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Cities are vulnerable to extreme weather events, particularly by considering flash flood
risk as a result of even more short-duration intensive rainfall. In the context of climate
change, compound flooding due to simultaneous storm surges and increased runoff
may further exacerbate the risk in coastal cities, and it is expected to be frequent and
severe across several European urban areas. Despite this increasing evidence, the spatial
knowledge of the hazardous events/vulnerabilities through modelling scenarios at the
urban level is quite unexplored. Moreover, flood-prone areas often do not correspond
to the traditional flood risk classification based on predicted return-period. The result
that huge impacts (human losses and damages) occur everywhere throughout the city.
Consequently, this new challenge requires stormwater flooding mitigation strategies to
adapt to cities while mainstreaming urban flood resilience. In this paper, we considered
the Urban Flood Risk Mitigation model through the employment of the open-source
tool—Integrated Evaluation of Ecosystem Services and Trade-off (InVEST)—developed
by the Natural Capital Project, integrated into a GIS environment. The model application
in the three urban coastal territory of the Liguria Region (ltaly) estimated the amount of
runoff due to two extreme rainfall events for each watershed considered. These index
calculation results help define examples of Natural Water Retention Measures (NWRM)
per land-use type as resilient solutions by addressing site-specific runoff reduction. Local
sensitivity analysis was finally conducted to comprehend the input parameter’s influence
of rain variation on the model.

Keywords: urban flood resilience, natural water retention measures, urban runoff, IN'VEST model, coastal cities

INTRODUCTION

Worldwide, urban water management (water scarcity, surface runoff and flooding, water pollution)
became one of the most challenging issues to be tackled with new approaches (Qi et al., 2020). Since
climate change impacts cities through more frequent and intense short rainfall events which lead
to pluvial (rain-related) flooding affecting people and buildings, the contemporary city regularly
faces urban stormwater management issue (Burian and Edwards, 2002; Rosenzweig et al., 2019).
Instead of fluvial or coastal flooding, which is well-known, the pluvial flood occurs unexpectedly as
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an “invisible hazard” in areas not recognised as a flood-prone
risk. Pluvial flooding represents the conversion of rainfall into
a runoff when the rain rate exceeds the maximum infiltration
capacity of stormwater by the land (Houston et al., 2011).

Urbanisation has widely modified local, regional and national
water cycles through the traditional drainage systems’ evident
inability to cope with new urban sprawl (Herndndez-Hernandez
et al., 2020). Modification from permeable to impervious land,
especially in urban contexts (i.e., streets, roofs, buildings) leads to
a higher peak flow rate of runoff while limiting the groundwater
recharge. Soils that reduce infiltration result in an increasing
amount of runoff water that contributes to accelerating erosion.
Surface runoft is the volume of excess water that runs off a
drainage area, and rainfall is the primary source of this process
(Berndtsson et al., 2019). Indeed, not all the rain that hits
the ground reaches the watershed outlet or infiltrates the soil.
Frequently, flash floods are associated with the lower intensity of
rains over a longer period in saturated surfaces. The main factors
affecting the rainfall volume that runs off are soil, the cover land
or land use and the vegetation. It is well-known the importance of
vegetation cover in improving soil permeability. Vegetation cover
affects soil infiltration by changing the hydrological process of
rainfall-infiltration on slopes and modifying the soil pore spaces
(Huang et al., 2013).

Due to their impermeability, cities are highly vulnerable to
extreme rainfall events, so-called cloudburst, which determines
flash flood all around the city. The term “cloudburst” is not
considered new as formally defined in meteorology by Woolley
et al. (1946); however, it became frequently used in the urban
resilience literature (Woolley et al., 1946). Therefore, research on
the spatial and temporal variability of the hydrological cycle in
urban areas has become one of the most important resilience
planning issues (Brunetta et al., 2019). Quoting one coastal
European metropolitan area, Copenhagen adopted in 2012 the
Cloudburst Management Plan when the previous year the city
has experienced cloudbursts with wide damages due to flash
flooding. This plan divided the city into seven catchment areas
for stormwater management following two key principles (1) as
the larger amount of rainfall is managed at the surface and (2)
more the adopted solutions have operated as new urban spaces
for recreational functions of citizens (Engberg, 2018).

The degree of manageability for climate change effects on
pluvial flooding is expected to remain small at the city level.
However, various socio-ecological-technological solutions can
be considered to face flood risk optimising urban stormwater
management (Pappalardo et al., 2017; Berndtsson et al., 2019).
Innovative solutions related to Sustainable urban drainage
systems (SuDS) as Low Impact Development (LID), Blue-Green
Infrastructures, Natural Water Retention Measures (NWRM),
or Nature-Based Solutions (NBS) comprise natural features
for water management that are integrated into the urban
water cycle. These measures had proven positive effect in
delaying and reducing the burden of runoff by restoring the
infiltration treated water and improving water quality (Debele
et al., 2019). NWRM are suites of technical, nature-based and
hybrid adaptation measures that constitute an integral part of
the overall urban water cycle and are integrally planned and

managed across time, including space and stakeholders at the
landscape scale. Indeed, these measures are considered “living
solutions” driven by participatory approaches which generate
multiple co-benefits (e.g., improving biodiversity, mitigating
climate change impacts, etc.). Simultaneously, these solutions
can reduce urban areas’ environmental footprint when well-
designed, maintained and managed (Grét-Regamey et al., 2017;
Dushkova and Haase, 2020). Despite widespread growing interest
in NBS and ecosystem-based measures, few studies have focussed
on implementing site-specific solutions and related biophysical
impacts (Matthews et al., 2015). Therefore, simulation of the
biophysical effects of NBS to reduce runoft volume can be a
good practise to quantify the tangible benefits of these measures
in terms of water regulation and mainly flood control. This
method could help define quantitative runoft reduction targets
to reach flash flood resilience by implementing specific NBS.
The quantification of ecosystem benefits in biophysical and
economic terms is crucial to integrate the natural capital in policy
planning. The InVEST- Integrated Evaluation of Ecosystem
Services and Trade-off tool of Natural Capital Project is employed
for ecologically calibrated urban planning (Liu et al, 2017;
Kadaverugu et al., 2021).

In light of the above, this research aims to investigate
the usability of the InVEST model to analyse the site-specific
vulnerabilities due to rainfall-generated runoff in three coastal
urban areas of Italy located in the Liguria region, identifying
resilient solutions inspired to ecological values. The watersheds
were selected in the Liguria region because it is characterised
by dense built-up and a high sealed soils rate. At the same
time, a strong sloping of this land intensifies the flooding effect
by increasing runoff events’ speed. The spatial urban modelling
application in this urban land represents new experimental
knowledge in flood vulnerability analysis, as historically, this
territory experienced flood-related disasters.

Although these short-duration intensive rainfalls are
increasing in the face of climate change projections, spatial
knowledge about the distribution of these events through
vulnerability analysis with urban modelling scenarios is not
common with respect to the prevalence of studies and data on
fluvial flooding (Sorensen and Mobini, 2017).

Through the employment of the Urban Flood Risk Mitigation
model, this research assesses the urban system ability to reduce
runoff effect due to two mainly intensive rainfalls typical
of that coastal area. This model is one of the most recent
realise of InVEST for urban analysis. Kadaverugu et al. (2021)
employed this model in a metropolitan Indian city to evaluate
the flood mitigation service of green spaces and estimating the
economic damage to buildings (Kadaverugu et al., 2021). As in
literature exists few research concerning the use of this model,
this study contributes to increase knowledge on the involved
hydrological aspects to be applied into ecological adaptation
planning. Particularly, by providing more awareness on how
information related to the model’s output should be strictly
linked to define adaptation scenarios. Site-specific vulnerability
knowledge helps identify “where” and “what” kind of proper
urban resilient solutions (Brunetta and Salata, 2019). Comparing
urban contexts by implementing two different rainfall extremes
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in the model is performed to identify resilient solutions (by
presenting ecosystem services-based measures).

This paper is structured as follow: (1) Methodology section
presenting the area of study, the functioning and input data for
the Urban Flood Mitigation Model; (2) Results and Discussion
section illustrating the numerical/graphical elaboration of the
model’s output by showing comparative analysis among analysed
study areas. This section is integrated by the spatial runoff
evaluation with resilience classes at the watershed level to support
the NWRM definition. The final part presents an introduction
to sensitivity test on InVEST flood model; and (3) Conclusion
section briefly summarising relevant issues of this research while
setting potentiality for further improvement.

METHODOLOGY
The Study Area

This study’s area of interest is part of the Metropolitan City of
Genoa within the Liguria Region in Italy (Figure 1). Liguria is
one of Italy’s smaller regions covering 2% of Italian territory,
while the population density is almost 287 Inhab./sq. Km.
Considering the orography of the territory and that more
than 50% is covered by forestry, the coastline, particularly the
Metropolitan City of Genoa, show the region’s higher population
density (population amount of 850,000 only in the metropolitan
area). Indeed, this region went through rapid urbanisation in
coastal areas combined with a population that has doubled in a
rather short period (about 150 years until 2009) (Arvati, 2011).

Unfortunately, the model’s input data do not cover the original
area of study (city of Genoa) entirely; therefore, we decided
to focus on 45 watersheds, of which three major basins and
others smaller all included in the Metropolitan City of Genoa
where we have data. The intent to adopt watersheds instead
of administrative units as boundaries for running the model
is determined by the need to consider natural aspects due to
the territory’s geomorphology and hydrology. This study area
is represented by the Polcevera torrent as the main Watershed
for Genoa and by the Boate and Gromolo torrents, respectively,
for Rapallo and Sestri Levante cities. To have an overall view
of what concerns the output data, 42 smaller basins and those
three main watersheds are added into the analysis. Despite the
high administrative fragmentation, the territory of the Liguria
Region is highly and continuous urbanised. This research aims
to evaluate runoff retention ability in different urban contexts
in terms of each considered zones primary activities. As the
third-largest city in Northern Italy in the number of inhabitants,
Genoa is characterised by intense urban density and industrial
activities. At the same time, Rapallo and Sestri Levante are mainly
recognised for their touristic activities. This study represents
essentially a first attempt to work with this model on that
coastal area (Mediterranean Sea) which is historically exposed
to hydrometeorological events. Frequent flooding has resulted
in significant destruction in the past, primarily due to intense
rainfall on a highly urbanised landscape.

This area’s climate is typically Mediterranean, warm, and
temperate, with essentially rainier months during the winter
season. In particular, the average annual temperature is 14.7°C,

and about 1,086 mm of precipitation falls annually, with a
difference of 125 mm between the driest and the wettest months!.
Although rainfall is on average with the Mediterranean climate,
numerous extreme rainfalls and storms occurred during the last
few years, causing short and intense flooding events across the
city. By precipitation analysis with time series from 1961 to 2010
of Liguria, it has been outlined that the western part of the
region—Ponente—is less rainy than the eastern part—Levante—
in terms of average cumulative rainfall.

Genoa is characterised by a narrow coastal zone with hills and
steep mountains in the backcountry. Genoa lies at about 39 m
above sea level. A wide range of watercourses has been historically
incorporated into the urban area through the expansion of
the city. These processes did not consider the extraordinary
rising water volume of runoff flow, especially during an extreme
runoff event; therefore, the city is plagued by frequent flooding.
The main basins that cross the territory and give the valleys
are Polcevera (west Genoa) and Bisagno (east Genoa) torrents.
Polcevera valley stretched perpendicularly to the coast and was
historically considered the main access way to Genoa from
the Padan plain. This city area is characterised by industrial
and commercial buildings along the west part of Polcevera,
while the eastern part of the river is residential. Moreover, this
catchment area has a steep topography with a particular drainage
system essentially.

Rapallo and Sestri Levante, situated further to the east of
Genoa, are parts of the Gulf of Tigullio. While the first city is
in the western part of that Gulf, Sestri Levante is one of the
last localities of Tigullio Gulf. Rapallo lies 3m above sea level
extending through a lowland area between two main torrents
(Boate and San Francesco). Moreover, several small water courses
cross the territory. The heterogeneity of landscape is composed
of hills and mountains which surround the city of Rapallo. Sestri
Levante is located in the floodplain of Gromolo torrent close to a
rocky promontory extended toward the sea.

According to Land Cover Liguria 2019 data’, the Polcevera
watershed covers 138.64 km?, of which about 14% is urban,
18% agroecosystems, and 66% forestry lands. Boate watershed
has an area of 26.13 km?, of which about 13% is urban, 25%
agroecosystems, and 61% forestry lands. The other Watershed
Gromolo covers 25.87 km?, of which about 10% is urban, 23%
agroecosystems, and 67% forestry lands.

Instead, to what concerns the impervious/sealed areas,
Figure 2 highlights the characteristic of highly urbanised coastal
areas typical of Genoa’s metropolitan city. The imperviousness
captures the percentage of soil sealing that means areas
characterised by substituting the original (semi-) natural land
cover or water surface with an artificial, often impervious cover.
The imperviousness HRL (High-resolution layer) represents
the spatial distribution of artificially sealed areas, including
sealing the soil per area unit. This map is based on 0 (low
impervious land) to 100 (high impervious land) values. Polcevera

! Available online at: https://en.climate-data.org/.

2Available online at:  https://www.arpal liguria.it/homepage/meteo/analisi-
climatologiche/atlante- climatico- della-liguria.html.

3 Available online at: https://geoportal.regione.liguria.it/catalogo/mappe.html.
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watershed has evident built-up distribution along the torrent,
while other basins on Genoa’s city present higher values of
imperviousness along the coast. Similar situation for Boate and
Gromolo watersheds which register impervious lands essentially
along the main torrents.

Model and Input Data
The Urban Flood Mitigation Model is a recent product (2019)
of the software InVEST (Integrated Valuation of Ecosystem
Services and Tradeoffs) version 3.8.6 added to Natural Capital
Project’s tools*. Particularly, this model considers the influence
of built-up footprint on the different kind of ecosystem services
delivered by Natural Capital in the urban context. This model
focusses on cities’ ability to reduce the runoff process due to
extreme rainfall (as cloudburst events), limiting the potential
flooding. As hydrological modelling, this InVEST model takes
into account precipitation within a watershed as input to estimate
the resulting runoff discharge from a watershed. Since natural
infrastructures play a crucial role in reducing flooding events,
this model considers the potentiality of permeable green areas
to mainly reduce runoft while slowing surface flows and creating
space for water (as in floodplains or basins).

The model’s main assumption considers flood-prone areas due
to the interaction between the permeable-impermeable surface

4 Available online at: https://naturalcapitalproject.stanford.edu/software/invest.

layers (i.e., land use type) and the soil drainage (depending on
the soil characteristics), which generates the surface runoft during
cloudburst event. For each pixel, the model output represents the
runoff reduction (i.e., the amount of retained per pixel compared
to the storm volumes).

Model inputs required:

e Watershed vector delineating the areas of interest. This
study considers watersheds (Bacini idrografici)® located in the
selected municipalities of the Metropolitan City of Genoa.

e Numeric value of rainfall depth of a single extreme rainfall
event (mm).

e Land Cover Map.

e Soils Hydrological Group raster.

e Biophysical table containing the value corresponding to each
land use classes in the Land Cover Map (Table 3).

Since the rainfall depth is the measure of rain total for a given
storm event, this research considers two unique values of rain’s
amount (in mm) to include different scenarios. As stated by
Rosenzweig et al. (2019), the cloudburst event is considered as a
single rain event of 50 mm (Rosenzweig et al., 2019). This runoff
model does not consider the spatial and temporal dynamics
of the rainfall event. Neither how other aspects influence the
variability of the storms (as temperature). Indeed, the model’s

® Available online at: https://geoportal.regione.liguria.it/catalogo/mappe.html.
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FIGURE 2 | Imperviousness HRL (High resolution layer) map (source: authors).

main assumption concerns the saturated hydraulic conductivity
of soil as a starting point. In the light of this, two design storm of
3 h duration rainfall with an intensity of 50 and 70 mm over 100
sq. Km are included in this analysis, representing a cloudburst
event typical of the Liguria region. According to ARPA Liguria
(ARPAL), these two extreme events have been chosen as the
most significant cases in high-risk condition for that area of
study. In line with ARPAL, we follow thresholds and precipitation
classification, which provides climatic analysis of that area
(Figure 3). The classification criteria for precipitation are derived
from the intensity-duration curve, while for thunderstorm are
related to the occurring probability (frequency).

Since the runoff evaluation derived by the interaction of land
use and soil characteristics through the Curve Number (CN)
method, the elaboration of two main databases is crucial for
this model: data on hydraulic conductivity of soils and data on
land use.

In literature, CN method has been developed for runoff
volume estimation founding in the last 50 years widespread use
by the public agency, local governments, and professionals (Eli
and Lamont, 2010). Indeed, this method has been widely applied
to small watersheds and urban catchments as well adopted by the

Rainfall intensity and thunderstorm probability
(in terms of spatial average of 3 hours of rain over 100 kmq)

SIGNIFICANT INTENSE VERY INTENSE
1111 IIII% L o 4 IIII%
e ¥ rydl (ESF 111
35 -50 mm 50 - 70 mm > 70 mm

FIGURE 3 | Precipitation and thunderstorm classification according to
ARPALS (source: authors).

Basin Plan of Liguria Region (Banasik et al., 2014). Despite its
limitations, CN method on which InVEST model is based can
be considered useful to determine approximately the effective
condition of the watershed considered. Since this research’s main
objective is to evaluate the usability of the InVEST model for
urban planning adaptation, we assume consistency of runoff
outputs to evaluate the watershed flash flood resilience (see

Shttps://www.arpal.liguria.it/homepage/meteo/glossario/classificazione-soglie- e
ore.html
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TABLE 1 | Hydrological soil groups according to USDA classification.

Group A Soils with low runoff potential and a high rate of water transmission
(more than 90% sand and <10% clay)

Group B Soils with moderately low runoff potential and a moderate rate of
water transmission (between 10-20% clay and 50-90% sand)

Group C  Soils with moderately high runoff potential (between 20-40% clay and
<50% sand)

Group D Soils with high runoff potential and low rate of transmission (more than

40% clay and <50% sand)

section Watershed Resilience to Flash Flood). Moreover, it helps
define adaptive strategies to flash flooding in the watershed
with the worst resilience [see section Natural Water Retention
Measures (NWRM) Per Land Use]. Given this assumption, we
considered relevant from a methodological point of view the
development of a sensitivity analysis on the model. The sensitivity
test has been implemented to evaluate the robustness of the
InVEST model through the influence of rain input parameter
variation on the runoft output (see section Sensitivity Analysis
of the Model).

The first data is related to the hydrologic soil group (HSG).
HSG is a group of soils having similar runoft potential under
similar storm and cover conditions. Soil properties, without
considering the slope of soil surface, are used to calculate HSGs
through these groups’ assignment to soil map unit components.
This procedure allows deriving a soil’s associated runoft curve
number which is used to estimate direct runoft or infiltration
from rainfall excess. Indeed, HSGs are fundamental components
of the USDA (United States Department of Agriculture) Soil
Conservation Service—“SCS runoff curve number (CN)”—
method for estimation of rainfall-runoff. Soils have been
essentially classified into four standard classes of hydrologic
soil groups—A, B, C, and D—according to USDA classification
(Table 1). To determine HSGs, hydraulic conductivity (K) and
soil depth should be considered [United States Department of
Agriculture (USDA), 2009]. This input represents essentially the
saturated hydraulic conductivity of soils (Ksat mm/h), which
means the soils’ ability to be vertically drained by liquids
in a saturated condition. In literature, it is recognised that
the hydraulic conductivity (K) depends on land-texture (soil’s
nature), which is strictly connected to the porosity of the ground:
clay soils (impermeable soils) generally have a lower saturated
hydraulic conductivity than the sandy and gravel soils (permeable
soils), where the pores, less numerous but larger, facilitates the
passage of big volumes of water (Abdelrahman et al., 2016).

For this specific area of interest, the combination of different
data has been employed to finally map soil’s conductivity (soil
hydrological group raster). These maps are “Landscape Units”
(Unita di Paesaggio—UDP)4 and “Profili and Trivellate*” (2000),
which contain information about the land-texture and the
associated infiltration coefficient following the classification of
Soil Taxonomy 997. Table 2 shows in the first line the USDA

7 Available online at:
survey/class/taxonomy/.

https://www.nrcs.usda.gov/wps/portal/nrcs/main/soils/

criteria used to convert soil conductivity into HSGs easily. In
contrast, the second line represents our reclassification, crossing
the information about the type of soils (TS) and infiltration
coeflicient (CI). “Landscape Units” map has been grouped in four
classes (A, B, C and D), taking into account the maximum soil’s
depth equal to 1 m, which is the information provided by soil
analysis of the “Profili and Trivellate” map.

The table on HSGs with associated curve number has been
connected to the second data on land use classification through
the Land Cover Liguria employment (2019)8. This classification
has been built around the USDA classes [United States
Department of Agriculture (USDA), 2004]. According to USDA
classification, another dataset has been used to rank the “urban”
category in permeability classes. The national high-resolution
land consumption map (NHRLC)?, which is a database of 10 m
raster produced yearly by the Italian Institute for Environmental
Protection and Research (ISPRA) and open access at the
SINANET Portal give information (from satellite images) on
sealed and artificial areas. The NHRLC was intersected with
the land use data to achieve the urban districts’ classification
following the permeability. We employed values that correspond
as closely as possible to the classification USDA [United States
Department of Agriculture (USDA), 2004] to what concerns
the “agricultural lands” category. Table 3 represents the final
biophysical table obtained with 24 land use classes associated
with HSGs.

RESULTS AND DISCUSSION

In this section, the output of InVEST models on estimated
runoff distribution is essentially analysed and discussed through
four steps. First, section Estimated Runoff Distribution examines
the InVEST model results on the runoft process. Then, section
Watershed Resilience to Flash Flood integrates the spatial runoft
evaluation of each watershed with flash flood resilience classes to
both two extreme events (50 and 70 mm of 3 h duration rainfall
over 100 sq. Km). Section Natural Water Retention Measures
(NWRM) Per Land Use focusses on an in-depth analysis of the
watershed with the worst resilience by identifying site-specific
NWRM to address flash flood vulnerabilities. Finally, section
Sensitivity Analysis of the Model presents a sensitivity test on
the overall model by observing how changes on the rain input
parameter interact with the output. The usefulness of models
depends partially on the accuracy and reliability of the output.
Input data errors and modelling uncertainties are strictly related
while determining uncertainty associated with model output
(Loucks et al., 2005). Indeed, the sensitivity analysis carried out
in this study represents a first-order uncertainty analysis which is
crucial to the decision-making and modelling process.

Estimated Runoff Distribution
The InVEST model results provide data on the runoff process,
identifying values both on flow retention and volume of surface

8 Available online at: https://geoportal.regione.liguria.it/catalogo/mappe.html.
9 Available online at: http://groupware.sinanet.isprambiente.it/uso-copertura-e-
consumo-di-suolo/library/consumo-di-suolo.
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TABLE 2 | Construction of HSGs input data.

Group A Group B Group C Group D
Criteria for assignment of Saturated hydraulic conductivity of the least transmissive layer >40 pm/s [40; 10] pm/s [10; 1] wm/s <1 pm/s
HSGs according to USDA  when a water impermeable soil is at a depth between 50 and
100cm
Reclassification Type of soail (TS) and infiltration coefficient (Cl) grouped into four TS =10 TS=5,6 TS=4 TS=2,8
classes Cl=999 Cl=08and0.15 Cl=0.1 Cl =0.07 and 0.05

TABLE 3 | Biophysical table with land use and curve numbers.

Cover description

Curve numbers for hydrologic soil group

A B C D

Urban open space 1 Poor condition (grass cover <50%) 68 79 86 89
2 Fair condition (grass cover 50-75%) 49 69 79 84

3  Good condition (grass cover >75%) 39 61 74 80

Streets, roads, and railways 4  Paved; curbs and storm sewers 98 98 98 98
5 Paved; open ditches 83 89 92 93

Impervious area 6 Paved open space and buildings (dense urban) 98 98 98 98
Urban districts 7 Commercial and business (85% imp.) 89 92 94 95
8  Industrial (72% imp.) 81 92 94 93

9  (65% imp.) 77 85 90 92

10 (38% imp.) 61 75 83 87

11 (30% imp.) 57 72 81 86

12 (25% imp.) 54 70 80 85

13 (20% imp.) 51 68 79 84

14 (12% imp.) 46 65 77 82

Water bodies 15 Natural and artificial 0 0 0 0
Agricultural lands 16 Brush-grass mixture 35 56 70 7
17 Woods-grass combination 43 65 76 82

18 Woods 36 60 73 79

19 Areas without vegetation 68 79 86 89

20 Pasture and grassland 49 69 79 84

21 Farmstead-buildings and surrounding lots 59 74 82 86

22 Fallow 74 83 88 90

23  Row crop 64 75 82 85

24 Meadow-continuous grass 30 58 71 78

runoft. Table 4 shows elaboration of the model’s output for each
of 45 watersheds considered in the analysis situated into the
Metropolitan city of Genoa. Each basin has been associated
with the reference watershed management unit of the Liguria
Region!?. The watershed without denomination from the input
data has been assigned an alphabetic letter (A, B, etc.) to identify
them in maps. Table4 includes for every single watershed
both the indices on runoff retention and runoff in percentage,
the absolute volume of retained water in cube metres, the
relative values of runoff retention volume and runoff volume per
extension of each basin (cube metres/hectare). All the values are

Opiani di Bacino: http://www.pianidibacino.ambienteinliguria.it/GE/genova.
html.

provided for two rain events: 50 and 70 mm (3 h duration) of
rainfall events.

In terms of runoff retention index with a 50 mm rainfall event,
the lowest retention capacity value is 65.94% belonging to a small
watershed (re-named B in Table 4) included in the watershed
management unit “Ambito 12-13” (Municipality of Genoa). In
comparison, the highest value of retention is 98.06% of a basin
(re-named N in Table 4) included in the watershed unit “Ambito
17” (Municipality of Sestri Levante). With 70 mm of rain, the
lowest and highest retention values are, respectively, 55.44 and
93.15% belonging to the same watersheds above mentioned.

Table 4 provides the absolute value of total runoff retention
volume in cube metres: Polcevera watershed registers the highest
amount (about 6 million m3) while C watershed included
in basins management unit “Ambito 17” presents the lowest
value of retention (equal to 380.51 m?). This absolute value is
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TABLE 4 | Flood Risk Mitigation model output for each of 45 watersheds.

Watershed Area (ha) Rain event Runoff retention Runoff index Runoff retention Runoff retention Runoff volume (m3)/
(mm) index (%) (%) volume (m?) volume Area (ha)
(m3)/Area (ha)

Ambito 15 T. Boate 2,614.32 50 90.12 9.88 1,032,632.67 394.99 43.31
70 82.93 17.07 1,330,370.17 508.88 104.75

A 23.03 50 94.67 5.33 10,429.45 452.95 25.48
70 91.75 8.25 14,149.85 614.53 55.28

B 53.06 50 92.82 7.18 24,550.92 462.72 35.82
70 88.69 11.31 32,843.20 619.01 78.94

C 16.81 50 86.94 13.06 7,250.61 431.41 64.82
70 81.94 18.06 9,567.16 569.24 125.47

D 11.82 50 92.55 7.45 5,44417 460.59 37.08
70 87.02 12.98 7,166.24 606.28 90.46

T. S. Francesco 601.59 50 92.25 7.75 277,338.52 461.01 38.73
70 85.10 14.90 358,185.55 595.40 104.24

T. Tuia 342.82 50 94.44 5.56 161,835.71 472.07 27.80
70 87.60 12.40 210,157.78 613.02 86.79

R. Carchea 154.12 50 92.61 7.39 71,271.43 462.44 36.89
70 85.68 14.32 92,310.61 598.95 100.10

Ambito 17 T. Gromolo 2,586.82 50 87.58 12.42 1,003,817.34 388.05 55.04
70 79.96 20.04 1,283,139.94 496.03 124.30

A 19.33 50 85.53 14.47 8,242.10 426.29 7211
70 78.46 21.54 10,684.62 547.45 150.31

B 4.97 50 84.58 16.42 2,042.49 410.87 74.94
70 77.89 2211 2,633.48 529.76 160.37
C 1.16 50 68.56 31.44 380.51 328.53 150.65
70 57.98 42.02 450.53 388.98 281.87
D 7.53 50 71.59 28.41 2,601.55 345.39 137.04
70 61.58 38.42 3,132.87 415.93 259.47
E 1.50 50 71.70 28.30 518.90 345.01 136.20
70 61.23 38.77 620.37 412.48 261.22

Valle Ravino 132.41 50 87.40 12.60 57,869.91 437.06 63.03
70 79.64 20.36 73,825.24 557.56 142.56

F 21.00 50 85.96 14.04 9,026.64 429.79 70.21
70 79.23 20.77 11,647.87 554.59 145.40
G 23.85 50 69.30 30.70 8,224.37 344.78 162.72
70 61.47 38.53 10,212.81 428.13 268.37

H 2.34 50 97.50 2.50 1,132.24 484.80 12.42
70 92.00 8.00 1,495.64 640.41 55.71

| 4.20 50 97.87 213 2,024.74 482.42 10.49
70 92.56 7.44 2,680.64 638.69 51.37

L 24.90 50 96.20 3.80 11,888.17 477.41 18.85
70 90.00 10.00 15,571.25 625.32 69.44

M 17.94 50 90.76 9.24 8,087.92 450.73 45.88
70 82.79 17.21 10,328.82 575.61 119.65

N 54.18 50 98.06 1.94 26,547.35 489.98 9.67
70 93.15 6.85 35,305.28 651.62 47.89

(¢} 8.31 50 80.38 19.62 3,277.65 394.60 96.29
70 73.24 26.76 4,180.90 503.34 183.91

P 18.55 50 96.02 3.98 8,744.10 471.37 19.52
70 90.80 9.20 11,575.84 624.02 63.23

Polcevera T. Polcevera 13,863.24 50 87.09 12.91 6,032,559.04 435.15 64.52

(Continued)
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TABLE 4 | Continued

Watershed Area (ha) Rain event Runoff retention Runoff index Runoff retention Runoff retention Runoff volume (m3)/
(mm) index (%) (%) volume (md) volume Area (ha)
(m3)/Area (ha)
70 79.68 20.32 7,727,172.29 557.39 142.15
Branega  T. Branega 488.39 50 91.87 8.13 223,279.69 457.18 40.48
70 85.24 14.76 290,062.39 593.92 102.81
San Pietro  T. Foce 376.36 50 88.80 11.20 165,688.45 440.24 55.55
70 80.97 19.03 211,527.41 562.04 132.08
Ambito 14 Fossato San Bartolomeo 260.42 50 71.53 28.47 83,629.63 321.13 127.79
70 61.36 38.64 100,422.73 385.61 242.88
Varenna  T. Varenna 2,192.61 50 91.43 8.57 1,002,030.94 457.00 42.83
70 85.50 14.50 1,311,873.75 598.32 101.45
Ambito R. Rostan 63.18 50 72.60 27.40 22,138.50 350.39 132.22
12-13
70 64.25 35.75 27,430.12 434.14 241.51
R. San Giuliano 100.84 50 76.43 23.57 38,497.93 381.78 117.71
70 68.21 31.79 48,100.03 477.00 222.28
R. Madonnette 78.21 50 77.79 22.21 30,394.62 388.65 110.96
70 69.46 30.54 37,994.33 485.83 168.35
A 61.54 50 71.31 28.69 21,875.26 355.46 142.99
70 60.78 39.22 26,103.40 424.16 273.67
Fosso Belvedere 44.41 50 67.80 32.20 14,972.92 337.14 160.14
70 57.52 42.48 17,783.64 400.43 295.76
R. San Michele 7411 50 80.38 19.62 27,883.52 376.24 91.86
70 72.02 27.98 34,976.82 471.95 183.39
R. A. Antonio 68.68 50 85.21 14.79 29,165.65 424.63 73.70
70 77.58 22.42 37,175.88 541.25 156.40
R. Rexello 136.59 50 88.87 1113 60,533.86 443.18 55.52
70 81.97 18.03 78,167.50 572.28 125.90
R. Castello 49.69 50 82.25 17.75 20,096.01 404.41 87.27
70 74.01 25.99 25,314.66 509.43 178.92
R. Marotta 71.59 50 83.79 16.21 29,895.69 417.57 80.78
70 75.87 2413 37,897.59 529.34 168.35
R. Molinassi 180.34 50 88.70 11.30 79,948.89 443.33 56.46
70 80.96 19.04 102,163.18 566.51 133.20
R. Cantarena 220.14 50 78.23 21.77 85,744.36 389.49 108.36
70 69.19 30.81 106,162.71 482.24 214.75
B 106.63 50 65.94 34.06 24,678.89 231.44 119.57
70 55.44 44.56 29,053.23 272.46 218.95
ChiaravagnaR. Secco 233.10 50 76.21 23.79 88,556.80 379.91 118.57
70 65.96 34.04 107,294.59 460.30 237.58
R. Roncallo 207.49 50 73.03 26.97 75,666.85 364.69 134.71
70 62.46 37.54 90,599.54 436.66 262.49
Fosso Cassinelle 1,135.23 50 88.28 11.72 501,025.58 441.34 58.60
70 80.92 19.08 642,968.97 566.38 133.55

proportional to the watersheds’ dimension as it represents the
cumulative runoff retention volume. Indeed, Polcevera is the
biggest watershed with an area of 13,863.2 ha while the smallest
one is C watershed into “Ambito 17” with an area of 1.16 ha.

To have a clearer idea of how effectively each watershed
is most performing than the other, Table4 elaborates the
relative retention capacity (cube metres) and relative runoft (cube
metres) per hectare. In the case of retention volume per hectare,

N watershed included in the “Ambito 17” results in the highest
value (489.98 m?>/ha), while the runoff volume per hectare has
the lowest value equal to 9.67 m®/ha. This watershed is the most
performing counting and the lowest runoft index equal to 1.94%,
which means that <2% (or 6.85%) of volume in relation to 50 mm
(or 70 mm) rain events cannot be retained by the soil. On the
contrary, for 50 mm of cloudburst event, Varenna watershed has
the highest relative value of runoff (160.14 m>/ha). In contrast,
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FIGURE 4 | Runoff volume per Ha for each watershed (50 mm of rainfall) (source: authors).

the N basin in watershed management unit “Ambito 12-13”
has the lowest relative runoft retention volume equal to 231.144
m?>/ha. This means that for these two relative indices, the worst-
performing watershed for retention volume and runoff volume
per hectare is not the same.

Figure 4 provides a spatial distribution of the runoff volume
(m?) calculated per area (ha) among selected watersheds for the
rainfall event of 50 mm. The watersheds closer to the colour dark
blue present a small amount of runoff per hectare differently
the ones nearer to red register a big amount of runoftf per
hectare. In Figure 4 is illustrated the three main Watershed
(Polcevera, Boate, Gromolo) for the selected area of interest for
this study. Boate basin and other smaller watersheds, including
the municipality of Rapallo, have essentially the smallest runoff
volume per hectare regarding the other two cities considered.
Indeed, except for two small watersheds covering Sestri Levante’s
city present high runoff values, Gromolo and other basins in
that area have a good retention capacity, taking into account
that the relative runoff per hectare for those watersheds range
from about 9-96 m> per Ha. By observing the spatial distribution
of the runoff volume per hectare for Polcevera and other
basins, it is evident how this relative index highlights the

worst-performing situation, especially for the basins belonging
to Genoas municipality. The total runoff volume per hectare
in that area registers values ranging from about 80 to 160
m?/Ha.

To sum up, these first results calculated as averages for
each watershed demonstrate a relatively good runoff retention
capacity at basin level both for rainfall events of 50 and
70 mm. Indeed, what emerges is strictly linked to the land cover
distribution. A portion equal to 66% of the Polcevera territory
is covered by forestry. A big part of other basins close to the
Polcevera watershed (blue and light blue in Figure 5) is covered
by vegetated and pasture areas. Similar situation for Boate
watershed which has 61% of forestry and 25% of agroecosystem
essentially made by vineyards. Finally, the Gromolo watershed is
covered by 67% of forestry and 23% of agroecosystems, of which
the majority are pastures.

The model output provides a detailed spatial distribution per
pixels of the runoff retention index to overcome this limitation.
In this way, it is possible to visualise the phenomenon’s entity
and particularly identify how the retention capacity should be
increased to enhance resilience to flash floods. Figure 5 provides
the runoff retention index per pixels by considering 50 mm of
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FIGURE 5 | Runoff retention Index per pixels (50 mm of rainfall) for the Municipality of Genoa (source: authors).
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rainfall focussed on Genoa’s municipality. The flood output at
the watersheds level underlined the most difficult situation for
that area of study. The runoff retention index ranges from 0
(low retention) to 1 (high retention) and is overlayed to the
building footprint. Streets and industrial areas register lower
retention capacity (colour brown in the map). Simultaneously,
the urbanised district with residential and commercial activities
presents values ranging from 0.6 to 0.8% of runoff retention
capacity (close to the colour yellow in the map).

Watershed Resilience to Flash Flood
The output estimated by InVEST Urban Flood Risk Mitigation
model could finally support the definition of strategies and
solutions by addressing site-specific runoff vulnerability
reduction. The spatial knowledge about runoff distribution and
a first estimate of the volume of water that flows during both
rainfall events considered are crucial to mainstream resilience
to flash floods. We calculated the runoff variation index for each
watershed from 50 to 70 mm of a rainfall event. Those results
helped define a resilience ranking to flash flood based on five
classes at the watershed level. Low resilience means an elevated
change of runoff from 50 to 70 mm of rain, while high resilience
means smaller runoff values (Figure 6).

Figure 6 shows that watersheds identified as the most
vulnerable to flash flooding due to the low retention capacity
are more resilient if considered a rainfall event more intense of

40%. Indeed, the highest runoff volume is registered in the less
resilient watershed, which is N included in “Ambito 17” covering
Sestri Levante municipality. Since the runoft volume was strictly
linked to the land-use typology showing high values related to
the urban district and impervious surfaces, the runoff variation
due to rainier events seems more related to the soil texture.
Indeed, this low resilient watershed belongs to the hydrological
soil group B with the soil characterised by 10-20% of clay and
50-90% of sand. This result could demonstrate that exists a
threshold of retention per land-use type. With a variation of rain
equal to 40%, the streams’ volume increases beyond the retention
capacity threshold. The reasons could be different and should
be deepened. One parameter which influences the vertical water
transmission of soils is related to the level of aquifers. A high level
of aquifer represents a strong limit to the water infiltration while
causing large runoff volumes.

Natural Water Retention Measures
(NWRM) Per Land Use

During heavy rain, surface water management is a more adaptive
way of responding to climate change than building larger sewers.
As mentioned above, urban planning is increasingly considered
“soft” measures (i.e., NBS) as one of the most important tools for
Flood Risk Reduction (FRR), particularly by radically reducing
or avoiding the impact of extreme rainfall (Berndtsson et al.,
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2019). NBS also includes Natural Water Retention measures as
multi-functional measures focussing on addressing water-related
challenges by restoring and maintaining ecosystems.

Here, we focussed on the worst resilient watershed identified
in the above section Watershed Resilience to Flash Flood, finally
integrating the runoff quantification analysis and watersheds
vulnerability assessment with specific solutions to mainstream
flash flood resilience. By following the NWRM project!! of
DG Environment for building knowledge on Natural Water
Retention Measures (NWRM) in Europe, we proposed some
examples of NWRM associated with land use type to reduce flash
flood risk for critical runoff thresholds. As Sustainable Urban
Drainage System (SUDS), Natural Water Retention measures
have the goal to manage volumes and flows rates from impervious
surfaces by helping the stormwater drainage system. Figure 7
shows the runoff retention index’s analysis spatially distributed
using the mean retention value for each land-use type in Sestri
Levante’s municipality. This stage was useful to define a set of
natural measures in the most critical watershed by distinguishing
from urban to agricultural or forest lands. From the high value of

11 Available online at: http://nwrm.eu/.

retention (blue on the map) to the low value of retention (red in
map), the mean runoff retention index for a 50 mm rain event is
represented in Figure 7.

Figure 8, instead, is a zoom on the most critical watershed
area in Sestri Levante municipality. Three examples of NWRMs
selected are shown in the map with a specific location related to
the land use type and the mean value of retention capacity.

The first urban NWRM is related to the high level of sealed
surfaces (red on map). Therefore, we proposed the replacement
of artificial surfaces like the road with asphalt by “permeable
paving.” This solution is designed to allow the controlled rate of
rainwater to increase infiltration through the surface or be stored
below the ground. Two typologies of permeable paving exist:

1. Porous pavements, where water is infiltrated across the
surface as reinforced grass or gravel, or porous concrete
and cobblestones;

2. Permeable pavements, where materials such as bricks are
distributed to provide void space through to the sub-base by
using porous seals rather than mortar material.

Roads and car parking are common areas of implementation
for these types of NWRM, even if these solutions can
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FIGURE 7 | Runoff retention Index per Land use for Sestri Levante (50 mm of rainfall) (source: authors).

apply to broader permeable areas to increase infiltration
of rain. According to Blanc et al. (2012), new permeable
paving can reduce runoft by 98%, slowing and storing water
surface. Moreover, EU Floods Directive (2007/60/EC) considers
permeable paving an effective source control component of SUDS
by contributing to sustainable runoff management in urban areas.

The other urban NWRM is “infiltration basin” imagined
in a built-up area, creating a vegetation depression designed
to hold runoff. Storage is provided through landscaped areas
that allow temporary ponding on the land surface and
then stored water to infiltrate into soils and groundwater.
Those infiltration basins are dry, constituting a recreational
area except during a period of heavy rainfall. They could
act as “bioretention areas” as well, by removing a load of
pollutants while reducing runoff thanks to the action of specific
vegetation. Barber et al. (2003) evidenced that infiltration
basins can be effective in reducing peak runoff by up 65-
87% (“small storms”), 50-60% (“medium storms”), and 40%
(“large storms”).

The agricultural NWRM are “meadows and pastures,” areas
with vegetation as grass or a combination between grass and
woody plants. Due to their rooted soils and their permanent
cover, these areas provide good conditions for water storage
during temporary flooding as flash flood while slowing runoff.
As infiltration basins, these solutions are capable of protecting
water quality by trapping sediments and nutrients. As Kedziora

(2010) mentioned, meadows in Poland’s specific region during
the wet year (936 mm estimated) can reduce runoft by 23% for
arable land.

Sensitivity Analysis of the Model

Sensitivity analysis (SA) is an important tool for investigating
model behaviours (Wagener and Pianosi, 2019). SA is not the
same as an uncertainty analysis which represents attempts to
describe the entire set of possible outcomes, together with their
associated probabilities of occurrence. Sensitivity analysis aims
to determine the change in model output values that results from
modest changes in model input values. SA assesses how variations
in input parameters affect the model output. Any little significant
parameters produce a small change in the model’s output.
At the same time, considerable inputs substantially affect the
results, allowing the model’s improvement and calibration. SA is
considered a general investigation of the uncertainty and model
precision used to assess system performance for alternatives
scenarios. As a result, this analysis should be interesting to
the general public as planners since its results should provide
information and model predictions (Loucks et al., 2005).

The use of SA in environmental and urban modelling has
become important due to the high complexity of natural and
urban systems. Additionally, this complexity evokes models’
complex nature, particularly if considered spatially distributed
models that include parameters’ spatial nature (Koo et al., 2020).
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Different methods of sensitivity analysis are grouped into two
large classes: local and global sensitivity analysis.

This research is focussed on the local sensitivity analysis
(LSA), paying attention to the local impact of input parameters
on the model’s output (Douglas-Smith et al., 2020). We run
the model two times by modifying data input related to rainfall
events considering 50 and 70 mm of rain as extreme events.
Output’ sensitivity analysis was conducted to analyse the variance
between input and output.

This sensitivity tests assessment method is conducted by
calculating the partial derivatives of the input factor X (rain
amount) with respect to the output Y (Norton, 2015). The slope
of the function represents the function of sensitivity (Equation 1):

dy;
Sij = B_x,

1
Considering the rainfall variation of 40% (from 50 to 70 mm),
the result of the sensitivity test gives a flexible outcome with
the value S;; equal to 1.76. This means that changing one single
parameter in this case, the rainfall input in InVEST model, the
output presents a disproportion in the amount of runoff volume
generated. Indeed, this imbalance is almost double (1.76 close to
2) regarding the increase of the input parameter on rainfall. With
an increase of 40% in the rainfall intensity, the runoff index has

increased on average by 70%, which indicates that an increase
in rainfall intensity causes huge runoff, as also confirmed by
Kadaverugu et al. (2021).

CONCLUSION

This research represents a first attempt to adopt the InVEST
flood model as a tool for the definition of adaptation planning
strategies to cope with flash flood events due to extreme
rainfalls in a complex urban area, as the Metropolitan
area of Genoa (Italy). Mainly, this study wanted to raise
awareness by providing applied knowledge around a way of
employment of this new InVEST model. The quantification
of spatially explicit runoff enabled a comparative analysis
to evaluate flash flood vulnerabilities at the watersheds
level. The estimated runoff has been considered basically
from the integration of land use and soil hydrological
conductivity maps.

The model was performed two times by considering different
extremes rainfall events (50 and 70 mm) to determine runoff
variation useful to identify resilience ranking classes to flash flood
finally. This result supported the adoption of site-specific NWRM
in the less resilient watershed, demonstrating how performance-
based solutions can support decision-making in planning.
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Even if the InVEST model uses a simple approach (SCS-Curve
Number) which has limitations and uncertainties, the ranking on
different land uses are generally well-captured by such model’s
method (as the effect of natural infrastructures qualitatively
represented in the model output). This research presents some
limitations and the results presented could be deepened by
further studies while testing the effect of natural measures
implementation through the running model at different times.
Moreover, as discussed in section Sensitivity Analysis of the
Model, the InVEST model presented high sensitivity to a change
in the rain input parameter. Therefore, this issue could be critical
in defining adaptation solutions, especially in a complex urban
catchment. This one analysed, where a little variation of rain
could determine consequences in planning strategies.

The observed result regarding the sensitivity analysis could be
the starting point for future research that deepens the sensitivity
testing for Flood Risk Mitigation models’ output. Understanding
from which amount of rain in the study context will be generated
a disproportion in the volume of runoff produced could be useful
to define the theoretical reference threshold to evaluate resilient
strategies against flash flood events in this specific context of
the study.

In general, this InVEST model appears to be a useful tool
for urban planners to define adaptive strategies to cope with
flash flood events in a metropolitan area and discussed with
the presented case studies in sections Natershed Resilience to
Flash Flood and Natural Water Retention Measures (NWRM)
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