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ABSTRACT

Urban inundations cause large impacts to road infrastructures which are especially important during
emergencies because the resilience of a community relies upon fast connection to shelters and critical facilities
(e.g. hospitals, fire stations). Moreover, during riverine floods the inundation propagates in the urban
environment mostly following the road network where most injuries and fatalities take place. This works aims at
understanding the sensitivity of transport model and human vulnerability estimates to the resolution of the flood
maps, which can be used to increase preparedness. Three different hydraulic approaches are compared: a
quasi-2D model adopted for official flood hazard maps, a full 2D model (TELEMAC-2D) with a 30 m resolution
(e.g. like common global DTMs) and a full 2D model with a mesh resolution able to capture single buildings
and roads (LiDAR-derived 1 m resolution). Changes in time and distance between origin and destinations as a
result of flooding are analyzed by coupling a network model with flood hazard, using a transport network
disruption model. The vulnerability of pedestrians is based on a dimensionless stability threshold, based on
subject characteristics and inundation parameters.

The methodology is applied to a district of Florence (Italy) placed at the crossing of two streams and in a crucial
road junction for the area. The results in terms of road accessibility, service areas and citizens vulnerability are
compared and discussed for the three different hydraulic approaches to provide support for decision makers
and civil protection rescuers.
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1 INTRODUCTION

Flood risk in urban environments is expected to increase in future due to climate change effects and
urbanization prospects (UNISDR, 2015). Urban mobility can be significantly affected by floods. On one hand,
roads underpin mobility within urban areas and are especially important during emergencies because the
resilience of a community relies upon fast connection to shelters, critical infrastructure and blue light services
(Abdan and Zairul, 2017). On the other hand, most of the fatalities occur while driving vehicle or attempting to
walk in floodwaters.

Flood preparedness is crucial to reduce impacts on lives, livelihoods and communities (UNISDR, 2015).
However, limited information often exists on residual mobility, accessibility to critical infrastructures and risk to
travelling vehicles or pedestrians. These aspects are mostly important to the Civil Protection (CP). Their main
source of information is the flood hazard/risk zonation issued at district level, which usually identifies the
inundation extent for assigned return period only.

This work integrates several aspects of urban mobility during floods, by combining flood models, transport
models and vulnerability models in order to provide a comprehensive picture of flood consequences on the road
network, useful to define management plans and coordinate emergency activities. The objectives of the work
are:
the evaluation of residual road accessibility based on safety conditions for travelling vehicles;
the analysis of service areas for emergency operations;
the assessment of the number of residents at risk of being swept away on foot;
the sensitivity of the three points above with respect to the flood modelling approach.
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The methodology is applied to Galluzzo, a flood-prone district in the South of Florence (Central Italy). The work
ultimately aims to provide civil responders with more advanced tools for planning and implementing emergency
response operations, compromising between computational efforts and accuracy.

2 METHOD
2.1 Hydraulic models

In this work three different modelling approaches are compared. They differ in complexity, computational
time and spatial resolution. The overarching aim is to identify the best compromise between modelling efforts
and application to urban mobility for emergency planning.

The first hydraulic approach (HM1) is composed of two parts: the 1D unsteady flow model for the river and
a quasi-2D storage cell model of the flood-prone area. This model is used for flood hazard zonation in the Amo
River Basin (UOM Arno, 2015), to fulfill the requirements of the European Floods Directive 60/2007/EC. The
computation of the flood propagation and corresponding water profile along the river(s) is performed through a
standard solver of the 1D general equation of unsteady flow (i.e. continuity and momentum conservation
equations). The quasi-2D hydraulic model for the flood plain consists of several storage areas whose effective
geometry is estimated from a meter-scale LiDAR-derived Digital Terrain Model (DTM), where buildings are, by
default, ignored. The continuity and momentum conservation equations are solved through an implicit 1D finite
difference scheme for the river. The outflow from the river banks is modelled through a set of lateral weirs
connecting river and flood plain. When the inundation starts, the quasi-2D module, governed by continuity and
stage—storage relations, calculates the water levels from the volume stored in the cell. Flow between adjacent
cells is described by a weir equation accounting for backwater effects. The details of the model construct and
equations adopted in the HEC-RAS framework (for both 1D and quasi-2D modules) are described in Arrighi et
al. (2013). The model output is open available as a GIS polygon shapefile identifying the inundated areas for
assigned return period (e.g. high hazard for a return period equal or lower than 30 years).

The second hydraulic approach (HM2) consists in solving the shallow water (de Saint-Venant) equations
using the finite-volume method and a computational mesh of triangular elements (Hervouet, 2007) with the
TELEMAC-2D software. The mesh is generated in Blue Kenue specifying hard lines to properly identify the river
levees with a resolution of 2 m, while the mesh size is up to 30 m in open areas. The Blue Kenue interpolator
tool allows the user to assign to each mesh node the elevation of the 30-m-resolution DTM. Buildings are again
ignored in the mesh and in the elevation model. The model output is a 30-m-resolution raster flood map depicting
the maximum water depth reached during the whole simulation for each cell.

In the third approach (HM3), TELEMAC-2D is again used to solve the shallow water equations but the
mesh is generated to account for buildings as waterproof blocks. Break lines are used to properly represent
buildings with an assigned element size of 2 m at the building boundary to capture complex flows in the road
network, but up to 8 m in open areas. The elevation of the mesh nodes is obtained by the LIDAR-derived DTM
(1-m-resolution and 0.15 m of vertical accuracy). The model output is a 1-m-resolution raster flood map
representing the maximum water depth reached during the whole simulation for each cell.

Table 1 summarizes the main characteristics of the three hydraulic approaches and source geographic
data (DTM) used for their implementation.

Table 1. Main characteristics of the hydraulic approaches for hazard evaluation.
HM1 HM2 HM3

1-D de Saint Venant
Equation for the river + 2-D de Saint Venant  2-D de Saint Venant

SOLVER

storage equation for Equation Equation
flood plain
SOFTWARE HEC-RAS TELEMAC-2D TELEMAC-2D
DTM RESOLUTION im 30m im
BuILDINGS Not considered Not considered As vt\;?;;izroof
OuTPUT TYPE Inundated area (*.shp) Flood (fetf’f;)h map Flood geii%f)h map

2.2 Transport model

A transport model is here used, firstly, to evaluate the vulnerability of the road network to the flood and,
secondly, to assess accessibility issues.

The performance of a transport network can be assessed by evaluating the journey time (Smith and Blewitt,
2010). Transport models allow the mathematical modelling, or simulation, of transportation systems to inform
the design process, by representing the stretches of roads (links, and their nodes), users, and users' routing.
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As a result of the inundation, changes in time and distance between origin and destinations are analysed by
coupling a network model with the flood map. This evaluation consists of calculating the disruption to network
links using a transport network disruption model developed by Pregnolato et al. (2016). The simulated
floodwater depths are spatially overlapped with the road network, defining the impacted portion of roads for the
analysis. A flood reduces speed, or stops entirely traffic flows according to the inundation depth. A disruption
function Eq. [1], developed by Pregnolato et al. (2017), relates water depth to safe driving speed.

Vd = 0.0009H? - 0.5529H + 86.9448 [1]

where H is the water depth (m) and V4 is the safe driving speed (km/hour).

Roads are considered impassable (therefore closed) when the flood depth reaches 300 mm, the depth at
which a standard saloon or estate car is unable to operate (Gissing et al., 2016; Kramer et al., 2016). For the
flooded scenarios, the network properties of a link (e.g. travelling speed) are modified according to this
relationship, and traffic parameters recalculated for this perturbed state. Subsequently, journey travel time will
increase in comparison with the baseline scenario. This also allows for calculating the service area. A service
area is a polygon which identifies the region which can be reached by a vehicle in a given amount of time (Coles
et al. (2017). Here we build the service area from the primary school of the analysed district in order to evaluate
if it is possible to reach critical hotspots (e.g. hospitals) in 8 minutes, which is the response time of emergency
service prescribed by Italian legislation.

2.3 Vulnerability

The vulnerability of the road network is evaluated considering two main aspects of mobility: by car and
on foot. Three classes are defined to classify the vulnerability from low to high. The vulnerability class is obtained
by dividing the flood depth to a critical threshold (low vulnerability ratio<0.5, medium vulnerability 0.5<ratio<1,
high vulnerability ratio=1). For driving vehicles, the critical threshold is 300 mm (Pregnolato et al., 2017). A map
with the maximum water depth reached in every cell during the event is used to extract H. For each road link
the maximum water depth over the link is extracted using Zonal statistics tool in QGIS.

For pedestrians the critical threshold Here is function of both water depth and velocity magnitude U and

of the height of the subject considered Hp

H crP

0.29

. c 2
Hp 0.24 + Fr (2]

where,

U
Fr=— (3]

NrT

Eq [2] is a regression curve obtained from a dimensional analysis and application to existing experimental
data about people instability in floodwaters (Arrighi et al., 2019; Arrighi et al., 2017; Karvonen et al., 2000; Foster
and Cox, 1973; Jonkman and Penning-Rowsell, 2008; Xia et al., 2014; Martinez-Gomariz et al., 2016). The
evaluation of vulnerability for pedestrians is evaluated for each time step of the flood simulation in a post
processing phase. Then the maximum temporal vulnerability is evaluated to obtain the worst-case scenario
conditions. When the ratio between H and Hce is equal to 1 the loss of stability of the person is expected,
possibly leading to potential injuries or casualties. In this application the average adult height in Italy, i.e. 1.7 m,
is selected to calculate the critical water depth.

2.4 Exposure

The population potentially exposed to dangerous conditions as pedestrians is evaluated based on census
data. Exposure is here the number of people living in buildings surrounded by high/medium vulnerability
conditions for pedestrians. Based on a 5 m buffer around each building the vulnerability class for pedestrians in
adjacent roads is extracted and each building is assigned a vulnerability class. The number of people living in
each vulnerability class is then summed up. For more details on the downscaling of population from census
areas to buildings refer to Arrighi et al. (2019).

3 CASE STUDY
The method described in Section 2 is applied to a Southern district of the city of Florence (Central Italy)
called Galluzzo. Galluzzo is located at the confluence of two streams called Ema and Greve, which have a
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catchment area of 121 and 283 km? respectively. The district is a crucial traffic knot for accessing the city of
Florence from the southern municipalities.

The areal extent of the hydraulic model is about 4.2 km?; the simulated Greve and Ema reaches are 4.2
and 8 km long respectively. With the hydraulic model HM2 and HM3 the computational mesh is composed by
106.825 and 453.112 elements respectively.

The population living inside the simulated area is around 12,000 inhabitants according to the most recent
census data (2011).

A what-if scenario based on a rainfall event occurred in October 2013 in a boundary catchment has been
selected as trigger of the inundation (Servizio Idrologico Regione Toscana, 2013). The 2013 actual rainfall is
shifted 65 km in the northern direction to affect the Greve and Ema catchments to obtain the hydrologic boundary
conditions. The rainfall event is composed by a sequence of two peaks with hourly maximum around 30 mm
and 45 mm for Greve and Ema respectively, and cumulate rainfall of 635 and 780 mm for the 15 hours event.
Precipitation peaks correspond to river discharge peaks of about 370 m3/s and 500 m¥s for Greve and Ema
respectively. The highest peak of the Ema hydrograph corresponds to the 200 years return period, thus the
official medium hazard zone (HM1) can be compared to the extent of the flood obtained by the 2D hydraulic
approaches (HM2 and HM3).

4 RESULTS

Results are presented into three sections to make a comparison between the hydraulic approaches used.
The first section (4.1) describes the results in terms of flood extent and inundation depths, the second (4.2)
shows the results in terms of vulnerability of the road network for drivers and pedestrians, the third (4.3) shows
the service areas evaluated. Most of the results are presented in maps with a focus on the Galluzzo district to
be more readable, although this is only a portion of the study area.

4.1 Flood hazard maps

Figure 1 shows the flood hazard maps obtained with the three different hydraulic approaches. In the first
panel (a) the official hazard zonation obtained with HM1 is shown. They are polygons identifying the areas prone
to floods with a return period lower or equal to 30 years (high hazard, in orange) and with a return period between
30 and 200 years (medium hazard, yellow). This official hazard zonation is issued by the District of the Northern
Apennines and is available for all the European territory as required by the Directive 2007/60/EC.

Panel (b) of Figure 1 shows the flood depth map obtained using HM2. Water depths in this portion of the
study area are of the order of 0.5-1 m in the eastern side of the district and are of the order of 1.5-2 m in the
western side of the district. The black line shows the edge of the hazard zonation of panel (a) superimposed on
the flood depths. In terms of inundated areas, although the resolution of the DTM is different, the two hydraulic
approaches HM1 and HM2 yield a very similar flood extension.

Panel (c) of Figure 1 shows the flood depth map obtained using HM3. Here the water depths are above 2
m in the western part of the district and around 1.5 m in the eastern area. Again, the inundation extent is pretty
similar to the official hazard zonation for medium hazard.

Water depth differences between HM1 and HM2 are significant and show a pattern. In the western area
flood depth differences between HM2 and HM3 are positive and of the order of 1.5 m, locally up to 2.5 m. In the
eastern area the difference is negative, i.e. HM3 calculates higher flood depths, and of the order of -0.25 m,
locally up to -2 m. This important difference in flood depth with the approaches HM2 and HM3 is caused by the
terrain morphology, which is quite sharp in this area. The ground is particularly steeper in the eastern side of
the district, thus the 30 m resolution DTM virtually raises the average terrain elevation with respect to the LiDAR-
derived 1m DTM. This effect is smoother in the western area since the terrain morphology is flatter.

Another consequence of these different terrain representations is in terms of flow velocity. In the district,
flow velocity is significantly higher (of the order of 1-1.5 m/s) for HM2. Most of the urban area with the HM2 is
subject to flow velocities around 1 m/s. In this comparison, both eastern and western district are characterized
by higher flow velocities with HM2. Thus, Froude number (used to calculate the vulnerability of pedestrians) is
higher for HM2.

4.2 Vulnerability of road network and risk to population

For the assessment of vulnerability, the information provided by HML1, i.e. the official zonation is not
appropriate, since water depths and velocities are not available. The hazard zonation can be used in a
conservative way by considering that all the roads inside the flood prone area are impracticable and all the
people are potentially exposed without distinguishing between vulnerability classes.

Figure 2 shows the vulnerability of the road network considering the driving vehicles for HM2 an HM3. Each
road link is classified with a vulnerability level, where the red color shows the roads which are considered
impassable for passenger vehicles because the safety threshold of 0.3 m has been exceeded. Yellow road links
are instead still practicable but with a reduced speed given by Eq [1]. In panel (a) and (b) of Figure 2 the
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vulnerability for travelling vehicles is obtained with the results of HM2 and HM3 respectively. Consistently with
the lower water depths obtained with HM2, the vulnerability of panel (a) is slightly lower than in panel (b). In
fact, with the HM2 the center of the district is still accessible from some road links, while with the HM3 all the

area is cut off from the network.
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Figure 1. Flood hazard maps obtained for the same hydrologic scenario with the three modelling approaches:
quasi-2d model for official zonation HM1 (a), full 2D model with 30 m resolution HM2 (b), full 2D model with 1
m resolution HM3 (c).
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Figure 3 represents the vulnerability for pedestrians obtained by HM2 and HM3, panels (a) and (b)
respectively. At a first sight, vulnerability of pedestrians with the two hydraulic approaches is pretty similar,
despite the different DTM resolution. Here the main difference is due to the presence of buildings as waterproof
blocks used in HM3. In fact, the presence of the buildings, clearly identifies preferential ways for flood
propagation in roads, which are not well captured with the HM2 approach.

The vulnerabilities for pedestrians look similar in the two maps because the lower water depths in HM2 are
compensated by the higher Froude number.
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Figure 3. Vulnerability of pedestrians for full 2D model with 30 m resolution HM2 (a) and full 2D model with 1
resolution HM3 (b).

In Table 2 the comparison between the three hydraulic approaches is presented in terms of population
exposed to different vulnerability conditions for pedestrians for the whole study area, i.e. not limited to the portion
of district shown in the map. With HML1 there is no distinction into vulnerability classes for pedestrians. The
population living inside the medium hazard zone can be considered as potentially affected (8878 people).

With HM2 the overall number of inhabitants exposed to high vulnerability conditions is higher than with
HM3, while people exposed to medium vulnerability is lower. The results obtained with HM2 are thus more
conservative.

Table 2. Resident population at risk of being swept away as pedestrian with the three hydraulic approaches
(*affected without info on vulnerability levels).

Pedestrians HM1 HM2 HM3
wulnerability class

LOW VULNERABILITY 3546 3954
MEDIUM VULNERABILITY 8878* 2476 3638
HIGH VULNERABILITY 6067 4497

TOTAL RESIDENTS 12089
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4.3 Service areas

Figure 4 depicts the service area calculated for the baseline scenario (panel a), i.e. no flooding, the HM2
approach (panel bl) and the HM3 approach (panel b2). As a starting point to calculate the service area,
the primary school is selected. In the map the location of hospitals and fire and police stations is also
shown. For the baseline scenario the service area is 110.5 km?, all the hospitals and emergency services
can be reached in 8 minutes. For HM2, although the area that can be serviced shrinks to 38.6km?, all the
emergency centres can be reached. For HM3 the service area is dramatically reduced up to 4.1 km? and
none of the emergency hotspot can be safely reached in the time prescribed by law.

(a) (b1) 30m resolution

. Galluzzo area
. Fire and police stations

Hospitals

Main river networks

Service Area (baseline)

Service area (event)

Figure 4. Service areas for the baseline (no flood event) (a) full 2D model with 30 m resolution HM2 (b1) and
full 2D model with 1 m resolution HM3 (b2).

5 DISCUSSION AND CONCLUSIONS

This paper analyzed crucial aspects of mobility during floods related to safety and accessibility: vulnerability
of travelling vehicles and pedestrians and service area reduction. The above mobility aspects have been
evaluated using three hydraulic approaches to describe the same hydrologic scenario. In the first, official hazard
zonation issued by local district authority is adopted. Without the information on water depth and velocity only a
conservative assessment for road vulnerability can be carried out, i.e. all the roads are impracticable for vehicles
and for pedestrians inside the inundated zone, with no distinction on vulnerability levels.

With the second approach a 30-m-resolution DTM has been used to generate the mesh for a 2D model. In
this case the vulnerability for driving vehicles is medium to high and around six thousand inhabitants are
exposed to high vulnerability conditions for pedestrians. The service area built around the reference point in
Galluzzo district is 38.6 km? and all the emergency hotspots can still be reached during the emergency in 8
minutes. This because the roads in the north of Galluzzo resulted less impacted by the flood, thus still functional
for travelling. This underlines the importance of the persistence of the performance of critical stretches of roads.
With the third approach a 1-m-resolution DTM has been used to generate the mesh for a 2D model and buildings
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have been modelled as waterproof blocks. With this approach water depths are generally higher, almost all the
flooded road network is impassable for vehicles and around 4500 inhabitants are exposed to high vulnerability
conditions. The service area shrinks to 4.1 km? and none of the hospitals can be reached with the prescribed
time. This simulation, with the highest number of mesh elements takes around 72 hours to simulate a 35 hours
hydrograph, while the HM2 model runs in about 12 hours. From the analyzed case study HM2 is more
conservative for the vulnerability of pedestrians due to a compensation between flood depth and velocity, while
HM3 is more conservative for the vulnerability of travelling vehicles and service area. The comparison does not
allow to draw unequivocal conclusions on the suitability of these approaches for the assessment of mobility
aspects without inundation data for validation which are not available for the study area. The morphological
conditions of the area however suggest that the 1-m-resolution DTM is more appropriate to describe the terrain
since the 30-m-resolution altimetry tends to smooth the steepness of the area, thus modifying water depths and
velocity. Although all the three hydraulic approaches identify similar flood prone areas, they strongly differ in
flood parameters (water depth and velocity). In conclusion, official hazard zonation and the 30 m resolution
hydraulic model can be good for large scale planning purposes, but for emergency operation and accessibility
of crucial hotspots a higher resolution is needed (capable of describing road network and buildings) with
validation of the model outputs.
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