by the population
concentration, more precisely the travel demand within, in and out of the disrupted area
itself, while the density of the road network is of small influence (Fekete et al. 2016).
Moreover, in real-life situations, after a disastrous event, roads may not always become
completely unusable, but they may still be partially available for use (e.g. travelling
through a flooded road network with flood depth allowing for drive).

Motivation for component C Routing has become indispensable as a key infrastructure
service for navigating fire and rescue cars (Fekete et al. 2016). While there are many
applications for routing, specific crisis situations are still under-researched. Network
analyses, e.g. routing calculations and calculations of isochrones (response time analysis/
service range analysis), do not account for routing through a road closure, such as due to a
flood that allows routing up to a specific depth level. A flooded road network is considered
as a barrier (a not usable road network) and up to now has been excluded from the routing
calculations as in Eckle et al. (2016), King (2016). Specifically Eckle et al. (2016) used OS
data from the OpenStreetMap project and through an online platform; they provided
routing calculations for shortest paths to be followed in case of flooding. Nevertheless,
routing through a flooded road network is not calculated because the flooded road network
is considered as a barrier, forcing the algorithm to suggest routing paths outside these
barriers. Nevertheless, routing through a flooded road network is not calculated because the
flooded road network is considered as a barrier, forcing the algorithm to suggest routing
paths outside these barriers. The same was also observed by King (2016) who used a
network analysis for routing calculations to create an algorithm, which takes road closures
into consideration. Road closures caused by crashes, bushfires, landslides and flooding are
integrated as a barrier for the routing calculations of the shortest paths through an iterative
network analysis model. de la Torre et al. (2012) through an extensive literature review on
disaster relief routing, which also includes reviewing articles regarding transport of goods
after and during a disastrous event, addresses disaster relief transportation and distribution
problems. Specifically, it states that Shen et al. (2008), Mete and Zabinsky (2010), Rawls
and Turnquist (2006), Van Hentenryck et al. (2010) model uncertainty in travel time. In
these articles, travel times are scenario dependent and revealed in the second stage. To our
knowledge, only Salmerén and Apte (2010) address delayed travel time through flooded
road network in a US ground in a strategic planning and resource allocation for humani-
tarian aid in future cyclic, natural disasters. As identified, in most of the above-mentioned
literature, routing calculations were conducted, without taking the delayed travel times
through a flooded road network into consideration. Specifically, this paper on developing
an accessibility indicator. for timely, effective emergency responses, takes routing through
a flooded road network into consideration. Furthermore, to our best knowledge, service
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range calculations have not taken the flooded road network as a hindrance for travel into
consideration, and in this article we will research that, too.

Motivation for component D Rapid evaluations of hazardous events are needed for
efficient response both in emergency management and in financial compensation and
reconstruction planning. Estimates of monetary loss to be expected in a certain hazard
scenario can be provided by damage models (Fohringer et al. 2015).

An emergency management plan is carried out with datasets and information that is
currently available. Therefore, the prioritization areas of response, routing and service
range calculations might be outdated (depending on frequency of updates of the emergency
plans) or even not valid (e.g. increasingly roundabout traffics and traffic calming, change of
traffic flow direction). VGI is proving to be valuable where traditional sources of funda-
mental spatial information do not exist or are not publicly accessible. A big portion of such
collected spatial information can be updated and utilised in addition to the conventional
authoritative data (Adger 2006) in several VGI platforms such as OpenStreetMap (OSM),
etc., specifically, in densely populated urban environments where sources of large and
credible amounts of data in, between, and after cascading effects such as extreme flood
scenarios. Fohringer et al. (2015) mentioned that information provided by citizens via the
internet can improve the information basis for disaster response after natural disasters
(Doris et al. 2013; Poser and Dransch 2010).

Some other data derived from VGI information (such as twitter messages and photos of
the affected areas collected from users) that can be used in extreme flood scenarios and can
be derived from VGI information, are GPS water level near real-time measurements.
Volunteered Geographic Information (VGI), which is a rather new means of improving the
coverage of monitored areas, is able to supply supplementary information, and therefore it
can enrich a spatial decision support system for emergency management with valuable
information. Specifically in crisis situations, such as after the earthquake of Nepal in 2015,
a timely information regarding the road network connectivity (i.e. whether a road segment
is still accessible after a disaster or not) is very valuable for decision makers since this type
of information can be commonly observed and is critical for planning rescue routes (Hu
and Janowicz 2015).

For instance, Herfort et al. (2015) examined the spatial relation between location-based
social media and flood events. Their results show that tweets, which are geographically
closer to flood-affected areas, contain more useful information capable of improving sit-
uational awareness than others. Therefore, at the end of our paper, we suggest a new VGI
source that could be an additional element to be taken into consideration for the emergency
response management for the area of Cologne and regarding the extreme flood scenario
examined. Furthermore, we also explain why this new source of VGI has the potential and
the means to provide quick and reliable information to the emergency responders, assisting
their own rescue but we also give a brief insight for the disadvantages of the implemen-
tation of such information in an emergency management framework.

1.2 Research questions and overview of the article

With authoritative data, open-source (OS) and volunteered geographic data (Gillespi et al.
2016), we aim to enhance the resilience of the urban area of Cologne in Germany. This
enhancement will be achieved by providing information to improve the emergency
response,.in the means of time, for flooded hospitals and refugee homes (accommodation
facilities provided by the city) taking also into account the delayed travel time of fire trucks
through a flooded road network. Finally, we argue that, the knowledge about increased
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flood risk and accessibility challenges with exact additional time demands, which is
combined with geographic information (GI) that can voluntarily be provided from the
community of the refugees at risk, can be a valuable information source for the first line
emergency responders.

We mainly proceed with our study using up-to-date OS data so as to investigate the
opportunities that are provided through GIS regarding the:

(a) Assessment of the exposure of the vulnerable population of Cologne including the
refugee community (refugee homes), the hospitals, and the fire brigades themselves.

(b) Combination of authoritative OS data with VGI for improving the emergency
response in matters of time.

(c) Enhancement of the emergency response time through flooded road networks,
aiming to an increase in the urban resilience by adding more knowledge to the
Standard of Cover (SOC) plan of the fire brigades of Cologne.

To do so, the following research questions and sub-questions are proposed:

RQ1 To which degree can the road network, the population, the hospitals, the refugee
homes and the fire brigades be affected from an extreme flood scenario of low
probability in Cologne, Germany?

RQ2 What are the opportunities that are provided from GIS through the use of specific
ArcGIS tools for enhancing the emergency response time during an extreme flood?

RQ3 Can authoritative OS data of low quality be combined in a GIS environment for
improving the emergency response in an efficient way?

RQ3.1  Which are the quickest routes to be followed before and during an
extreme flood scenario by the fire fighters that will lead to a time- and
cost-effective emergency response?

RQ3.2 How quickly will the flooded hospitals and refugee homes be served from
the emergency responders also through flooded roads?

RQ4 Which “new” VGI source could be taken into consideration in an urban
environment such as Cologne, which is highly vulnerable and susceptible to
flooding?

RQ4.1 What are the advantages and limitations of the use of VGI data in
emergency response management?

Basically, this article will address these questions by illustrating how GIS, OS data (of
low quality) and VGI information, provided by different platforms and sources, can pro-
vide useful information during a flood for emergency response for Cologne. More
specifically, the article starts with an exposure assessment to an extreme river flood sce-
nario. Layers of population density are added in a GIS environment, in order to indicate
concentrations of people in need. From here, we select specific vital infrastructures such as
hospitals, fire brigade stations within the city and other critical points of interest such as the
refugee homes. On a next step, we indicate how these emergency infrastructures are
closely related in a flood situation; the fire brigades need to access the hospitals and the
refugee homes for help in case of evacuation and other situations. This interdependency,
which is then illustrated, produces its own risks, for instance, when roads are flooded. The
article details_how_novel applications_allow routing through flooded streets in a GIS
environment, using OS data. The article investigates potentials to validate and improve the
results, which are compared with expert opinions, authoritative data and manual
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calculations. Finally, the role of producers of OS data and upcoming opportunities by a
specific group, the refugee community of Germany, are briefly outlined in a separate
section. The article then discusses the usability of GIS and VGI based on own insights and
in comparison with key literature.

2 Geographic information management and GIS opportunities for timely
emergency management

2.1 GIS methodology, case study, data and tools used

Methodologically, a static exposure assessment was conducted as a first step, which
resulted in the identification of highly vulnerable urban areas in the broader area of
Cologne. The data used in this assessment were open source (OS) CI data, OS demographic
data and the positions of the fire brigades, the hospitals and the refugee homes that could be
affected from the extreme flood scenario. Proceeding to a network analysis with the help of
GIS, isochrone maps were created for each fire station before and during the flood event.
The maps were used as a first overview of the temporal range in the fire brigade emergency
response. Then, a network analysis was conducted through which our routing calculations
showed the shortest routes that the fire fighters could take to the flooded hospitals and
refugee homes, before and after the flood event, also taking the delays through a flooded
road network into account. Here, we argue that transportation through a flooded road
network is a factor that could play a key role in planning a timely emergency response. As
aforementioned, to the best of our knowledge, the delaying travel factor has not been taken
into consideration for any routing calculations in Germany. Then, the outcomes of the
methodology proposed were validated with the isochrone maps from the Office of Fire
Protection and Emergency Services and Civil Protection of Cologne, which were obtained
from empirical measurements of fire truck speeds. For such an extreme flood scenario in
urban areas with dense road networks, such as in Cologne, improved routing algorithms in
a GIS environment allow computing the delay caused by driving through a flooded road
network at depths that still permits driving. If the fire fighters can assist hospitals and
refugee homes, by driving through flooded road networks in a time—cost-effective way, this
will lead to an increase in the urban resilience of the city. Lastly, we address the fact that
the Standard of Cover (SOC) plan of the fire brigades of Cologne could be further enriched
with information derived from VGI that is provided by the vulnerable population of the
refugee community with near real-time spatial information. This information can lead to a
time effective emergency response, thus shortening the time of their own rescue and
minimising the time of recovery.

2.1.1 Data, methodology and tools used

The future of spatial enablement, and therefore the realisation of a spatially enabled society
incorporating government, industry and citizens, lies in it being a holistic endeavour where
spatial (and land data) and non-spatial data are integrated according to evolving standards
and with a Spatial Data Infrastructure (SDI) providing the enabling platform (Rajabifard
and Coleman 2012). The combination of spatial and non-spatial information can lead to a
more holistic overview of the vulnerability of the urban area of Cologne, mostly based on
the population exposed to specific risks.

@ Springer



Nat Hazards (2018) 91:5S29-S57 S37

Different sources of data have been used to develop the disaster risk management and
emergency response database. In this study, the utilisation of available, OS geodata from
projects such as OpenStreetMap, provided and maintained by the community of Geofabrik
(https://www.geofabrik.de/en/), the city of Cologne (http://www.offenedaten-koeln.de/
dataset) and the international commission of the Rhine (http://www.iksr.org/), on actual
damages, flood extent, etc., indicated how improved emergency response plays an increasing
role in civil protection and Disaster Risk Reduction (DRR) in general. This was observed
through the implementation of routing algorithms and the calculation of isochrone polygons
of emergency response in a GIS environment. Specifically we used data (see Fig. 1) from the
Rhine Atlas from 2001 (IKSR 2001) and its newly updated online version from 2015 (Rhine
Atlas 2015). The project Rhine Atlas together with uses adapted to floods, it also supports the
implementation of preventive measures in the planning area. From the probabilistic zonation
of the online inundation map, focusing to the study area which is the centre and the broader
area of Cologne, we use additional data, provided by the city of Cologne, based on their own
flood zonation maps, derived from LIDAR data which are freely available.

In accordance with Directive 2007/60/EC, floods with the following probabilities should
be integrated into flood hazard maps:

Mapping by Tzavella K
in ArcMap 10.3.1

Data from the

city of Cologne;
offenedaten-koeln.de,
opendata.arcgis.com,
geofabrik

and
ICPR/IKSR 2001

[E Hospitals of Cologne

[ Refugee homes of Cologne

¢ Fire stations of Cologne
— Flooded road network

Extreme flood scenario

~— Road network of Cologne I— i Ki
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Low probability (extreme event scenarios),

e Medium probability (HQ-100 scenario corresponds to a statistical flood recurrence
interval > 100 years)

e High probability

The Cologne extreme flood scenario is termed as HQ500, hence, a 500-year period of
return, which is a low probability scenario. All return-period models undergo changes
when additional flood events, such as in 1993 and 1995 and later, modify knowledge and
calculations of the return periods. The extent of the extreme flood that is used for this study
was extracted from the Rhine Atlas project, but only the perimeter of the extreme flood was
kept. In addition, current data from the city of Cologne were added to the extreme flood
perimeter based on more accurate modelling of an extreme river flood including failure of
levees and overflow of protection measures and groundwater intrusion. The perimeter
resulted from aggregating the data in the ArcMap with the help of the aggregation function.
Other data which are used are the districts of Cologne, the population density of each
district, the road network and the fire stations, the hospitals and refugee homes of Cologne
(Fig. 1).

The databases and later the shapefiles of the hospitals and the refugee homes were
created as shown in the workflow in Fig. 2. Table sheet files (.csv format) of statistical data
and lists of addresses of several facilities were downloaded from an open data portal
(offenedaten-koeln.de). In order to achieve data interoperability, we used several tools
from the ETL method (Extract-Transform-Load) (https://pro.arcgis.com/en/pro-app/help/
data/data-interoperability/spatial-etl-tools.htm).

STUDY AREA

Cologne (Germany)
Hospital and refugee

homes addresses

Data collection from

open data sources: Creation of

* Road network

Search and * Hospitals
collection of Creatio * Refugee homes

coordinates n of * Flood level data (extreme scenario)

from Excel

Google file
maps

network dataset

Scaled Cost
* Firestations barrier:
Flood polygon

analysis

Creation of Impedance:
network database Travel time

Creation of shapefile

Calculation of
Exclusion speed per hour
of the accordingto Network Analyst
maximum
speed perroad

segment closest facility servicearea

private
clinics

Creation of d "
hospital and Road networ Quickest paths

refugee homes from fire Service areas
databases stations to of the fire

flooded stations
hospitals

Fig. 2 Workflow of the methodology followed for the extraction of isochrone polygon areas and quickest
routes
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We prepared and then processed the data in an ArcGIS environment.

2.1.2 Overview of the spatial range of emergency response of the fire brigades
and routing calculations under flooded conditions

Routing is the act of selecting a course of travel, and it is the most fundamental logistical
operation in network analysis. Finding the closest facility for any location is similarly a
matter of finding the shortest path from a point of interest (POI) to each possible facility
and choosing the shortest of these solutions. Therefore, the entire suite of the network
analysis functions implemented in GIS is composed of derivatives of the shortest path
algorithm. A very common research interest is routing across networks so as to minimise
the cost of the route. Cost can be defined and measured in many ways, but it is frequently
assumed to be a function of distance, time, or impedance in crossing the network. There are
many different efficient algorithms for determining the optimal route but the most widely
cited is the one developed by Dijkstra (1959). Dijkstra’s algorithm (Fig. 3) is the one that is
used in the Network Analyst tool from ESRI. In this algorithmic environment, the terms
intersection, road and map are translated as vertex, edge and graph, respectively.

The shortest path routing was fully integrated into ArcMap. The determination of a
service area for a facility is a matter of finding the shortest route from the facility to points
of interest (POI) in the network and allocating them (or the associated network locations)
to their nearest facility. In general, there are many more parameters that can be set in order
to define more complex versions of shortest path problems, and there are innovative ways
in which users of different scientific backgrounds can combine these operations to conduct
more complex analyses. However, the underlying overall dominance of shortest path
routing remains clear. The determination of the service areas in the form of isochrone
zones will show the range of the emergency response in time and space for each Cologne
fire brigade.

The ArcMap 10.3.1 version from the ESRI standard network analysis package provides
four fundamental operations that can be performed, all of which are derivatives of route
finding algorithms. These functions are:

1 function Dijkstra(Graph, source):

2 for each vertex v in Graph: /1 Initialization

3 dist[v] := infinity /f initial distance from source to vertex v is set to infinite
4 previous[v] := undefined /I Previous node in optimal path from source

5 dist[source] := 0 /I Distance from source to source

6 Q := the set of all nodes in Graph /1 all nodes in the graph are unoptimized - thus are in Q
7 while Q is not empty: // main loop

8 u := node in Q with smallest dist[ ]

9 remove u from Q

10: for each neighbor v of u: // where v has not yet been removed from Q.

1: alt := dist[u] + dist_between(u, v)

12: if alt < dist[v] /f Relax (u,v)

13: dist[v] := alt

14: previous[v] :=u

16 return previous[ ]

Fig. 3 Pseudocode of Dijkstra’s algorithm. Source http://www.gitta.info/Accessibiliti/en/html/Dijkstra_
learningObjectl.html
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a. Finding a route between point locations.

b. Determining the service area for a facility.

c. Finding the closest facility across the network.
d. Creating an origin—destination matrix.

3 Results

Highly vulnerable urban zones can be defined, as aforementioned, not only according to
the density of the population as in many case studies (Cutter et al. 2003) but also according
to other factors such as income, migration background In this article, we only focus on the
population density of the study area, since we are interested in investigating potential
impacts of extreme flood scenarios upon the travel time. Or more precisely, the travel
demand within, into, and out of the disrupted area itself. The first outcomes of applying this
methodology, as suggested in this article, follow.
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Specifically, the static exposure assessment (in Fig. 4) shows that 7 fire stations, 5
hospitals (excluding the private clinics) and 10 refugee homes are exposed to the risk of
river-flooding. Additionally, several thousands of people (according to population data of
2014) are potentially exposed to the risk of the extreme flood scenario including the
vulnerable population of patients in the flooded hospitals and the refugees in the flooded
refugee homes (Table 1).

Population density information affects the response of transit agencies in an emergency
evacuation and indicates possible hot spots that are useful for evacuation planning, which
could provide knowledge to the emergency planners (Report: Transportation Research
Board 2008). The fire stations house the search and rescue teams that are vital for any type
of large-scale emergency rescue such as an extreme flood event. The emergency response
planning is assisted by calculating the quickest routes between the Cologne fire stations
and the hospitals and refugee homes that might be affected by the flood. Fire trucks need to
access and serve specific sites in a crisis scenario, within a specific time frame for an
effective emergency response.

So to address the RQ3.1, we used the function of finding the closest facility across the
network. The road network used in this study was provided by the OpenStreetMap project
through the website of the Geofabrik community. However, its database is not enriched
with road segment length and speed limit, which are needed to compute the travel time for
road links. Therefore, we computed the road segment lengths for each road segment for
which the information regarding the speed limit was available and calculated the travel
time needed to cross each one of them.

This procedure provided each individual road segment with a travel time value; how-
ever, this value is only an approximation. This value does not take into consideration time
delays associated with traffic control and traffic congestion. The application of dynamic
variables, like historical traffic count data, can help emergency response vehicles avoid
traffic congestion and improve response times.

The shortest travel paths were calculated from the fire stations to hospitals (see Fig. 5)
and to the refugee homes (see Fig. 6) before and during an extreme flood scenario. The
maximum speed for all the road segments was not taken into account, since the database
was incomplete (low quality OS data) and due to the restriction of the one-way roads.
Traversing each road link into the flooded area will cost more in matters of time and there
is an increase in travel time by a factor of 3.0. This factor is set in the configuration of the
model through the network analyst’s closest facility tool.

The quickest routes from the hospitals and the refugee homes alter when the delaying
parameter of travel time (extreme flood zone) is added. The delaying parameter is the
factor 3.0. Focusing on the extreme flood scenario for the city of Cologne, we conducted
the analysis before and during the extreme flood scenario so as to have comparative results.
During the extreme flood scenario, a scaled cost line barrier (the shapefile of the extreme
flood scenario) was set. A scaled cost barrier does not restrict travel on the edges and
junctions it covers but it scales the cost of traversing the covered edges and junctions by a

Table 1 Results of static exposure assessment

Potentially exposed to the extreme flood scenario (number)

Hospitals (Excluding private clinics)  Fire stations  Refugee homes  Population (Number of people)

5 % 10 Several thousands
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specified factor. Barriers are, in general, featured classes in network analysis layers that
restrict or alter impedances of the underlying edges and junctions of the associated network
dataset. Barriers are split into three geometry types (point, line, and polygon) and are
designed to model temporary changes to the network (Tutorial-ArcGIS for Desktop. http://
desktop.arcgis.com/en/arcmap/latest/extensions/network-analyst/what-is-network-analyst-.
htm). This zone (polygon) contains an underlying flooded road network. In this paper, we
take the flooded road network in our routing calculations into account by setting the scaled
cost barrier. Moreover, we assume that the emergency response through a flooded road
network will be slowed down by a factor 3.0. It is the factor by which the impedance of
edges underlying the barrier are multiplied, which means that a factor of 3.0 would mean it
is expected to be three times longer than normal (normal day).

Continuing with our analysis and to address the RQ3.2, we used the function of
determining the service area of a facility across a network. In general, a network service
area is a region that encompasses all accessible streets (that is, streets that are within a
specified impedance). Service areas created by Network Analyst also help evaluate
accessibility (Tutorial-ArcGIS for Desktop. http://desktop.arcgis.com/en/arcmap/latest/
extensions/network-analyst/what-is-network-analyst-.htm). Concentric service areas show
how accessibility varies with impedance and for this case, impedance of time was cal-
culated in minutes. With the Network Analyst’s tool that determines the service area of a
facility (in minutes or length; in our case study, the fire stations), we calculated the service
areas of each fire station without taking the traffic data into consideration and partially took
the restriction of the one-way roads into account. That means that wherever there are one-
way roads, the algorithm considers these areas as non-traversable. Therefore, it seeks
traversable road segments. The difference between the two modelling results is obvious in
Fig. 7. The restriction of the one-way roads results in isochrone polygon areas of 10 min
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close to some of the fire stations, which can be considered as false results. In areas where
there are one-way roads, the results are isochrone polygons of 10 min and only in some
remote areas away from the hospitals and the refugee homes (facilities at risk for this case
study).

Using the shapefile of the extreme flood scenario as a scaled cost barrier, the results are
isochrone zones (polygons) of 6 and 10 min. These include all the area around the fire
brigades that can be reached through the road network (even when flooded) within 6 and
10 min having each fire station as the starting point of the emergency response during the
extreme flood scenario (see Fig. 8). During the extreme flood scenario within the flood
zone, additional delays due to flooded roads are integrated into the assessment. To compute
this, each road segment of the network was assigned a maximum speed and was multiplied
by the factor 3.0 (increased travel time). This is the factor by which the impedance of edges
underlying the barrier are multiplied, i.e. this factor of 3.0 indicates that the travel time it is
expected to be three times longer than normal (on a normal, non-flooded day).

The network analysis was conducted in two phases: Including the one-way roads as a
restriction to the calculations and not. The road network database is not complete (a
common issue of the OS data is low quality), that is, there are no assigned maximum speed
limits for each road segment of Cologne and many of the roads are not categorised so as to
be part of the calculations. Therefore, there are isochrone polygons of 10 min even around
the fire stations which is a false (not corresponding to reality) result (Fig. 8, left map). Due
to the incomplete road network database and the amount of the restrictions (one-way roads)
entered into the model, the outcomes are far from reality. On the other hand, without taking
into consideration the restriction of the one-way roads, the outcomes (Fig. 8, right) seem
closer to reality and indicate areas around each fire station that can be reached in less than
6 min with 2 min given as preparation time for the fire fighters, even through a flooded
road network.

ICPRIKSR 2001 y s s 7| 1GPRIKSR 2001

Legend
Service areas during flood with the rstriction of one way roads. Legend
Isochrone polygons in minutes Service areas flooded with no restriction of one way roads
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[E] Floo (no private ones) [ Flooded refugee homes
¢ Fire (not flooded) [E] Flooded hospitals (no private ones)
(a7 et 9 Fire stations (ot flooded)
12071 Extrome flood scenario
Road network of Cologne

Flooded road network
[0 Extreme flood scenario

s i1
& P B Road network of Cologne

I ——(Gl0meters
0 i

Fig. 8 Isochrone polygons for 6 and 10 min travel times during the extreme flood scenario with the
restriction of the one-way roads on the left and on the right without the restriction of the one-way roads
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3.1 Validation of the isochrone maps

Accordingly, qualitative assessment of interviews that were carried out with emergency
response planners who are responsible for the coordination of emergency responses in
cascading scenarios, is essential for deriving key parameters such as level of preparedness
of each hospital and refugee home for such cascading scenarios. These parameters can be
useful to produce awareness zones, which will help the emergency planners to focus their
preparedness actions. In this article, we have only focused on the level of preparedness of
the fire brigade department of Cologne and the way they conduct their routing and iso-
chrone analysis for each fire brigade.

More specifically, we conducted an interview with Dr. Martin Wesolowski who is a
planner at the central fire brigade office of fire protection and works at the department of
Emergency Services and Civil Protection. We were provided with the isochrone zones of
each fire brigade of Cologne, which were calculated by the rescue service department of
the central fire station of Cologne. The isochrone zones that we calculated corresponded
well with those from the rescue service departments, as can be seen in the next section. The
response time for each fire station was calculated to be 6 min, given 2 min of preparation
after the emergency alarm, which gives in total a maximum 8 min response time.

For the city of Cologne, the routing and isochrone calculations (Fig. 9) are made
according to Schmiedel et al. (2012) with data such as the speed for each road segment
within the city of Cologne, which is retrieved from real driving experience (use of
empirical data). They already know according to experience combined also with road
network maps in which type of road they are driving on and therefore they know what the
speed should be. Dr. Wesolowski mentioned that each fire truck after the emergency call/
alarm must be at the destination of emergency within total of 8 min: 2 min of preparation
and a 6-min drive. This already happens 90% of the time (achievement degree).

In the routing calculations that the Cologne fire stations use, the one-way roads are not
considered as barriers, because the calculations are based on experience.

Isochrone map of the fire brigades of Cologne
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Fig. 9 Isochrone map of the fire department of Cologne indicating the area of emergency response in 6 min
(dashed red lines)
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A visual validation (Fig. 10) of the isochrone maps (Fig. 9) calculated by hand from the
central fire brigade of Cologne for emergency response planning using empirical data are
close to the results of the methodology applied in this article. In the fire department of
Cologne, they are not taking also into consideration the restriction of the one-way roads but
they are using own experience regarding the areas of emergency response for each fire
brigade. It is also observed that the area where it is indicated from the network analysis that
can be reached in 10 min is an area of nature with lakes and rural roads.

Future work planned is the validation of the route calculations since the road network
databases (OS data used in this article and empirical data used from the fire brigades in
Cologne) differ and integration of traffic information needs to be taken into account.
Taking traffic information into consideration to ensure a more timely effective response
was addressed as a key “must” also from Mr. VoBschmidt. Mr. VoB3schmidt is a lecturer
for legal basis of civil precaution and emergency care at the Academy for Crisis Man-
agement, Emergency Planning and Civil Protection (AKNZ) and managing director of the
Association “German Society for the Promotion of Social Media and Technology in the

: Legend

Service areas with no restriction of one way roads
Isochrone zones in minutes
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Civil Protection (DGSMTech) e.V.,” during an interview at the DGSMTech workshop in
2017 (http://dgsmtech.de/).

4 Discussion
4.1 Discussion of accessibility indicator

In Fekete et al. (2016) the aim was to indicate the need for more research and consideration
of spatial distribution of shelters, their location within hazard zones and their dependence
on emergency infrastructure services that might be affected by a flood or a blackout.

In this article, main goal was to investigate, in depth and in praxis, which information
can be of use for emergency response planners in a minimum supply concept for a timely
emergency response. The research was carried out through a combination of GIS and VGI
from different platforms and sources and with the example of an extreme flood scenario.
We suggest an accessibility indicator that can serve as an additional tool for emergency
management. The proposed accessibility indicator consists of components (see Sect. 1.1)
that can be considered as a prerequisite in both the preparedness and response phase in case
of a flood risk scenario for the city of Cologne.

As aforementioned, in dealing with extreme events such as floods or earthquakes, many
of the critical problems that arise are inherently spatial. Spatial problems cover issues
related to the extent of the disaster, on-site crisis, number of people in need with exact
location, etc. Therefore, in answer to RQ1., we presented through exposure and vulnera-
bility assessments in GIS and, the degree that affected people, of hospitals, vital CI for the
emergency response such as the roads and of civil protection infrastructures such as the fire
brigades and how are intertwined for an extreme flood scenario. We also included the
refugee homes, since the refugee community is a relatively big part of the vulnerable
population of Cologne (due to language barriers etc.) and should be taken into consider-
ation. Therefore, (answering RQ2.), we have presented ways indicating that GIS is a
valuable tool for the emergency management in regard to situational analysis, even using
data of low quality such as the OS data used for this research. OS data of different forms
(Excel files, shapefiles, etc.) which, on the one hand, can be up to date but on the other
hand may provide limited information, can be of great use for emergency management
since limited information is better than no information in times of crisis. For this research,
we proved with our GIS applications that the combination of OS data with authoritative
data is a perfect combination for a timely emergency response providing results that are
close to reality situations.

For the emergency response phase, we proceeded to carry out calculations (answering
RQ3) in a GIS environment using the network analyst tool and VGI with OS data in
different forms (shapefiles of road network, fire brigades and hospitals and refugee homes
lists transformed to shapefiles later). We calculated the service range of the fire brigades
(first acting emergency responders) before and during a flood scenario, taking into con-
sideration one-way roads, by specifically calculating their emergency response ranges
through flooded road networks for the assistance of the possibly affected hospitals, refugee
homes and fire brigades (potentially flooded in case of an extreme flood scenario). The
service ranges of the fire brigades (isochrone maps) that result from a network analysis
before an extreme flood, and were compared to empirical data from the fire brigade of
Cologne and Dr. Wesolowski (see Sect. 3). Dr. Wesolowski mentioned that the biggest
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problem they face is the fact that the empirical data that are used from the fire stations for
the current emergency routing calculations are from 2002 and in the last 14 years, the road
quality has changed (e.g. increased roundabout traffics and traffic calming). The com-
parison (see Sect. 3) has indicated that the service ranges of the network analysis that we
conducted with low quality OS data and VGI (not complete databases) verifies our
aforementioned statements regarding the use of VGI and OS data in a GIS environment to
assist a timely effective emergency response answering RQ2. Since network analysis
through flooded road networks is still under-researched (see Sect. 2) we proceeded with
routing and service range calculations (isochrone maps) also through flooded road net-
works and present a new factor that should be taken into consideration when it comes to
emergency response management. In general, the results show that GIS analysis utilising
GI can be valuable for risk prevention and emergency response. The routing calculations
before and during the extreme flood scenario conducted on a low quality road network
database allowed estimating extended travel times. Shortening the travel time through a
flooded road network (calculated for a maximum depth of 0.5 m.) will add value to the
emergency response planning phase and lead to a more timely emergency response. The
delay factor of 3.0 that was used in this study is only an assumption and was not based on
own empirical calculations, which is something that should follow in research. For an even
more robust network analysis, the traffic density in the areas of high exposure to flood risk,
and the restriction of the one-way roads should be taken into consideration.

Since exposure assessments have indicated that also many of the refugee homes are
expected to be flooded in an extreme flood scenario in Cologne—in answer to RQ4—and
motivated from Fohringer et al. (2015) where it is underlined the greater relevance of the
nearby to the risk event geo-located information, we suggest accessing the vulnerable
community of the refugees as a new source of VGI. Section 4.2 could be considered as an
outlook of the relevance of mobile device usage and the usage of social media and mes-
saging applications of the refugee community resulting to potential high amount of VGI in
case of an extreme flood scenario. The source of VGI that is suggested, it is expected to
give more relevant data, due to proximity to the risk scenario, assisting the emergency
response with geo-located information regarding water depths, etc. This component can be
integrated in an emergency management plan and basically it is the conceptual beginning
for future research and further development of the accessibility indicator. We suggest that
VGI from the refugee community in an extreme flood scenario as the one researched in this
article and for the city of Cologne, can serve as an additional source that would lead to the
decrease in the emergency response time assisting the prioritization of the emergency
response (see also Sect. 1.2). In Sect. 4.3, we briefly, and thus not comprehensively,
present the potentials and disadvantages of the use of VGI in emergency management to
raise awareness that the method is strongly dependent upon many factors that still need to
be researched and could affect the performance of the accessibility indicator.

4.2 Refugee community as a source of VGI information, assisting their own
rescue

VGI can contribute to all phases of disaster management through the rapid exchange of
geographic information between authorities and citizens during disaster response; thus,
promoting connectedness and community engagement in disaster preparation practices
(Haworth and Bruce 2015).

In this article, we argue that VGI produced from the population of the refugees at risk
and of social media can be a valuable source in case of an extreme flood in Cologne.
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According to Eurostat (see Fig. 11) and the asylum seekers, the refugee community
consists of circa 50% Syrians.

The UN refugee agency for central Europe (Helping those with special needs. http://
www.unhcr.org/ceu/96-enwhat-we-docaring-for-the-vulnerable-html.html) has stated that
refugees, asylum seekers and the stateless make up one of the most vulnerable groups of
people in the world. But within this group, there are people who are even more vulnerable:
the elderly, children and people who are ill and physically challenged.

Specifically in Cologne, the refugees overall number approximately 13,000 (see
Fig. 12); this is a considerable number of people being added to the vulnerable population
of the city. The community of refugees can be considered vulnerable in case of cascading
effects such as the extreme flooding that we are studying in this article, and it is assumed to
that it will affect several refugee homes in case of occurrence. However, we argue that
taking the outsourced VGI, which can be produced from this vulnerable community, into
consideration and incorporating it into an emergency response framework will shorten the
emergency response time, accelerate the procedures of their rescue, and contribute to their
resilience.

Refugees use social media extensively and mobile applications through their smart-
phones, which are vital for their daily needs in Germany and during their flight even for
their survival. Marie Gillespie, Professor of Sociology at the Open University (OU) of UK
and a member of OU’s Citizenship and Governance priority research area, commented:
Our research (Gillespi et al. 2016) suggests that the information and news needs of refu-
gees are not sufficiently taken into account by governments and news organisations as they
make perilous journeys from war-torn parts of the world to Europe, and when they arrive.
For refugees trying to reach Europe, a mobile phone is not a luxury. It is as important as the
clothes on their backs or even the boat they climb into to cross the Mediterranean. Phone
calls and messages are just a part of it; mobile apps, websites, social media, navigation
tools and translation services, camera and audio recording all combine to make up a digital
infrastructure that has become integral to any journey to Europe.

As stated in the World Factbook of the US Central Intelligence Agency in 2014, the
penetration rate of mobile phones was 87% in Syria. In other words, almost 9 Syrians out
of 10 have cell phones (https://www.cia.gov/library/publications/the-world-factbook/geos/
sy.html). “Our phones and power banks are more important for our journey than anything,
even more important than food,” said Wael to Agence France Presse in Times of Israel

Fig. 11 Asylum seekers granted Asylum seekers granted protection status in the EU, by citizenship, 2015
protection in the EU, by
citizenship, 2015 (Reproduced
with permission from
EUROSTAT 2016)
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Fig. 12 Graph provided from the city of Cologne (http://www.stadt-koeln.de/leben-in-koeln/soziales/
koeln-hilft-fluechtlingen/fluechtlinge-koeln) where the X axis shows the months and the Y axis shows the
number of refugees counted from January of 2016 till November of 2016

(http://www.timesofisrael.com/); a 32-year-old from the devastated Syrian city Homs who
reached the Greek resort island of Kos (Fig. 13).

When refugees arrive in Europe, they also need to know how to find legal represen-
tation, make an asylum claim as well as find food and shelter. Their phone is the only way
to do it. This need has been already recognised from the Swedish community who wanted,
since the beginning of the cascading refugee influx to northern Europe, to voluntarily help
the refugees by providing to them smartphones (used or new ones), SIM cards and
chargers, so they can stay connected with their families and friends and not only that. This
community of Swedish volunteers started a project called Refugee Phones (http://www.
refugeephones.co.uk/). “Refugee Phones” started in Sweden and runs in the cities of
Gothenburg and Stockholm. In the UK, it is run by a small team of volunteers in London in
partnership with CalAid (http://www.calaid.co.uk/), which is another volunteer project that
aims at collecting smartphones, SIM cards, and chargers for refugees, asylum seekers and
displaced people in Calais refugee camps. Social media generated by many individuals
plays a greater role in our daily lives and provides a unique opportunity to gain valuable

Fig. 13 On the right, Syrian migrants take a picture after their safe arrival on an overcrowded dinghy to the
coast of the southeastern Greek island of Kos from Turkey (AFP/Louisa Gioulamaki) and on the left a photo
taken by Marko Djurica/Reuters showing people using their mobile phones near a Wi-Fi hotspot at a
makeshift camp for refugees and migrants at the Greek—Macedonian border near the village of Idomeni,
Greece
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insight on information flow and social networking within a society. Through data col-
lection and analysis of its content, social media support a greater mapping and under-
standing of the evolving human landscape. Facebook played the role of the tour guide in
the recent refugee flux. The refugees use Facebook groups with tens of thousands of
members to share photographs and experiences, find smugglers’ phone numbers, map their
route from Turkey to Greece and further to northern Europe, and to calculate expenses.
However, they can be misled too by criminal gangs ready to exploit them. WhatsApp is an
important tool for emergency responders (i.e. coast guards) specifically for the case of the
refugees crossing the marine borders between Turkey and Greece. The most popular map
shared between thousands of Syrians is shown in Fig. 14, and it represents their route to a
better life in Germany. Of course, there are also language barriers and other constraints that
should be taken into consideration when such VGI is produced and thus we will present
some examples in Sect. 4.2.

4.3 Advantages and limitations of the usage of VGI in emergency response
management

Answering RQ4.1, in this sub-section are investigated the advantages and limitations of the
use of VGI for an emergency management planning. This section could be part of a

Fig. 14 WhatsApp map: from Izmir to Germany sent to a refugee interviewed in Paris (Reproduced with
permission from Gillespi et al. 2016)
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handbook for emergency managers interested in the implementation of this methodology
underlining the advantages and disadvantages of the use of VGI in addition to the
authoritative emergency management plans. We acknowledge though that this chapter, it is
not an extensive presentation of the advantages and disadvantages of the use of VGI.

An approach examined the microblogging text messages in Twitter platform (tweets)
produced during the River Elbe Flood of June 2013 in Germany. The results showed that
quantitatively assessing social media messages based on authoritative data, can be a viable
and useful way to improve the identification of messages that contain useful information
for managing disasters (Tulloch 2008). Therefore, in this article in addition to the
opportunities and the constraints, a new source of VGI (volunteered GI provided from
social media etc.) is suggested. This new source of VGI, as aforementioned, is the vul-
nerable community of the refugees. This section and Sect. 4.2 aim to raise awareness of the
potentials of the use of VGI, of different forms, in the emergency management for the area
of Cologne, indicating also the disadvantages that should be taken into consideration.

Apart from the fact that VGI can provide supplementary information and therefore it
can enrich a spatial decision support system for flood risk management with valuable
information (Horita et al. 2015) by improving the coverage of monitored areas, it can be
hindered due to its questionable quality, availability, readiness, etc. Some of the constraints
and issues that are important and need to be taken into consideration in an emergency
scenario are discussed below.

There are multiple ways of evaluating spatial data quality, which are discussed briefly in
(Haklay 2010) and in a more comprehensive way in (Oort 2005). In general, social net-
works have been used to overcome the problem of incomplete official data. They can
provide a more detailed description of a disaster since they can provide a pool of social
media messages that can be used for composing a picture of what is happening in a specific
place (Albuquerque et al. 2015; Gao et al. 2011). Many studies have focused on the
identification of useful information from social media that could be valuable for improving
situation awareness (Yin et al. 2012). It is useful to analyse the social media usage and the
importance of messages in disasters that identify a distinct role of users who are local to the
event and who are more probable to generate useful information for improving situational
awareness (Assis et al. 2015; Kounadi et al. 2015; Vieweg et al. 2010; Starbird et al. 2010).
On the one hand, VGI data can have the problem of “False Observation”, i.e. wrong data
collected by users (deliberately or accidentally), but on the other hand though, when the
concurrent number of VGI is large, false observations can be invalidated with standard
techniques of large-deviation filtering (Fekete et al. 2015). However, filtering relevant
messages on-the-fly remains challenging due to the large amount of misleading, outdated,
or inaccurate information. Hence, according to Haklay (2010), with respect to emergency
responders’ uncertainty as to whether the VGI quality is good, it is important for them to
recognise and account for the uneven nature of crowdsourced data. Moreover, significantly
higher amounts of credible data are produced in dense urban environments. This is not to
imply that data are less accurate in non-urban areas, but that fewer numbers of contribu-
tions and error correctors make authoritative datasets more complete and reliable. In other
words, there is a spatial discrepancy between well-mapped and not-so-well mapped areas
(Haklay et al. 2013).

In general, with the help of GIS, spatial indicators, are widely applied for “measuring”
(in a quantitative or semi-quantitative and relative sense) and communicating phenomena
such_as_natural_hazards, deforestation, land use change, wildfires, floods, earthquakes,
tsunami and climate change (Fekete et al. 2015) in most cases with the use of authoritative
data. Specifically, crowdsourcing and mobile technologies are changing the perception that
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authoritative data is a prerequisite for good decision support and therefore such approaches
can be the kick to trigger further research in urban areas such as Cologne, where the
amount of highly credible VGI information can be even higher. VGI offers the possibility
of including subjective, emotional, or other non-cartographic information and can be useful
for one of the main problems in emergency response acquiring situation awareness (Yin
et al. 2012).

Data generated within an emergency scenario are always considered critical and cannot/
should not be lost. Disruptions can occur because of the emergency itself, and therefore
disruption-tolerant networks may need to be considered. The usual problem in emergency
situations is the lack of network infrastructures upon which the communications rely on. In
these cases, the use of opportunistic networks (delay and disruption tolerant) may be
considered as a solution. However, in most disasters, for example, hurricanes, terrorist
attacks, earthquakes, these networks become unstable, inaccessible, overused or even
destroyed, and as a consequence, emergency personnel cannot rely on the use of these
existing network infrastructures and may have to deploy and use their own or look for other
solutions. In this article, we would like to bring the risk of a power failure also to the
forefront during such situations: A power failure can occur after such an extreme flood
scenario due to affected (flooded) transformer stations. In such disastrous scenarios, people
who are at risk intuitively and voluntarily start communicating through their mobile phones
either asking for help or sharing information regarding their position and status. However,
we have to consider that VGI might not be able to be distributed due to either unstable or
destroyed Wi-Fi networks. Wi-Fi is one of the backbones for utilising VGI; thus, the
downtime or interruption of this infrastructure will hamper immediate and post-disaster
VGI data delivery. In a risk scenario as described above, such information could be useful
for the emergency managers in a prioritization framework for the use of the available
electrical power for a holistic emergency management plan and further research is
suggested.

5 Conclusions

By understanding the objectives of each step in the response sequence, fire departments can
measure their current performance against these objectives. Such an understanding pro-
vides the necessary framework for assessing the cost of reducing response time during any
of these steps. The use of GIS and VGI for emergency response is valuable. For the use of
GIS aiming to a timely effective emergency response, it is essential to effectively collect as
much relevant data as possible. Such data can be a combination of OS and authoritative
data, which can be acquired from different providers such as Geofabrik, FLOSM, gov-
ernmental open data archives, the different geo-portals of cities and municipalities and the
international supplier of GIS software, web GIS and geodatabase management applications
ESRI. In times of crisis, the combination of authoritative and OS data with low quality,
(not complete and nor up to date databases), can bring valuable results regarding the
emergency routings and the SOC; thus, providing the first emergency responders with
valuable information for a timely emergency response that will enhance the resilience of
the urban area. Combination of all forms of VGI (see definition in Sect. 1) with the
aforementioned data in the suggested framework and the readiness for including more from
new parts of population added (refugee community) to the present population (registered
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citizens in the city of Cologne), can lead to a time effective emergency response, thus
enhancing urban resilience.

For future work, we suggest that, the accessibility indicator developed in this article,
should include the following:

1. Up-to-date data of the ground cover, such as the updated road network system enriched
with car speed information and amount of accidents per city district or per road
segment

2. Delays of car speed in conjunctions of road networks

3. Traffic information (exposure assessments in combination with traffic information can
lead to more focused routing calculations (prioritized areas first served) and allow for a
time effective response

4. Population density areas (optional: other vulnerability indicators too)

5. VGI (volunteered GI available in the form of Excel lists, shapefiles, social media
posts, etc.) from different sources, in an attempt to reduce emergency response time
for both fire and medical emergency response.

We also suggest, enriching the social vulnerability index (Fekete et al. 2012) with VGI
information and specifically with OS data. This will result in the identification of very
vulnerable zones for more focused and effective emergency preparedness and response,
and assist in prioritizing.

Finally, in urban areas, which are more complex environments, fire brigades can profit
from the integration of the proposed accessibility indicator in an emergency response
management plan. The indicator could be a valuable tool for a timely emergency response
and work as a sub-component of a resilience indicator. This study can also inform current
applications of the resilience concept and deliver information about emergency response
and recovery speeds to planners and researchers by also suggesting a new source of VGI
information. As aforementioned, the geo-located information that could be provided from
the refugee communities can be very useful in emergencies similar to those examined in
this article. Thus, where timely information can be forwarded to the proper authorities for a
more focused and timely emergency response, increasing the resilience of their community
too but also the resilience of Cologne. On the other hand, for the implementation of such
information in an emergency management framework, there should be an awareness
regarding the disadvantages too.
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