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Abstract: Climate change impacts urban areas with greater frequency and exposes continental cities
located on floodplains to extreme cloudbursts events. This scenario requires developing specific
flooding vulnerability mitigation strategies that improve local knowledge of flood-prone areas at
the urban scale and supersede the traditional hazard approach based on the classification of riverine
buffers. Moreover, decision-makers need to adopt performance-based strategies for contrasting
climate changes and increasing the resilience of the system. This research develops the recent
Flooding Risk Mitigation model of InVEST (Integrated Evaluation of Ecosystem Services and Tradeoff), where cloudburst vulnerability results from the soil’s hydrological conductivity. It is based on
the assumption that during cloudburst events, all saturated soils have the potential for flooding,
regardless of the distance to rivers or channels, causing damage and, in the worst cases, victims.
The model’s output gives the run-off retention index evaluated in the catchment area of Turin (Italy)
and its neighborhoods. We evaluated the outcome to gain specific insight into potential land use
adaptation strategies. The index is the first experimental biophysical assessment developed in this
area, and it could prove useful in the revision process of the general town plan underway.
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1. Introduction
The spatial knowledge of local conditions obtained using advanced digital technologies and modelling scenarios is one of the most debated and discussed approaches to
preparing and adapting urban systems to deal with future challenges [1,2]. Among others,
climate change will be one of the greatest threats for urban areas [3], since the quantity,
duration, and intensity of heavy rains, urban heat islands, storms, wind, and other climaterelated extreme events will increase the exposure of both natural and human-made systems,
with a greater impact in urban areas due to the population density [4,5].
Despite the technological and social predictive capacity enabling us to understand
where and how new phenomena will occur, it is certain that the traditional timescale,
occurrence, and intensity of extreme events have changed and will continue to do so
rapidly in the next few decades, according to the most recent studies [6,7].
Therefore, the failure of the traditional determination of hazard areas requires analysis
to focus on the vulnerability concept instead of risk [3]. Considering that all cities can
be potentially affected by extreme events, the vulnerability assessment includes an entire
catchment, and not only how and where the catchment is prone to be impacted by certain
circumstances (with a certain degree of intensity and with a predicted return time), as
assumed by the traditional risk diagnosis.
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To this matter, international literature demonstrates how the changing dynamics of
extreme natural events and their impacts on environments and humans affect the health,
the security, and the economy of cities [8]. Among other kinds of hazards, floods can induce
health losses, deaths, accidents, mental health issues, diseases, vector-borne illnesses, and
waterborne diseases [9], therefore flood susceptibility models are nowadays urgently
demanded [10,11].
This research deals with cloudburst events, as introduced by Rosenzweig et al. [12],
from the perspective of intrinsic vulnerability, as the propensity of an urban system to be
flooded during a cloudburst event (e.g., the rainfall event that occurred in Copenhagen on
2 July 2011, where, in some parts of the city, over 100 mm of rain fell in one hour [13]).
As stated by Rosenzweig et al. [12], there are three basic categories of knowledge to
support cloudburst resilience: (1) knowledge of the current weather and future climate
conditions that determine a cloudburst hazard; (2) understanding of the vulnerability
of urban social, ecological, and infrastructure systems, and (3) knowledge of potential
strategies for cloudburst management [12].
This research investigates the second category, employing the model called “Urban
Flood Risk Mitigation” of InVEST software (Integrated Valuation of Ecosystem Services and
Tradeoffs, version 3.8.5) [14], an open-source modelling suite jointly developed by Stanford
University, the University of Minnesota, the Nature Conservancy, and the World Wildlife
Fund. This specific Ecosystem Service (ES) model was presented and taught during the
course “Introduction to the Natural Capital Approach and Urban InVEST”, organized by
Stanford University during the 10th World Ecosystem Service Partnership Conference in
Hanover (21 November 2019). The ES modelling output has been used to evaluate the
distribution of biophysical values of run-off retention in the metropolitan catchment of
Turin (Italy). According to other previous studies [15,16], the vulnerability of urban areas to
a cloudburst can be measured with the run-off assessment during the present predicted scenario, assuming the model returns a picture of the site-specific vulnerability in the analyzed
urban catchment and that it is possible to run alternative scenarios to verify how specific
nature-based or technological solutions help to improve retention performance [17–19]. It
is worth mentioning that flooding by cloudburst has a different dynamic from riverine or
fluvial flooding. While fluvial flooding is due to rivers exceeding their capacity, cloudburst
flooding (or pluvial flooding) is due to extreme precipitations. It does not depend on river
dynamics, but it can represent a concurrent cause of fluvial flooding, contributing to a rapid
overcharge of the water streams during a cloudburst event. This means that run-off is a
key parameter that determines how vulnerable the entire system is (not only riverine areas)
and where the system should be transformed and adapted to reduce run-off (not only
along with river-beds). This assumption clarifies that the flooding vulnerability assessment
in urban areas has its peculiarity, since it is strongly conditioned by the morphological
development of buildings and their distribution in public and private spaces [11,20]. The
changes of natural streams during urbanization by substitution with anthropic channels
limit the capacity of the system to convey floodwaters [21]. Roads and buildings increase
the flood hazards by affecting the natural hydrological cycle and making the estimation
of the water discharge during a rain event much more difficult due to the complexity of
the urban environment and the numerous variables that should be considered [22]. A
detailed evaluation of how the morphological characters of the urban environment affects
the run-off volume can be found in several international publications [23–25]. As stated by
Brunetta and Salata [15], the vulnerability assessment is the first step towards adaptation,
considered as the measure of the vulnerable biophysical characters used to build a detailed
spatial knowledge [26–28], and learning and understanding the system dynamics [29].
Even the slippery concept of resilience [30] deals with adaptation toward vulnerability
reduction, broadening the “physical” meaning to incorporate socio-economic structures
and governance, while including pro-active and co-evolutive feedback encompassing
preparedness with knowledge and physical adaptation [31–33]. In practical terms, the
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resilience concept is operationalized at its base throughout the preliminary vulnerability
measurement and identifies solutions to cope with emerging dynamics.
The research assumes the definition of the areas vulnerable to cloudburst events as the
first step towards the “resilience of the system”, according to the vision of “co-evolutionary
resilience” [34]. Through this vision, it is possible to identify the conditions for resilient
urban planning: the preservation of the system’s constitutional framework and the ability
to evolve, thus aiding the decision-making processes [35] while identifying problems (e.g.,
vulnerability analysis) and determining the kind and quantity of solutions through plans
and projects.
In the famous cases of Phoenix and New York City (USA) or Copenhagen (Denmark),
the utilization of run-off modelling through detailed spatial maps has been virtuously
employed in water management plans and projects while adapting the city to cloudbursts.
This study aims to apply a similar methodology in an Italian context, while modelling
with Geographic Information System (GIS)-based software the spatial distribution of the
run-off, and to understand where and how nature-based solutions can contribute to adapt
the system towards a greener and healthier environment.
The model and related approach presented in the paper is tested in the metropolitan
catchments of the city of Turin (IT), an Italian city of medium size that has undergone rapid
growth during the 20th Century. Mainly, Turin is intrinsically vulnerable to every rain
event since its urban land is characterized by a high rate of imperviousness and a compact,
densely built-up settlement system [36].
The manuscript is structured as follows: first is the methodology, presenting the
catchment area and its distinctive characteristics; next, the functioning and input data
required for the Urban Flood Mitigation model are described; and finally, the results
describing the numerical/graphical outputs of the model, the discussion summarizing the
evidence derived by the run-off retention service, and the conclusions, briefly presenting all
relevant matters and proposing innovative and potential applications for future research,
are presented. The novelty of this work consists in applying a common methodological
framework for defining the area subjected to flooding, the intensity of the phenomenon,
and the most suitable solutions that could substantially reduce the vulnerability, by using
an open-access GIS experimental ES model. The use of a case study aims to highlight the
possible planning application and how this kind of approach needs to be considered for
setting future urban strategies.
2. Materials and Methods
2.1. The Turin Metropolitan Area
The catchment area includes 21 municipalities that border the city of Turin (Figure 1),
defined as the “first ring” due to their strong interaction with the main city, namely, Baldissero Torinese, Beinasco, Borgaro Torinese, Caselle Torinese, Castiglione Torinese, Collegno,
Druento, Gassino Torinese, Grugliasco, Leinì, Mappano, Moncalieri, Nichelino, Orbassano, Pecetto Torinese, Pianezza, Pino Torinese, San Mauro Torinese, San Raffaele Cimena,
Settimo Torinese, Torino, Venaria Reale, and Volpiano. Despite the high administrative
fragmentation, the city of Turin consists physically of a unique semi-dense continuous
built-up system that from the core area shapes the surrounding zones while comprising
a heterogeneous land use [37]. The average daily temperature varies from below 1.4 ◦ C
in January to 23.6 ◦ C recorded in July, the climate is warm and temperate with significant
rainfall throughout the year (about 864 mm of annual precipitation), and the driest month
is January, with 38 mm, while May is the wettest month, with an average of 108 mm
(https://en.climate-data.org/ accessed on 16 September 2020).
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Figure 1. A schematic view of the catchment area (top sub-figure). The whole of Turin plus the
Figure 1. A schematic view of the catchment area (top sub-figure). The whole of Turin plus the
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Therefore, the results of this study should be evaluated bearing in mind that the
InVEST model uses an empirical simplification by calculating the discharge volume in
urban areas using a plain bidimensional model based on the run-off curve number. The
run-off curve number is a parameter that assumes that where there is a highly sealed surface and the soil has low conductivity, the run-off process will be the highest (e.g., high
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Figure 3. Scheme of the model functioning

The inputs required are:

Watershed
Vector
delineating
areas of interest;
Since•run-off
retention
depends
on the interaction
between soil and land cover, the
• of
Depth
of rainfalltwo
in mm
(of a single
cloudburst event);
incorporation
the following
databases
is crucial:
Land
Cover
Map;cover map) used to set the run-off curve number (RCN).
1. Data •on land
use
(or land
•
Soils
Hydrological
Group
RCN represents the hydrologic
soil Raster;
capacity and indicates the run-off potential: the
•
The
biophysical
value
corresponding
to each of the land use classes in the Land
higher the RCN, the higher the run-off
potential [39].
Cover Map.
Since run-off retention depends on the interaction between soil and land cover, the
incorporation of the following two databases is crucial:
1.

2.

Data on land use (or land cover map) used to set the run-off curve number (RCN).
RCN represents the hydrologic soil capacity and indicates the run-off potential: the
higher the RCN, the higher the run-off potential [39].
Data on hydraulic conductivity was used to establish soil drainage properties to verify
the quantitative measure of a saturated soil’s ability to transmit water when subjected
to a hydraulic gradient [40].

A Table with RCN A, B, C, and D was associated with the classes (Table 1) on the
permeability of urban soil. Therefore, the land use classification was entirely built around
the USDA classes employing the regional topographic geodatabase (BDTRE) available at
https://www.geoportale.piemonte.it/cms/bdtre/bdtre-2 (accessed on 10 June 2020). The

Sustainability 2021, 13, 5697

7 of 25

data on urban green areas were extracted with a thematic overlap between BDTRE and
the Land Cover Piedmont (2010), which classifies the urban areas according to the Corine
Land Cover thematic legend (available at https://land.copernicus.eu/pan-european/
corine-land-cover, accessed on 10 June 2020). The final layer allows the urban districts,
infrastructure system, open spaces, and buildings to be identified.
Table 1. Land Use Curve numbers used in the sensitivity table (model input).
RCN

Cover Description

A

B

C

D

Urban Open
space

1 Poor condition (low NDVI)
2 Fair condition (medium NDVI)
3 Good condition (high NDVI)

BDTRE—NDVI
BDTRE—NDVI
BDTRE—NDVI

68
49
39

79
69
61

86
79
74

89
84
80

Buildings

4 Built-up footprint

BDTRE

98

98

98

98

Streets and
roads

5 Unvegetated
6 Partially vegetated

BDTRE—NDVI
BDTRE—NDVI

98
83

98
89

98
92

98
93

Urban districts

7 (85% imp.)
8 (72% imp.)
9 (65% imp.)
10 (38% imp.)
11 (30% imp.)
12 (25% imp.)
13 (20% imp.)
14 (12% imp.)

BDTRE—NHRLC
BDTRE—NHRLC
BDTRE—NHRLC
BDTRE—NHRLC
BDTRE—NHRLC
BDTRE—NHRLC
BDTRE—NHRLC
BDTRE—NHRLC

89
81
77
61
57
54
51
46

92
88
85
75
72
70
68
65

94
91
90
83
81
80
79
77

95
93
92
87
86
85
84
82

Agricultural

15

BDTRE

67

78

85

89

Natural

16

BDTRE

57

78

82

86

Water bodies

17

BDTRE

0

0

0

0

We employed two additional datasets to rank these layers in permeability/condition
classes:

•

•

The National High-Resolution Land Consumption map (NHRLC) is a raster database
of 10 m pixel size produced yearly (by the Italian Institute for Environmental Protection and Research) since 2015, covering the entire Italian territory and monitoring
activities of institutional land take. This dataset was obtained using semi-automatic
classification techniques from high-resolution satellite images to detect sealed and
artificial areas and is downloadable as open access data from the SINANET portal (http://groupware.sinanet.isprambiente.it/uso-copertura-e-consumo-di-suolo/
library/consumo-di-suolo, accessed on 3 June 2020);
The Normalized Difference Vegetation Index (NDVI) detects the consistency of vegetation by measuring the difference between near-infrared (which is reflected by vegetation) and red light (which is absorbed by the plant). The NDVI employed in this research
was provided by the Regional Agency for Environmental Protection in Piedmont (ARPA
Piedmont) and obtained by Sentinel 2A image of 2016 (Copernicus Program). More information and data are available at http://webgis.arpa.piemonte.it/geoportalserver_arpa/
catalog/search/resource/details.page?uuid=ARLPA_TO:SENTINEL2_NDVI_2016-01-1810:00, accessed on 3 June 2020.

The NHRLC was used to calculate the permeability of urban districts, while NDVI
was used to define the “condition” (poor, fair, and good) of urban open spaces according
to USDA classification of RCN. For both datasets, the procedure was the same: the Land
Use layer was intersected with the NHRLC or NDVI dataset. Then, the average values of
imperviousness and vegetation density for each land use class were calculated. Agricultural land, natural land, and water bodies were assigned the average values found from
USDA parameters.
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The final biophysical table is shown below (Table 1) and organized into 17 Land Use
classes characterized by a particular run-off curve parameter for each soil group.
The second database represents the saturated hydraulic conductivity (Ksat, mm/h,
Table 2), which is defined as the soil’s ability to be vertically drained by liquids in a
saturated condition. This means that soil with good conductivity allows a significant
quantity of water absorption and movement in a short period (high conductivity). With a
high conductivity, the water quickly reaches the aquifer, while the surface flow processes’
result is limited. Therefore, conductive soils are protective against surface erosion and
ensure a better quality of surface water. On the contrary, permeable soils are not protective
of groundwater because of the high conductivity. The situation is the opposite in the
presence of conductivity characterized by low infiltration and high processes of surface
run-off [41].
Table 2. Soil Groups according to USDA classification.

Saturated hydraulic conductivity of the least
transmissive (soil depth 50 and 100 cm)

Group A

Group B

Group C

Group D

>40 m/s

(40;10) m/s

(10;1) m/s

<1 m/s

Lastly, hydraulic conductivity is a function of soil porosity: the water’s movement is
facilitated when pores are large and continuous, while it is more difficult when the pores
are small and disconnected. The soil’s porosity is connected with soil texture: clay soils
generally have a lower saturated hydraulic conductivity than the sandy and gravel soils,
where the pores, less numerous but larger, facilitate the passage of significant volumes of
water [15].
To map soil conductivity in the catchment, we used the digital “Map of soil protection
capacity” (available online at https://www.regione.piemonte.it/web/temi/agricoltura/
agroambiente-meteo-suoli, accessed on 3 June 2020). The map represents the soil’s protective capacity against the infiltration of pollutants, taking the conductivity (“Fk” values) as
a proxy for protection (high conductivity corresponds to low protection and vice versa).
The map is grouped into eight classes, from high to low protection.
We made a reclassification into four classes, considering the low protective capacity as
the first class (Group A), assuming that all those soils that did not protect groundwater
(with high Fk values) have high conductivity:

•
•
•
•

Group A (Fk 7 and Fk 8);
Group B (Fk 5 and Fk 6);
Group C (Fk 3 and Fk 4);
Group D (Fk 1 and Fk 2).

The result is presented in Figure 4, where it can be noted how the dense built-up
system of the city of Turin stands on a Group B soil, which is a good one (medium-high
conductivity) while the hill (eastern part) is rooted in Groups C and D, resulting in its being
extremely vulnerable to rainfall events.
The model was run considering a single rain event of 50 mm, which has been established as a threshold of cloudburst, according to Rosenzweig et al. [12].
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3. Results
3.1. Urban Flood Risk Model Output
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lished as a threshold
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according
to Rosenzweig et al. [12].
from cloudburst
events (Table
3).

Table 3 shows the run-off retention values for each municipality of the catchment area,
including the absolute quantity of retained water in cubic meters (cu.m.) and the relative
3. Results
run-off index. Caselle Torinese, Borgaro Torinese, Mappano, and Pino Torinese are the
the highest relative retention index (absolute values should be judged
3.1. Urban Flood municipalities
Risk Modelwith
Output
against the extent of the municipalities). At the same time, Turin has the lowest retention
capacity, although
Collegno,
and Grugliasco
are also the
in thequantities
lower group. of
Table
The result provides
data Beinasco,
on run-off
process,
identifying
the3 pheno
also provides the average absolute retention per hectare in each municipality: Caselle
enon and, consequently,
how much the retention should be increased to limit floods fr
Torinese, the best performing municipality, can retain more than 356 cu.m. of water per
cloudburst events
(Table
3).a rain event of 50 mm, while Turin can retain less than 240 cu.m.
hectare
during
Figure 5 provides a spatial distribution of the run-off retention index among the
selected municipalities.

Table 3. Flood Mitigation Risk Model output.

Typology

Area (ha)

hilly
lowland
lowland
lowland
hilly
lowland

1540.57
673.44
1118.09
2355.59
1413.47
1809.96

Run-off Retention Run-off Retention
(index)
(cu.m.)
0.67
511,338.66
0.50
166,376.85
0.70
388,576.47
0.72
840,547.19
0.68
474,505.02
0.52
463,955.00

Runoff Retention
(cum/ha)
331.92
247.06
347.54
356.83
335.70
256.33
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The municipalities filled by dark blue color have good run-off retention, unlike those
closer to light yellow with a lower retention capacity; the city of Turin is one of many.
Table 4 calculated the run-off index (%) as the total volume of rainfall in each municipality less the fraction that is retained (Table 3). The city of Turin reaches 52% of the run-
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The municipalities filled by dark blue color have good run-off retention, unlike those
closer to light yellow with a lower retention capacity; the city of Turin is one of many.
Table 4 calculated the run-off index (%) as the total volume of rainfall in each municipality less the fraction that is retained (Table 3). The city of Turin reaches 52% of the run-off
index. This means that 52% of the rainfall volume cannot be retained by soil, thus creating
a pluvial surface stream. Therefore, more than half of the total rain volume is subject to
run-off in the city, generating severe problems in terms of human safety, hydraulic safety,
and water management, in addition to all the indirect effects that these phenomena may
entail (e.g., congestion of the water and sewer network). The total volume of the run-off
discharge is 3.4 million cubic meters, which is a huge amount, considering that the relative
run-off per hectare ranges from 230 to 430 cu.m. per hectare.
Table 4. Calculation of the run-off rate.
Municipality

Rainfall (cu.m.)

Run-off (cu.m.)

Run-off (%)

Baldissero Torinese
Beinasco
Borgaro Torinese
Caselle Torinese
Castiglione Torinese
Collegno
Druento
Gassino Torinese
Grugliasco
Leinì
Mappano
Moncalieri
Nichelino
Orbassano
Pecetto Torinese
Pianezza
Pino Torinese
San Mauro Torinese
San Raffaele Cimena
Settimo Torinese
Torino
Venaria Reale
Volpiano

770,284.63
336,720.23
559,043.90
1,177,795.14
706,733.79
904,979.35
1,376,996.31
1,025,546.55
656,621.88
1,595,737.71
487,022.26
2,376,496.88
1,028,160.79
1,110,436.17
458,661.57
823,193.83
1,091,001.51
627,591.20
557,603.06
1,572,375.98
6,500,547.47
1,022,125.61
1,623,140.75

258,945.98
170,343.38
170,467.43
337,247.96
232,228.77
441,024.36
538,329.78
355,498.36
321,263.84
558,550.14
151,088.05
973,345.16
343,497.01
406,488.28
155,190.14
385,079.68
329,391.04
252,750.25
205,144.27
603,204.91
3,388,610.80
389,461.00
520,242.75

33.62%
50.59%
30.49%
28.63%
32.86%
48.73%
39.09%
34.66%
48.93%
35.00%
31.02%
40.96%
33.41%
36.61%
33.84%
46.78%
30.19%
40.27%
36.79%
38.36%
52.13%
38.10%
32.05%

The simulated quantity of run-off estimated with the model can be considered similar
to the event of 17 August (more than 62 mm rainfall), since it can be assumed that a fraction
of the water falling during the real event has been absorbed (considered as the first 12 mm)
before the soil reached its saturated capacity.
On the contrary, the same index for the most performing municipality (Caselle Torinese) has a value of 28%, which explains the difference between the two situations.
These first results are only averagely calculated for each municipality, but the model
output provides a detailed distribution for each pixel of the run-off retention index (Figure 6).
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3.2. Selection of Nature-Based Solutions for Flood Risk Management
As already mentioned, the results can support the determination of strategies to reduce and prevent flooding events. The results can also address decision-making by suggesting solutions to mainstream the resilience of territories in their planning, and ensuring
that those solutions are practicable. In the following chapters, the integration of the flooding vulnerability assessment has been investigated for the city of Turin. The latest City
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3.2. Selection of Nature-Based Solutions for Flood Risk Management
As already mentioned, the results can support the determination of strategies to
reduce and prevent flooding events. The results can also address decision-making by
suggesting solutions to mainstream the resilience of territories in their planning, and
ensuring that those solutions are practicable. In the following chapters, the integration of
the flooding vulnerability assessment has been investigated for the city of Turin. The latest
City Planning Technical Document (2020) describes the general vulnerability of the city
to hydrological hazards. However, quantitative data provides no evidence of the spatial
distribution at the district level, and the real discharge capacity of the city of Turin during
a single rain event is not known at the moment. Even the preliminary document of the
Strategic Environmental Assessment (SEA) does not contain any proper assessment of soil
infiltration capacity at the city level; thus, it is not known whether the city is vulnerable
to rain events and, if so, at which threshold the city experiences a potential flood event.
Therefore, a comparison between the quantity of estimated run-off by the InVEST Urban
Flood Model (3.4 million cubic meters) and the real discharge capacity of the stormwater
drainage system cannot be appropriately made (maybe only estimated).
We associated the quantitative evaluation of retention and run-off values produced by
the model with the land use zoning of the Turin general town plan, estimating which part
of the city needs a specific solution (favoring those that are nature-based) as a way to adapt
the city to climate changes.
Nature-Based Solutions (NBS) are “living solutions inspired and supported by the use
of natural processes and structures” that “are designed to address various environmental
challenges in an efficient and adaptable manner, while simultaneously providing economic,
social, and environmental benefits” [42,43].
NBS also include Sustainable Urban Drainage Systems (SUDS) as solutions specifically
dedicated to improved water quality and quantity management, controlling the rates of
run-off discharged into receiving water bodies. As an NBS, SUDS achieves these aims by
using a mix of natural processes and green/grey components to harvest, infiltrate, slow,
store, convey, and treat run-off onsite [44]. Both can be implemented as a new development
or as a retrofit of existing structures.
Despite the growing interest in NBS and the proliferation of studies and international
projects, their implementation to mainstream resilience remains poor or unsuccessful in
most cities. Limited research has been done on how the implementation of NBS provides
tangible biophysical benefits concerning specific vulnerabilities [45]. Nevertheless, NBS
should be integrated into many policy sectors, including climate regulation strategies and
territorial planning [45], while constructing a framework on how NBS perform on target
areas [46].
In this work, we propose a selection of NBS to be implemented through the Turin
general town plan, based on the flooding vulnerability assessment as a framework to set
the capacity to reduce a specific degree of vulnerability.
The analysis of the run-off retention at the district level has been spatially distributed
using the mean retention value for each urban feature of the city.
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The functional zoning of the Turin general town plan has been superimposed on the
flooding vulnerability output for identifying the distribution of critical run-off thresholds
and classifying the retention capacity according to the main functional destination (e.g.,
residential, commercial, tertiary, or public facilities). This operation supported the selection
of NBS, also considering the context of their implementation. Five classes were14
identified
of 25
in the city of Turin (Figures 7 and 8): from low retention capacity (highly sealed/low
conductivity areas) to high retention capacity (unsealed/high conductivity areas).

Figure 7. Run-off retention index at the district level.
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of Bologna, which was the first Italian city to develop a climate change adaptation plan.
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Table 5. Land use zones with low retention (with an area of at least 1 million square meters).
Land Use Zone

Area (ha)

Residential area R2: defined by the general urban plan as
“historical-environmental urban areas”, as the parts of the city characterized
by historic residential settlements and quality green spaces

131.11

Residential area R3: Residential area with limited mixed functions included
in the consolidated urban fabric
Residential R4: Residential areas included in the historical urban area with
private green areas

197.78
105.12

Mixed-use area MP

149.37

Total areas with low retention

583.38

For these areas, the intensity of NBS contributions must be high, considering the low
value of retention; therefore, a combination of strategies is encouraged. The following NBS
are selected:

•

•

•

•

Retrofitting solutions “green over grey”: These are compatible with existing buildings
and concern green filters, natural wastewater treatment, biofilters, community composting, green façades, green roofs, green covering shelters, shady green structures,
and green resting areas with parklets and urban orchards [49]. The project “URBAN
GreenUP” reports that a green roof can absorb up to 100% of incident rainfall, dependent on conditions, and can do so regionally with only 10% of roofs greened. A 2.7%
reduction in stormwater run-off can result, with a 54% average reduction in run-off
per individual building [50]. Dürr [51] has estimated that a green roof with 20 cm of
substrate and expanded clay can retain 90 L/sq.m. of water.
Porous pavements: Considering the high level of sealed surfaces, the existing asphalt
or concrete surface could be replaced with a porous material, increasing the percolation
of rain and collecting up to 95% of surface water [52].
Rain Gardens: This NBS could collect distributed inflows of run-off or convey run-off
on the surface while enhancing access corridors or other open spaces. They could be
installed in tiny areas while ensuring excellent performance and obtaining additional
storage capacity to attenuate surface run-off during rainfall events. It is estimated that
most inflow (98.8%) leaves the rain garden as subsurface flow [49]. In areas with a high
percentage of sealing surfaces, they could be located along driveways, in low-lying
areas of a property, or, if necessary, close to the building, preventing water seepage
into foundations or underneath houses.
Constructed filters or infiltration trenches: These are “mechanical” solutions consisting
of structures or excavated areas containing a layer of sand, compost, organic material,
peat, or other facilitating media, which work by reducing, lowering, and diffusing the
stormwater run-off while augmenting the capacity of soil to drain the water during
intense rainfalls. Constructed filters are suitable for sites without sufficient surface
area available for bio-retention. They could be located along the perimeter of an
impervious surface (e.g., parking lots, roadways, and highways).

One can expect that combining these solutions can increase retention from 20% to 23%
of the total rain volume in these land use zones, which corresponds to additional retention
of between 1 and 2 L per square meter. It is expected that with this improvement, the total
run-off volume in these districts can be reduced by 12,746 cubic meters (during a single
rain event of 50 mm).
3.2.2. Medium-Low Retention Values
More than 11 million square meters have a medium-low retention capacity (values
ranging from 10 to 12.8 L retained per square meter), meaning that a great amount of the
compact-consolidated city of Turin retains less than 26% of the total rain volume fall in
each square meter (50 L).
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Table 6 shows that residential areas (R2, R3) and mixed-use areas (M1) plus the areas
for different activities (AdA) are the most extended land-use zones where medium-low
retention values are obtained.
Table 6. Land use zones with low retention (with an extension of at least 1 million square meters).
Land Use Zone

Area (ha)

Mixed use area M1: craft, commercial, tertiary, and residential

318.89

Areas for different activities AdA

236.93

Residential area R2: defined by the general urban Plan as
“historical-environmental urban areas”, as the parts of the city characterized
by historic residential settlements and quality green spaces

167.38

Residential area R3: Residential area with limited mixed functions included
in the consolidated urban fabric

159.29

Total areas with medium-low retention

882.52

For these areas, the most suitable NBS are:

•
•

•

The “green over grey” strategy where appropriate, also considering the high level of
sealed surfaces.
Permeable parking pavements or cycling-pedestrian green pavements, which are
made of interlocking concrete blocks, stones, or other materials (plastic), and used
to reduce the amount of overland flow reaching receiving waters and facilitating
rain infiltration. This strategy can be implemented in all those private or public
surfaces with dense human utilization (e.g., parking areas, squares, recreation areas,
slow mobility streets) both in existing and new development zones. The gravel and
vegetated systems have larger void spaces (90%), allowing greater infiltration capacity.
The study conducted by Li et al. [41] has shown that permeable pavements contributed
significantly to flood reduction, with a run-off control rate of 67.5%.
Filter strips and/or filter drains: existing hard-surfaced area (e.g., roads) can be
supported by incorporating semi-natural soil drainage layers to block solid transport
and facilitate the infiltration of rainwater in the first layers of soil depth while also
retaining pollutants. This NBS is a mechanical SUDS suitable in each district (public
or private) and environment, since there is no visible effect on the natural soil cover
(therefore, strips are not directly visible in the landscape) and it has a low cost of
implementation.

One can expect that combining these solutions can increase the retention from 26%
to 30% of the total rain volume in these land use zones, which corresponds to additional
retention between 2 and 2.2 L per square meter. It is expected that within this improvement,
the total run-off volume in these districts can be reduced by 26,193 cubic meters (during a
single rain event of 50 mm).
3.2.3. Medium Retention Values
More than 15 million square meters have a medium retention capacity (values ranging
from 12.8 to 19.6 L retained per square meter), meaning that a great amount of the public
and private facilities of Turin retain less than the 39% of the total rain volume fall in each
square meter (50 L).
Table 7 shows that public and private facilities, AdA, and residential R1 are the most
extended land-use zones where medium retention values are obtained. These areas are
characterized by a medium degree of imperviousness, a medium built-up index for different
activities (residential, tertiary, productive), and ample public spaces for urban facilities.
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Table 7. Land use zones with low retention (with an extension of at least 1 million square meters).
Land Use Zone

Area (ha)

Public and private facilities

375.32

Areas for different activities (AdA)

386.51

Residential R1: urban historical center

151.66

Total areas with medium retention

913.50

The NBS suitable for these areas are:

•
•

•

Permeable parking pavements or cycling-pedestrian green pavements, which are
useful for areas with limited green spaces.
Detention ponds or dry ponds, which are stormwater basins designed to intercept
stormwater run-off for temporary impoundment and gradual release to a conveyance
system or a receiving waterbody. Requiring drainage areas greater than 4 hectares [53]
are not functional in dense urban areas, but only in scattered or peri-urban areas.
Floodable parks, which are designed for mitigating potential impacts caused by
surface run-off water from rainfall. They can be designed to be any size, depending
on the storage requirements, and suited to dual-purpose use (e.g., open spaces such
as public parks). For the case study, they could also be scattered pocket parks located
in strategic areas where the model reveals an intensification of the run-off process.
Floodable parks are a high-intensity strategy for contrasting flooding risk [54], but
they were not compatible with the areas described in subchapters 4.1 and 4.2 that have
a high degree of impervious surfaces.

One can expect that combining these solutions can increase retention from 39% to 46%
of the total rain volume in these land use zones, which correspond to additional retention
between 3 and 3.4 L per square meter. It is expected that with this improvement, the total
run-off volume in these districts can be reduced by 56,624 cubic meters (during a single
rain event of 50 mm).
3.2.4. Medium-High Retention Values
More than 18 million square meters have a medium/high retention capacity (values
ranging from 19.6 to 29.6 L retained per square meter), meaning that a great amount of the
public and private green and residential areas of Turin retain less than the 59% of the total
rain volume fallen in each square meter (50 L).
Table 8 shows that public and private green areas, residential R1, areas for different
activities, and residential R7 are the most extended land-use zones where medium-high
retention values are obtained.
Table 8. Land use zones with low retention (with an extension of at least 1 million square meters).
Land Use Zone

Area (ha)

Public and private green areas

397.28

Residential R1: urban historical center

252.72

Areas for different activities AdA

140.39

Residential R7: private green areas with pre-existing buildings (hilly part)

111.67

Total

902.07

For these areas, two kinds of NBS are suggested, taking into account that these zones
are averagely sealed with a medium-low built-up index for residential and public facilities
with a huge prevalence of public spaces for green areas:

•

Urban trees include tree box filters, arboretums, renewal of urban trees, and arboreal
areas around urban areas. Urban trees have a high propensity for intercepting and
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•

abating run-off following extreme weather events. They can limit the impacts of
flooding in urban areas and are highly suitable on public (or at least private) paved
areas, especially the tree box filters that can generate a healthier and greener environment. As reported by URBAN GreenUP New Strategy for Renaturing Cities through
Nature-Based Solutions [42], trees can reduce urban surface water run-off by 62%
compared to areas of continuous asphalt [55].
Swales as vegetated semi-natural canals (with water and soil erosion-resistant species)
that can or cannot hold water streams permanently. The water flow in the swales
can be retained by small vegetation while reaching a higher hydraulic balance and
reducing the run-off. In the most advanced and efficient cases, the water harvested in
the canal can be temporarily stored in artificial or natural basins. This solution has a
medium contrast action against flood risk and a high potential for reducing run-off in
terms of intensity and velocity.

One can expect that combining these two solutions can increase retention from 59%
to 68% of the total rain volume in these land use zones, which corresponds to additional
retention between 4 and 4.4 L per square meter. It is expected that with this improvement,
the total run-off volume in these districts can be reduced by 82,847 cubic meters (during a
single rain event of 50 mm).
3.2.5. High Retention Values
More than 48 million square meters have a high retention capacity (values ranging
from 29.6 to 48.8 L retained per square meter), meaning that a great amount of the open
spaces in Turin retain an amount of water that is approximately 98% of the total rain
volume fallen in each square meter (50 L).
Table 9 shows that public and private green areas, private green areas, woods, public
and private facilities, and residential R6 are the most extended land-use zones where high
retention values are obtained. For these areas, the NBS aims to avoid possible land-use
changes and interference that can worsen the existing situation, taking into account that
these zones are mostly open natural and semi-natural spaces with huge potential for
recreation activities.
Table 9. Land use zones with low retention (with an extension of at least 1 million square meters).
Land Use Zone

Area(ha)

Public and private green areas
Private green areas
Woods
Public and private facilities
Residential R6: consolidate urban areas in hilly territories

2729.91
663.42
383.36
196.07
184.55

The NBS of this last class are dedicated to landscaping that creates normally dry
depression areas. These are devoted to recreation activities, except during and immediately
following storm events or terrain movements that can direct water flow into storage areas.
Among the many NBS, there are:

•

•

Vegetated detention basins, which are a component of the landscape design for public
open space determining the topography for green or hard landscaped areas. It can help
to increase the effectiveness of sediment settling by slowing flow across the basin. They
can also have a permanent pond that acts as a wetland, with additional surrounding
landscaped banks that provide extra storage capacity during rainfall events.
Stormwater ponds and wetlands created by excavating an existing natural depression
or through the construction of embankments provide run-off quantity control. They
have a permanent presence of water where the rain volumes captured by conduits,
canals, or trenches can be harvested to be controlled and regulated, while limiting the
surface erosion, increasing the biodiversity, and facilitating the fruition of semi-natural
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•

•

vegetated spaces. These measures are extremely efficient when projected in large
natural or semi-natural environments to store a large amount of water volume.
Bioslopes, which are permeable linear slopes that allow stormwater run-off to infiltrate
and filter through the material before exiting through an underdrain. They are considered a low-impact development (LID) strategy [53] used to reduce stormwater run-off.
Bioslopes provide a run-off reduction volume between 50% and 25%, depending on
the hydrologic soil types [56].
Urban forests: natural and semi-natural spaces could be involved by planting new
trees, shrubs, and other native vegetation in previously disturbed areas, considering
the greater infiltration capacity of soils under forests to store run-off and for aquifer
recharge. Urban forests also have a moderate ability to slow run-off depending on
the texture of the soil, having higher porosity and organic matter content than soils
underlying other land cover types.

One can expect that combining these solutions can increase the retention from 98%
to 100% of the total rain volume in these land use zones, which corresponds to additional
retention between 2 and 2.2 L per square meter. It is expected that with this improvement,
the total run-off volume in these districts can be reduced by 105,685 cubic meters (during a
single rain event of 50 mm).
4. Discussion
4.1. Validation
Directive 2007/60/EC, which is entitled “Flood Directive”, established a framework
on the assessment and management of flood risk, aiming at the “reduction of the adverse
consequences of floods for human health, environment, cultural heritage, and economic
activities” (article 1). The directive requires all EU Member States to prepare flood risk
management plans, including flood hazard and flood risk maps, considering every aspect
of the flood risk such as prevention, protection, and preparedness, including flood forecast
and early warning systems.
During the directive implementation process, various documents were adopted and
promoted, also introducing the climate change impacts on flooding risk, such as the “Flood
Risk Assessment, specific requirement on and climate change” (a preliminary report was
released in December 2018, while the deadline for the final version is settled for December
2021; more information is available at https://ec.europa.eu/environment/water/flood_
risk/implem.htm, accessed on October 10 2020).
Among the possible measures to reduce the negative impacts of floods, there is the
use of
“effective solutions which work with nature, rather than against it, are becoming
more important than ever. Flood risk management can go hand in hand with
nature protection and restoration and deliver benefits for both people and nature.
Measures which improve the storage capacities of floodwater temporarily during
flood events, can be effective in protecting against flooding, as well as also
provide other benefits deriving from ecosystem services, such as for leisure
activities and nature protection” (https://ec.europa.eu/environment/water/
flood_risk/better_options.htm, accessed on 10 October 2020).
Therefore, the implementation of NBS is fostered to reduce territorial vulnerability
to flood risk to regulate the flow and transport of water. In the directive, there are no
quantitative reduction targets of flood risk or proposed methodology for the use of NBS
for flood risk management.
Within this framework, and considering the Flood Directive aims, an estimate of
the possible contribution of NBS (and SUDS) to control and management of flood risk is
provided by simulating the biophysical impact derived by the widespread implementation
of the strategies (Section 3.2), and assuming the target of 2% as an increase of the retention
capacity of rainwater. This assumption is an exercise aiming to quantify the benefits of
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NBS in terms of water regulation and, specifically, flood control, giving evidence of the
reduction of run-off process and the increase of retention. The method could be used to
determine a quantitative reduction target and the NBS necessary to reach it.
To simulate this scenario, the curve numbers for the hydrologic soil group was adjusted
in the sensitivity table (model input), reducing the RCN table values by 2% in each land
use/land cover (while leaving identical all the other inputs and the quantity of rain). The
results showed the following changes:
As shown in Table 10, the mean retention index of the city increases by 0.059, shifting
from 0.48 to 0.53. The total water retention volume increases by 382,321 cubic meters.
In relative terms, the retention per hectare increases by 29.41 cubic meters (from 239
to 268 cu.m./ha). The obtained run-off reduction exceeds 11%, demonstrating that the
widespread implementation of NBS can substantially upgrade the city’s biophysical retention capacity. This result can be considered a theoretical reference threshold for evaluating
a resilient strategy for the city against cloudburst events.
Table 10. Simulation of the biophysical impact of NBS in the Land Use Plan of Turin.
Retention Index
Time T0 (Present: State of the art)
Time T1 (Future: After NBS
implementation)

Retention Absolute

Run-off Absolute

Run-off Index

rnf_rt_idx
0.48

rnf_rt_m3
3,111,936.67

ret cu.m./ha
239.36

cu.m.
3,388,610.80

%
52.13

0.53

3,494,258.31

268.77

3,006,289.17

46.25

4.2. Future Research Development
The research conducted is not without limitations, and various new fields of study
could be investigated starting with the assumptions and results presented in this research.
First of all, as declared in Section 2.2, “Model Input”, the biophysical quantification
is based on a parametric application of the run-off curve number associated with the
hydraulic conductibility of soil. If compared with other more specific models that use
different variables, this study has the limit of underestimating the effect of horizontal and
vertical surfaces on water discharge, but has the advantage of approximating the run-off
volume to large-scale catchments by using few variables. For the purpose of this study,
and in general of the ES framework applied to urban planning [57,58], models are always
used to understand the spatial distribution of criticities/qualities at the urban scale, instead
of providing “real” quantifications but in limited areas [59]. This does not mean that ES
models cannot be inaccurate (InVEST provide monthly releases of new models to overcome
this limit), but that the “real” biophysical study of hydrology conditions should be done by
soil scientists and specific experts, using field analysis in limited test sites by evaluating
the modelling results against real measures. In this paper, the model has been used to (i)
define the priority areas of intervention based on vulnerability analysis, and (ii) simulate a
potential benefit derived from the implementation of diffuse NBS in the catchment.
The second limit of this study is that economic issues, both in terms of implementation
cost of NBS and of avoided or reduced costs derived by potential damages and losses, are
not considered. The paper’s results could be a starting point for future research adding, for
example, a cost-benefit analysis for disaster reduction measures or for creating Payment for
Ecosystem Services (PES) schemes as a way to pay for the societal benefits of sustainable
land management [60]. The different NBS could also be selected depending on the financial
resources available or the stakeholders’ willingness to pay.
Furthermore, the temporal scale is not considered for the definition of NBS. The scales
can be classified by long-term benefits (decades), seasonal benefits (years), and short-term
benefits (hours) [61,62], and can be selected considering the desired benefits.
The temporal scale must also be considered for the administrative and bureaucratic
procedures necessary to approve a territorial instrument (plan or program) that includes
these contents. Therefore, the incorporation of the flood risk map and NBS in general town
plans (and SEA) establishing how they could address the future development strategies of
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a city by acting on the normative framework of the plan could require a long-term planning
process that needs to be taken into account.
Lastly, public involvement and the stakeholder’s engagement in the definition of NBS
strategies for flood control is fundamental, and needs to be investigated in detail, defining
the ES beneficiaries as those who benefit from and demand ES or who are involved or
affected positively by a given environmental or management public policy [62].
5. Conclusions
This research developed and tested the recent Flooding Risk Mitigation model of
InVEST while contributing to estimating the potential biophysical effect of a cloudburst
event in the metropolitan area of Turin. Flooding vulnerabilities measured in terms of the
integration of surface run-off have been spatially mapped. Vulnerability has also been
evaluated with the infiltration capacity, which has been spatially mapped by integrating
data on land use and soil hydrological conductivity. The biophysical assessment has been
analytically compared in the entire catchment, while an in-depth evaluation of the potential
adaptation and planning solutions was conducted in Turin.
Results demonstrate that during a cloudburst event such as the one that happened
on 17 August 2020, where more than 6.5 million cubic meters of rain fell in less than 1 h,
the total volume of the run-off discharge is 3.4 million cu.m., with a measured relative
run-off per hectare ranges from 230 to 430 cu.m. per hectare. Therefore, 52% of the rainfall
volume (more than half) cannot be retained by the soil, thus creating a pluvial surface
stream, generating severe human and public safety problems.
Run-off outputs were then· classified and superimposed with the land use plan to
see where and how the adoption of site-specific NBS can reduce the vulnerability of the
city. Finally, a simulation of the biophysical effects of NBS was performed to see how
the integration of specific adaptation measures against cloudburst events can change the
initial run-off volume. Results demonstrate how performance-based planning can aid
decision-making with tangible and measurable effect at the city-scale level.
The research shows how a methodology for ES mapping could be functional to set
NBS while operationalizing the ES concept for planning purposes. Moreover, the approach
used in the paper can make planning decisions oriented towards the performance-based
design of urban open spaces (both public and privates), for example, ensuring permeability
by using porous pavements, or increasing the quality of vegetations by adding new urban
trees and forestry areas, which could enhance the flooding process intercepting and abating
run-off during extreme weather events.
Ensuring effective and site-specific NBS is an urgent need to include ES in the planning
process, using them to define and set urban design parameters to make cities more resilient
to the effects of climate changes. The study was able to provide valid knowledge support
for planners and decision-makers in setting NBS using an ES-based approach.
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Nomenclature and Abbreviations:

AdA—Areas for different activities; BDTRE—Regional topographic geodatabase; ES—
Ecosystem Service; EU—European Union; GIS—Geographic Information System; InVEST—
Integrated Evaluation of Ecosystem Services and Trade-off; ISPRA—National Superior
Institute for Environmental Protection and Research; LID—Low-Impact Development; MP—
Mixed-use area; NBS—Nature-Based Solutions; NDVI—Normalized Difference Vegetation
Index; NHRLC—National High-Resolution Land Consumption; PES—Payment for Ecosystem Services; R1, R2, R3, R4, R6, R7—Residential areas with different characteristics; RCN—
Run-off Curve Number; SEA—Strategic Environmental Assessment; SUDS—Sustainable
Urban Drainage Systems; USDA—United States Department of Agriculture.
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