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Pluvial flood hazard in the city of Rome (Italy)
Cristina Di Salvoa, Giancarlo Ciotolia,b, Francesco Pennicaa and Gian Paolo Cavinatoa

aCNR-Istituto di Geologia Ambientale e Geoingegneria, Roma, Italy; bIstituto Nazionale di Geofisica e Vulcanologia, Roma, Italy

ABSTRACT
The map shows the result of a procedure for pluvial flood hazard (PFH) mapping in urban areas,
developed by using easy to find data, usually available from local authorities. Data were
processed using a sequence of tools in a GIS environment. Two parameters have been
evaluated: (1) susceptibility, defined as the probability of a flood occurring in a certain area
(‘flood-prone areas’) which depends on the ground morphology (i.e. presence of depressions,
fill volume of depressions) and spatial density of previously observed floods and (2) potential
impact, formed from all factors influencing the damage (e.g. value of exposed heritage or
number of people potentially involved), as well as the induced hazard due to damage.
Susceptibility and potential impact were each divided into five classes and a score matrix
was constructed; the final PFH is then defined by the summation of the scores within the
matrix. The methodology used is suitable for a comprehensive, mostly automatic, first-level
analysis of PFH in urban areas, and it is easily replicable. The obtained flood hazard map
could provide a useful tool for civil protection purposes, that is, for hazard evaluation and
emergency planning.
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1. Introduction

Floods are one of the most common and widely distrib-
uted natural hazards affecting life and property. Urban
growth, generally, causes hydraulic hazard, due to the
sealing of natural surfaces and the underground chan-
nelling of the natural drainage network into pipes, thus
strongly increasing surface water runoff and leading to
deterioration of the water quality. Furthermore, cli-
matic change exacerbates these aspects because of the
increase in the number and frequency of extreme rain-
fall events (‘pluvial flooding’), which often lead to
overwhelming of the sewer network, which is unable
to drain excess water (Bates, Hope, Ryan, Smith, &
Charles, 2008). As urban areas are particularly vulner-
able to natural hazards, due to the high concentration
of population, buildings, economic activities, distri-
bution networks and cultural heritage, the mitigation
of urban flooding caused by extreme rainfall is one of
the main challenges of urban drainage management.

Pluvial flooding is influenced by many local factors,
for example, sewer and manhole maintenance, type
and extent of impervious surfaces over the basin, pres-
ence of underground structures. While well-established
and tested procedures exist for river flood hazard
assessment (e.g. Dawson et al., 2008; Morita, 2008),
techniques for the study and the management of
flood hazard caused by extreme rainfall is generally
poorly considered (Niemann & Illgen, 2011; Zhou,
Mikkelsen, Halsnaes, & Arnbjerg-Nielsen, 2012).

A common approach to flood hazard mapping is to
use hydrologic numerical models which simulate the
water height over the urban surface as a function of
many variables. However, developing hydrologic
models in large urban areas requires in-depth knowl-
edge of the urban drainage system at a correct scale,
as well as a detailed and hydrologically correct surface
terrain model.

In recent years, the improvement of geographic
information systems (GIS) and the availability of
remote sensing data at higher resolutions have allowed
us to consider integrated models for complex manage-
ment schemes, including urban drainage systems. Qi
and Altinakar (2011) developed a GIS-based decision
support system for two-dimensional integrated flood
simulations, thus significantly improving the accuracy
of flood hazard assessment. Indeed, each kind of data
can be represented through its spatially distributed
values, allowing many variables to be included in the
calculations, and making it easy to perform detailed
hazard evaluation at a large scale (Djordjevic, Prodano-
vic, & Maksimovic, 1999, Djordjevic, Prodanovi, Mak-
simovic, Ivetic & Savić, 2005; Obermayer et al., 2010).
These include building high-resolution digital terrain
models (DTMs) integrating river bathymetry and the
surrounding morphology (Merwade, Cook, & Coon-
rod, 2008), or developing hazard zoning by applying
multicriteria decision analysis (Fernández & Lutz,
2010).
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Over the last 15 years, the city of Rome has been
struck by at least 26 storm events that caused huge
damage, blocking traffic circulation and in some
cases leading to the loss of human life (Figure 1; Di
Salvo et al., 2016). The pluvial flood hazard (PFH)
map presented in this paper is the result of an easily
replicable procedure applied to the city of Rome; it
was developed using easy to source data, available
from local administration offices, which were produced
through a sequence of tools in a GIS environment. The
map can serve as a tool for civil protection purposes,
for rapid management of emergency phases and for
planning hazard mitigation actions.

2. Methods

The PFH map was developed by means of a suscep-
tibility analysis and impact assessment. The final
PFH is defined by a score matrix, as the sum of
the susceptibility and potential impact score classes
(Figure 2).

Collected data include the following layers:

. observed floods vector layer with polygon geometry:
30 floods occurring between 2004 and 2007 were
recorded and published by the Civil Protection of
Rome municipality (Comune di Roma, Ufficio
Extradipartimentale della Protezione Civile, 2008);

Figure 1. List of storm events with documented floods that occurred between 2001 and 2014 in the city of Rome. The maximum
rainfall intensity in 1, 3, 24 and 72 hours is reported. The number of observed floods considerably rose from 2008, independently of
the storm intensity, due to the increased availability of data, mainly acquired from web media.
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. observed floods with point geometry: 750 floods
occurring between 2001 and 2011, derived from
the Fire Department, Municipal Police and Civil
Protection of Rome municipality, web media;

. ground elevation lines and points from 1:5000 map;

. strategic river flood prediction map of Tiber River
Basin Authority (Autorità di Bacino del Fiume
Tevere, 2006, 2016);

. vector layer of buildings, including location and type
of use, with polygon geometry. These layers were
provided by Regione Lazio and then updated using
data from the Civil Protection of Rome
municipality;

. railway and subway networks with line geometry
(National Geoportal, 2010a);

. main and secondary roads, with line geometry
(National Geoportal, 2010b).

A description of the methods used for the susceptibility
analysis, the potential impact assessment and the PFH
map follows.

2.1. Susceptibility analysis

Susceptibility is defined as the probability of a flood
occurring in a certain area without considering time,
caused by two main factors: the ground morphology
(i.e. presence of depressions and embankment of
depressions) and the spatial density of previously
observed floods.

The susceptibility analysis consists of the following
phases (Figure 2):

(1) DTM construction and pre-processing;
(2) morphological depressions construction;
(3) mapping historic flood occurrences;
(4) ranking of depressions by fill volume;

(5) weighting of the depressions by flood density;
(6) ranking of the flooded areas by fill depth and

standardization;
(7) combining both grids of fill depth and weighted

depressions to obtain the susceptibility map of plu-
vial ‘flood-prone areas’ (FPA).

Excess storm water flows and accumulates in the
lowest elevation areas of a catchment (mainly flood-
plains and valleys), which are for this reason particu-
larly susceptible to flooding. However, floods can also
be related to insufficient sewer capacity or poor man-
hole maintenance; in these cases, floods can also affect
areas that do not coincide with morphological lows. In
this work, it is assumed that an FPA can belong to (1)
morphological depressions and/or (2) areas with pre-
viously observed floods. The accuracy and reliability
of the DTM is a driving factor for a reliable depression
evaluation. As recommended by Karel, Pfeifer, and Bri-
ese (2006) and Kraus (1994), a correct DTM building
process should consider:

. ground elevation data density,

. the accuracy of ground elevation measurements,

. the suitability of the interpolation method for the
relief and slope of the study area.

Scarce and/or inhomogeneous data density, as well
as smoothing interpolation functions, can be respon-
sible for missing some depressions. A depression is
defined as an area having a lower elevation than the
surrounding cells. A smoothed (or poorly defined)
DTM could also smooth the differences in elevation,
preventing the correct identification of depressions.

The ANUDEM algorithm (Hutchinson & Dowling,
1991, ANU Fenner School of Environment and Society
and Geoscience Australia, 2008), which produces a

Figure 2. Flowchart describing the susceptibility analysis and impact assessment used for the hazard map development.
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hydrologically corrected DTM, was chosen to build a
high-resolution DTM (2 × 2 m), using both contour
lines and ground elevation points from 1:5000 carto-
graphy (Figure 2, step 1). The fill DTM tool was used
to fill small DTM sinks (small DTM errors) (Figure
2, step 2).

DTM depressions were then detected by an auto-
mated depression evaluation tool in a GIS environment
(Figure 2, step 3); polygons representing depressions
with an area <30 m2 and fill volume <1 m3 were con-
sidered to be interpolation errors and thus removed.

The recognized polygonal depressions were ranked
on the basis of their fill volume and converted to a
grid (DEPR grid, Figure 2, step 4). In order to over-
come the underestimation of susceptible areas in the
case of observed floods with point geometry, the buffer
tool was used to create a 100 m circle area around each
of these points. By merging flood polygons and buf-
fered flood points, the vector layer of flooded areas
was obtained (Figure 2, step 5). The kernel density
algorithm (Silverman, 1986) was used to build the
DENS grid, which represents the number of flooded
cells per square kilometre (Figure 2, step 6; Figure 3
(A)). The kernel density is a smoothing non-para-
metric technique used for estimating the probability
density function of floods, visualizing the underlying
distribution of a continuous variable. In the specific
case, it was used in order to represent a discontinuous
variable (point and polygon observed floods), by
obtaining a continuous variable representing the
spatial data structure of the distribution of observed
floods. The DENS layer was multiplied by the DEPR
layer in order to weight the depressions (Figure 2,

step 7); then, the resulting layer was classified accord-
ing to the quantile distribution in order to obtain a
five-class layer (WEIGHTED DEPRESSIONS; Figure
3(B)). The higher the class number, the higher the
flood potential.

Among the factors that affect flood susceptibility,
the height of water filling the volume of an FPA (i.e.
flood depth) should be considered. Indeed, the main
threat to personal safety and of gross structural damage
caused by floods depends largely upon the flood depth.
The flood depth, in turn, is affected by the magnitude
of the flood and by the morphological characteristics
of the depression. The greater the depth of the
depression, the greater the potential danger to people,
vehicles and goods (FEMA, 2014).

In common hydraulic models, the flood depth is cal-
culated by subtracting the ground elevation from the
water surface elevation for a specific return period of
the flood scenario (Figure 4(A)). Flood scenarios for
stated return periods allow the definition of both the
maximum expected flood depth and the areal extent
of the flood, which is a function of the flood magnitude
and topography (FEMA, 2014). In this work, instead of
accounting for the modelled flood depth of each return
period, a potential fill depth is defined, corresponding
to the elevation of each cell of an FPA with respect to
its lowest point (Figure 4(B)). Therefore, the potential
fill depth is calculated for each cell as the difference
between the ground elevation (DTM) and the lowest
elevation within each FPA (LOWEL grid, Figure 2
step 8). The higher the fill depth (FLAD grid, Figure
2 step 9), the lower the degree of susceptibility. In
fact, in an FPA, higher fill depths (i.e. water levels)

Figure 3. Examples of grid and vector layers produced for the flood hazard mapping. (a) density of observed floods (DENS grid); (b)
FILLED DTM and weighted depressions (WEIGHTED DEPRESSION grid); (c) Standardized fill depth of flooded areas (stand-FLAD grid)
and (d) Resulting map of susceptibility to pluvial flood. Geographic coordinates refer to the WGS84 geodetic system.
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are linked to heavy rainfall with longer return periods;
otherwise, lower fill depths are linked to heavy rainfall
characterized by shorter return periods.

The zonal statistic tool was used to extract the lowest
elevation value within each polygonal observed flood,
and to build the LOWEL grid. Finally, the FLAD grid
was standardized to the maximum value to obtain a
new grid ranging between 0 and 1 (stand-FLAD
grid), where higher values correspond to higher suscep-
tibility. The stand-FLAD grid was then classified into
five classes (Figure 2, step 10; Figure 3(C)). Note that
in the detected depressions the fill depth values range
between 0 and 0.12 metres; therefore, variability of
the depressions’ fill depth is considered negligible
and is not included in the FLAD grid.

The map of susceptibility to pluvial flooding (Figure
3(D)) comprises five classes: negligible, low, medium,
high and very high. Areas belonging to the ‘very
high’ susceptibility class are those with a low fill
depth, or high density of observed floods and small
fill volume. The areas of river flood hazard defined in

the Tiber River Basin Masterplan (Autorità di Bacino
del Fiume Tevere, 2016) were hatched and included
in the pluvial flood susceptibility map and highlight
areas with combined fluvial and pluvial hazard type.

2.2. Potential impact assessment

According to the European Guidance for Reporting
under the Floods Directive (European Commission,
2007/60), the potential impact of pluvial flooding has
been evaluated by considering the possible conse-
quences of damage to human health, the environment,
cultural heritage and economic activities (Table 1;
Figures 2(B) and 5).

In the impact assessment, the factors which can
potentially influence the damage are examined (e.g. the
value of the exposed heritage or number of people poten-
tially involved), as well as the hazard induced because of
damage. All the exposed objects considered (i.e. schools,
hospitals, main roads, etc.) were ranked, proportionally
to their potential impact, in five classes (from 1 to 5,

Figure 4. Potential fill depth of a FPA. (a) In common hydraulic models, the flood depth values are computed by subtracting the
ground elevation from the water surface elevation for each return period or computed flood scenario. (b) In this work, the potential
fill depth of a prone area is calculated instead of flood depth; fill depth is defined as the difference between the ground elevation
(DTM) and the lowest elevation of the FPA.

Table 1. Potential impact ranking.
Impact
score Element potentially impacted Example Potential damage/ Induced hazard

5 Transportation networks, airports, strategic
buildings, water and gas delivering networks,
critical points

• Main roads Interruption of access ways from and to flooded areas;
potentially high people concentration; interruption of
services; organizational problems

• Fire departments
• Schools
• Hospitals
• Railway and subway
lines

• Public buildings
• Underpasses

4 Industrial areas; cultural and archaeological heritages • Industrial buildings Toxic release from industrial plants and landfill; loss of
cultural heritage• Wastewater

treatment plants
• Landfills
• Secondary roads
• Archaeological sites

3 Subway and railway buildings • Railway and subway
stations

Potentially high people concentration; interruption of public
transport

2 Other places for touristic/recreational activities;
religious buildings; residential houses; crops with
high economic value

• Churches Sporadically can have a high people concentration
• Sport plants
• Cinemas
• Residential houses
• Basement with
people living inside

1 Urban gardens or parks; crops with low economic
value

• Urban parks Low damage is expected; no residential people neither goods
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Table 1). Following these considerations, schools, hospi-
tals, public offices, underpasses, main roads and railway
lines fall within the ‘very high’ impact class (score 5) due
to the high induced hazard and potential damage (inter-
ruption of access ways from and to flooded areas; poten-
tially high concentration of people; interruption of
services and organizational dysfunction). A ‘high’ poten-
tial impact (score 4) is assigned to landfills, industrial
and wastewater treatment plants, where excess water
can potentially mobilize toxic substances and pollutants.
The same score is assigned to cultural and archeological
heritage, due to its inestimable value. A ‘medium’
impact (score 3) was assigned to infrastructure assumed
to be less vulnerable than score 5 and 4 classes (e.g. air-
ports and subway buildings). A ‘low’ impact (score 2)
was assigned to green areas (e.g. public gardens, parks
and farming fields), because of the limited and highly
variable number of people and/or goods potentially
exposed to flooding. Finally, score 1 indicates a ‘negli-
gible’ impact due to the absence of existing infrastruc-
ture, buildings or heritage.

2.3. PFH map

The final PFH map (see the Main Map) was evaluated
by the sum of grid layers representing susceptibility
and potential impact. These two elements were com-
bined in hazard levels according to a defined matrix
(see Leitao, Almeida, Simoes, & Martins, 2012; Nie-
mann & Illgen, 2011). The hazard matrix is defined
by the sum of the five susceptibility classes and the
five potential impact classes. Ten classes of hazard
result from the algebraic sum.

3. Results and discussion

3.1. Susceptibility map

The overlap between the susceptibility map and the
natural stream network (which is partially obscured by

urbanization) shows that areas prone to flood mostly
coincide with main or secondary drainage lines, or
with the confluence point of two drainage lines. Further-
more, many of the susceptible areas do not fall into
ground depressions, but are in areas at higher elevation
than the surroundings (e.g. the Termini central station).
This suggests the poor efficiency of the urban drainage
network, and the need for structural intervention to
improve the drainage system. The observation of past
floods is fundamental to recognize these areas as suscep-
tible, and to include them on the map.

3.2. Potential impact map

The potential impact in the areas susceptible to flood is
mainly represented by:

. railways and roads running along the channelized
valleys of tributary streams;

. cultural and archaeological heritage in the historical
centre (Municipal district I), especially in the flood-
plains of the Tiber River and its closer tributaries
(today channelized);

. wastewater treatment plants, sports facilities and
industrial plants in the Tiber and Aniene Rivers
floodplains, outside the historical centre.

The potential impact map highlights the link between
flood susceptibility and urban development. Indeed,
floodplains and valleys, which are highly susceptible
to flooding, typically provide convenient transport cor-
ridors, containing major roads and railways. The mor-
phological features of floodplains which include flat
topography and moderate gradients make them less
costly in terms of socio-economic development and
have thus encouraged encroachment (Jaehnig, 2005;
Oyatayo et al., 2013). Floodplain encroachment, in
turn, seriously increases the flood hazard and damage
potential, due to heavy socio-economic infrastructural
development on these floodplains.

Figure 5. Map of the potential impact. The layers representing impact are clipped by areas susceptible to flood.
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On the hazard map, the highest hazard class (score
10) occurs in areas where a potential highly impacted
element (e.g. an underpass) occurs within depressions
characterized by a high density of observed floods or
by a low fill depth area.

The hazard map has been validated using a dataset
of 50 floods observed between 2014 and 2015 (Figure
6); the results show that the majority of observed floods
in the validation dataset (86%) coincide with an FPA.
Among them, 57% occur within a depression (which
can coincide or not with observed floods) in areas
classified as high or medium hazard, while 29% occur
in an area not morphologically depressed, but where
floods have been observed. These results suggest that:

. both a topographic analysis by DTM processing and
an observed floods dataset collection are required to
correctly detect all areas prone to flood;

. the longer the time series of flood observations, the
higher the number of identified FPA;

. as most validated floods occur within a depression,
the accuracy and reliability of the DTM is a driving
element for a correct depression evaluation;

. the potential impact map should be regularly
updated, to include land use change as well as the
development of new infrastructure, avoiding obso-
lete impact mapping.

4. Conclusions

The described procedure provides a fast GIS-based
methodology for flood hazard analysis mapping in
urban areas. The procedure is developed by using
easy to find data, usually available in local adminis-
tration offices, and it is suitable for a comprehensive,
largely automatic and easily replicable first-level analy-
sis of PFH in urban areas.

Figure 6. Results of hazard map validation.
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The map gives a clear picture of the distribution of
flood hazard, providing information at a relevant
spatial resolution, such as the municipal level; it sup-
ports the development of a comprehensive approach
to hazard management and urban water management
by the recognition of potential PFH in the urban area.
The final flood hazard map could represent a tool for
civil protection purposes, useful for hazard evalu-
ation and emergency planning. It could be a refer-
ence for fast detection of areas that should be
primarily monitored during intense storm events.
Furthermore, it represents a useful tool for local
authorities to detect areas where the development
of improved water management plans, as well as
structural measures for hazard mitigation, are
needed.

Software

Data concerning observed floods were collected and
stored in a dedicated geodatabase, ‘AUDB’ (‘Database
degli Allagamenti Urbani’), which was built using
PostgreSQL with PostGIS spatial extensions. The data-
base was managed using QGIS. Esri ArcGIS 10.2 was
used for data analysis and map production. The Arc-
GIS extension, Arc Hydro, was used for the analysis
of depressions (Doctor & Young, 2013).
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