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Abstract The majority of the world population is living in urban areas. As cities
expand, soil sealing increases the vulnerability of urban areas to pluvial floods, and
the consequent impacts on social and economic domains. Flood mitigation typically
relies on grey infrastructures, but the implementation of Nature-Based Solutions
(NBS) can be critical to cope with increasing flood hazard driven by urbanization
and climate change. By mimicking natural hydrological processes, NBS enhance
water retention, infiltration and evapotranspiration through greening, leading to
lower runoff and flood hazard. The effectiveness of NBS on flood mitigation is
affected by several factors including the type of NBS and the biophysical charac-
teristics of the area. Nevertheless, a relatively limited number of studies have
monitored the impact of NBS, and thus the lack of knowledge is still a barrier to
the widespread implementation of this approach. This chapter assesses the impact of
a Green Infrastructure (GI) located in Coimbra (Portugal), which performs as a NBS
for runoff management and flood hazard mitigation. The study applies the widely
used Curve Number method to estimate runoff within the Quinta de São Jerónimo
study site, driven by rainfall events of 2-, 5-, 10- and 20-years recurrence, based on
Intensity–Duration–Frequency precipitation curves. The results show that the
implemented NBS can retain runoff produced by 20-years flood, decreasing the
flood peak and flood hazard in downstream urban areas. This efficiency is achieved
by combining blue, green and grey elements, and proved useful to enhance urban
resilience. Furthermore, the green and blue elements of the NBS provide additional
ecosystem services, including environmental, social and economic benefits
(co-benefits), relevant for human well-being in urban areas.

Keywords Co-benefits, Green infrastructure, Nature-based solutions, Pluvial
floods, Runoff management, Urban areas

1 Introduction

Urban areas encompass over half of the world’s population [1] and are expected to
embrace 70% of the population by 2050 [2]. Urbanization enhances soil sealing with
impervious materials (e.g. concrete, asphalt or buildings). In 2006, sealed soils
covered 2.3% of the European Union [3]. Sealing is one of the main problems
associated with sustainable urban development [4], given, for example, the potential
impacts on the hydrological cycle [5]. Expanding impervious surfaces reduce
evapotranspiration (although few studies show small increases [6, 7]), decrease
infiltration rates, and increase stormwater runoff, thus enhancing the susceptibility
to floods [5, 8–10].
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To mitigate flood hazard driven by urbanization, hydrologic flows are generally
shifted to a complex series of drains, pipes, and other grey infrastructures, designed
to facilitate the centralized collection of stormwater and quickly divert it away from
the urban areas [11]. These traditional systems often produce unintended conse-
quences, such as changes in the hydrological behaviour and increase pollutant
concentrations [12, 13], which affect the urban water quality [14]. Nevertheless,
even with these drainage systems, high-intensity rains may trigger low-grade
flooding of streets, homes, and basements, causing economic losses, adverse phys-
ical and mental problems, and amplification of social inequalities [15]. Changes in
precipitation patterns associated with more extreme events (e.g. intensity and fre-
quency of rainfall) driven by climate change, coupled with urbanization trends, will
exacerbate cities’ vulnerability to flooding [16]. Since grey infrastructures are
typically dimensioned for specific volumes of water, often not considering realistic
urbanization rates or the impact of climate change, additional solutions are required
to enhance urban adaptation and resilience [17].

Over the last decades, urban water drainage management options changed sub-
stantially, moving from an approach primarily focused on grey infrastructures to a
multifunctional one, based on engineered green/ecological systems which mimic the
natural hydrological cycle [18]. This nature-based solutions (NBS) approach aims to
restore pre-development flow-regimes within urban catchments and address the
degradation of urban water quality [19].

Green Infrastructures (GIs), defined as “a strategically planned network of
natural and semi-natural areas with other environmental features designed and
managed to deliver a wide range of ecosystem services” [20], are at the very heart of
NBS approach [21]. GI aims to increase the cover of permeable surfaces to maximize
infiltration and water storage capacity of the soil, retain surface runoff near its
source, and slow water transfer downslope. This will delay flood peaks and alleviate
urban drainage systems [14, 22, 23]. In this context, GI can be understood as an
operationalization of NBS [24]. Urban GI includes diverse types of green and blue
spaces, such as public parks, community gardens, bioswales, dry ponds and wet-
lands [25–27]. In the literature and practice, however, a wide range of terms referred
to similar GI applications have been applied, such as Sustainable Drainage Systems,
Low Impact Development, and Sponge Cities [21, 28, 29]. These NBS range from
solutions with low human intervention to solutions involving the creation of new
ecosystems [30], as well as solutions considering a combination of green and grey
infrastructures (hybrid solutions) [24, 30, 31].

NBS for stormwater management have been studied extensively by engineers and
urban planners [15], and have become popular in several countries to mitigate urban
floods [32]. Numerical hydrologic and hydrodynamic models have been widely used
to select and design stormwater management strategies, such as the Storm Water
Management Model [33], and the Model for Urban Stormwater Improvement
Conceptualization (MUSIC) [34]. However, these useful tools for planning purposes
often lack the details needed to consider site-specific aspects [35]. Field studies have
shown that NBS performance can be highly dependent on their design,
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implementation aspects, and local biophysical aspects, including the intensity and
duration of rainfall events [36].

NBS proved to be effective in managing runoff [37] and efficient in substituting
grey infrastructures such as dikes or levees [30, 38, 39]. They are effective and
flexible strategies to tackle climate change and enhance urban resilience [40–42],
and often less cost-effective when compared to grey options [43]. Although literature
provides evidence on the positive impacts of NBS on water management, most
studies are based on qualitative assessments [44]. Thus, the lack of evidence-based
knowledge of NBS effectiveness, developed upon monitoring data from
implemented solutions, represents one of the major barriers for a wider implemen-
tation of this approach [14]. Nevertheless, NBS is an effective way to increase the
greening in urban environments and to provide a wide range of ecosystem services
(co-benefits are driven by several ecological, social and economic functions), rele-
vant to promote the well-being of residents [27, 45, 46]. These co-benefits must be
taken into consideration when assessing NBS effectiveness [21].

This chapter aims to assess the impact of an NBS on stormwater regulation and
mitigation of pluvial floods in urban areas. The NBS investigated includes green and
blue elements, coupled with grey elements, designed and implemented as a manda-
tory requirement for the approval of an extensive urbanization project implemented
in Coimbra, Portugal, where pluvial floods are recurrent. The effectiveness of the
NBS on flood mitigation is based on the comparison of runoff estimates for several
recurrent floods (2, 5, 10 and 20 years) and the water retention capacity of the NBS,
using widely accepted methods. In addition, this study explores the co-benefits
provided by the NBS, in order to provide a holistic evaluation of the NBS approach
used by local authorities to enhance urban resilience.

2 Flood Management in Coimbra and Green
Infrastructures

2.1 Location and Characterization of the Urban Areas

Coimbra is the largest city in the Portuguese Centre region (Fig. 1a). The munici-
pality of Coimbra (319 km2) accommodates a population of 143,397 inhabitants
[47]. The urban perimeter (Fig. 1b), including all urban and urbanizable spaces,
covers 16% of the municipality surface area and comprises over 64% of its popu-
lation [48]. Coimbra’s urban consolidated area (Fig. 1b), designated as city core and
considering stabilized urban soils and infrastructures (Regulating Decree 9/2009),
however, extends over 13 km2 and settle 44,534 inhabitants [49].

The origins of Coimbra city date back to the pre-Roman period, and until
nowadays, it records a significant urbanization trend, driven by a massive increase
in the population (Fig. 1c), which lead to extensive surface sealing. In 2018, the
urban land use covered 22% of the municipality, while agriculture, forest and water
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occupied 32%, 39% and 1%, respectively [50]. In the urban perimeter of Coimbra
several GI extend over 2,567 ha, including a wide variety of GI from which arable
land and forests are dominant (Table 1). Although the extent of GI has been
decreasing over the last 15 years (from 53.4% in 2006 to 51.1% in 2018), as a result
of urbanization, the green urban areas, and sports and leisure facilities were
expanded from 5.0% to 5.3% and 1.1% to 1.2% from 2006 to 2018, respectively
[50]. This increase was driven by an effort performed by local authorities to achieve
a greener and more sustainable city. According with these aims, the approval of
urbanization projects over the last years required the inclusion of GI elements.

Fig. 1 Location of Coimbra in the central region of Portugal (a), extent of the urban perimeter and
urban consolidated areas within Coimbra municipality (b), and expansion of the urban areas since
the Roman period (c)
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2.2 Water Management and Floods

Coimbra expanded from the margins of the Mondego river (227 km), which drains
the second largest basin (approximately 6,645 km2) entirely in the Portuguese
territory (Fig. 1a) [51]. Coimbra has a Mediterranean hot summer climate (Csa,
according to Köppen-Geiger classification), with average annual temperature of
16�C and average annual rainfall of 922 mm, recorded between 1941 and 2000.
The average annual flow of Mondego was 108 m3/s [52]. The highest flow recorded
in Coimbra reached 2,457 m3/s, in January 1962, corresponding to a return period
between 25 (2,131 m3/s) and 100 years (2,756 m3/s), which led to severe floods in
the city [53]. Coimbra and the Mondego lowlands have a long history of floods
[51, 54, 55], triggered by heavy winter rainfalls and favoured by the large size and
marked orography of the river basin. These characteristics lead to peak flows reached
in a few hours after extreme rainfall onsets [52].

At the end of the eighteenth century, the Mondego river was largely artificialized,
namely in the section crossing Coimbra city and in the downslope alluvial plain
[51, 52], to reduce the impacts of the river floods. Despite the intervention, the
measures implemented were not sufficient to mitigate floods, and during the twen-
tieth century several management plans based on grey infrastructures were
implemented. The most extensive measures were the three dams constructed
upstream Coimbra city, a weir bridge in the river stretch crossing the city, and five
large dikes with one being located immediately upstream the city. Despite these
infrastructures, periodic floods still affect Coimbra and settlements placed in the
river floodplain, leading to major economic losses in urban infrastructures and
agriculture fields [52].

Although riverside floods are quite relevant given their magnitude, pluvial floods
across the city have been more frequent and intense over the last decades, due to
progressive soil sealing and increasing frequency of short but intense rainfalls.
Pluvial floods have been increasingly noticed due to overflowing of the grey

Table 1 Changes in the area (ha) occupied by all types of GI (based on Urban Atlas land use
classes) and their surface cover within the urban perimeter of Coimbra city (in % of the total urban
area), between 2006 and 2018 [50]

GI types

Land use

2006 2018

% of change(ha) (%) (ha) (%)

Green urban areas 249.6 5.0 265.3 5.3 6.3

Sports and leisure facilities 55.6 1.1 58.1 1.2 4.4

Arable land (annual crops) 1,450.8 28.9 809.1 16.1 �8.0

Permanent crops 31.9 0.6

Pastures 212.1 4.2

Herbaceous vegetation associations 281.1 5.6

Forests 793.5 15.8 776.7 15.5 �2.1

Water 132.7 2.6 132.7 2.6 0.0

Total 2,682.3 53.4 2,566.9 51.1 �4.3
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stormwater drainage systems, and/or lack of maintenance of the urban drainage
systems (e.g. gutters bridged with litter and sediments). Since 2006, at least
10 large pluvial flood episodes were recorded in the city, with major constrains for
vehicular traffic within the main roads and avenues, inundation of private and
commercial buildings, and causing occasional shallow landslides. Most of these
floods were observed in winter, but also during spring and late summer. These floods
tend to affect specific areas of the city, usually located in flood-prone areas (Fig. 2).

The flood-prone areas identified in Fig. 2 were assessed using the Topographic
Wetness Index (TWI), calculated in QGIS (3.14) using the SAGA algorithm, based
on a Digital Elevation Model (DEM) with 10 m resolution provided by the Portu-
guese Directorate General for Territory. This method has been widely used as a
proxy to identify flood-prone areas [56]. It was applied to identify flood susceptible

Fig. 2 Location of major pluvial floods recorded since 2006 in the urban perimeter and urban
consolidated area of Coimbra, and identification of the flood-prone areas estimated using the
Topographic Wetness Index, and the flood risk areas for the 20 years return period identified in
the Directive 2007/60/EC
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areas within the city, since the official flood risk maps prepared to fulfill the
European Floods Directive (Directive 2007/60/EC) only identify critical areas near
the Mondego river, associated to fluvial floods (Fig. 2).

Since water management approaches based on grey infrastructures are not suffi-
cient to prevent floods, local authorities have been implementing additional mea-
sures based on NBS over the last decades. Thus, several GI have been implemented
or adapted to perform as NBS for flood mitigation. The NBS approach used include
the installation of (1) alluvial woods in all the areas susceptible to 20-year return
floods, (2) an urban park in the area adjacent to the flood-prone urban perimeter,
(3) conservation of the vegetation on Mondego river margins (still under implemen-
tation) and (4) GI for recent urbanization projects [57].Quinta de São JerónimoGI is
one example of the latter strategy, comprising a small infrastructure developed to
fulfill legal criteria for the implementation of a new urbanization project.

3 Case Study of Quinta de São Jerónimo GI

3.1 Location and Biophysical Characterization

Quinta de São Jerónimo is located on the eastern part of Coimbra city and comprises
a small sub-catchment within the Arregaça catchment (Fig. 2). With an area of
420 ha and 20,900 inhabitants (INE, 2011), Arregaça covers an important part of the
Coimbra urban consolidated area and includes some areas under relatively high
flood susceptibility, and where pluvial floods have been recorded over the last years
(Fig. 2). São Jerónimo catchment covers 3.8% of the Arregaça catchment and is
placed in a narrow and steep valley, with slopes up to 45%, ranging from 164 m a.s.l.
in the northern part to 69 m a.s.l. in the southeast area. São Jerónimo catchment is
not prone to local floods but rather contributes to downslope floods in the urban area.
One of the most recurring flood sites identified over the last years is located
immediately downslope São Jerónimo catchment (Fig. 2).

São Jerónimo catchment was subject to a strong urbanization in 1999, driven by
the implementation of Quinta de São Jerónimo project. This urbanization project,
involving the construction of 21 individual housing lots, 30 collective housing lots
and 6 lots for private equipment, led to the extent of the impervious surface in São
Jerónimo catchment from 37.4% in 1995 to 65.2% in 2018, at the expense of forest
areas (Fig. 3). This urbanization project, developed as a residential area for high
social strata (which became the most expensive residential area in Coimbra), also
included the implementation of Quinta de São Jerónimo GI (mandatory for the
approval of the urbanization project). This GI extends over 5.6 ha and comprises
extensive green areas, walking routes, a tennis club with sports fields, a lake, a
swimming pool, an amphitheatre, a bar, an old chapel with an atrium, a few
management infrastructures and a parking area. Although it is a public garden, it
has a condominium function and is managed by owners and residents of Quinta de
São Jerónimo, through a cooperation agreement for the management of green spaces
and collective use.
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Quinta de São Jerónimo GI, although designed to provide an attractive and
beautiful landscape, was also conceived to retain stormwater runoff and slow
down its transfer to downslope areas. Thus, it has been claimed by municipal
authorities as an NBS for flood mitigation. However, the water management system
within this GI combines natural water storage principles with a grey engineered
infrastructure, being classified as a hybrid NBS [24, 31]. Stormwater runoff from the
catchment is collected and piped to the GI which includes ~2.4 ha of green areas, a
small retention basin in the amphitheatre area with a water storage capacity of 75 m3,
a lake with ~0.3 ha, and a sequence of five settling ponds with a total capacity of
24 m3 located upslope the lake to retain sediments and pollutants (Fig. 4).

The small retention basin receives stormwater runoff generated from the 700 m2

amphitheatre (Fig. 5a) sealed surface and the surrounding area, and slows its release
to the first settling pond by reduced discharge controlled through a small outlet
(Fig. 5b). The first settling pond receives stormwater runoff from Quinta de São
Jerónimo and transfers the runoff through the sequence of ponds until the lake. The
bottom of the lake was sealed with concrete, and a spillway structure was installed to
provide a slow release of incoming stormwater runoff to the downslope Arregaça
drainage system (Fig. 4). The lake structure and the spillway system provide an
additional storage capacity apart from the usual water level.

3.2 The Role of Quinta de São Jerónimo GI on Flood
Mitigation

3.2.1 Methodology

Field surveys were performed to develop a topographic assessment of the lake and
the surrounding area, in order to calculate the water storage capacity at typical water
level, at the spillway level (when runoff is piped into the urban drainage system), and
the maximum water storage capacity considering the flooding of part of the green
area (Fig. 4).

Within São Jerónimo catchment, an artificial drainage system was installed to
convey and pipe surface runoff from sealed surfaces. Although field surveys were
developed to investigate the real contributing area of the catchment supplying runoff
to Quinta de São Jerónimo GI, the lack of detailed information about the subsurface
drainage system (despite the contacts established with local water authorities) was a
major constrain for the study. Thus, the estimates of the stormwater runoff to Quinta
de São Jerónimo GI considered the contribution of all the topographic catchment
upslope the lake. Since runoff measurements are not performed in the study site,
runoff estimates were based on Curve Number (CN) method developed by the Soil
Conservation Service [58]:
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Q ¼ P� 0:2� 1000
CN � 10

� �� �2

Pþ 0:8� 1000
CN � 10

� �� � ð1Þ

where Q ¼ runoff (mm), P ¼ rainfall (mm), CN ¼ Runoff Curve Number.
Since the topographic catchment includes several land-uses, a weighted Curve

Number was calculated as follows:

Fig. 4 Detailed view of Quinta de São Jerónimo GI, and the stormwater management system
including a retention basin, a sequence of five ponds and a lake with typical water level and
maximum water storage capacity, controlled by the spillway. The A-B profile of the GI provides a
lateral view with details on the spatial relationship between all the water management devices

Assessment of NBS Impact on Pluvial Flood Regulation Within Urban Areas: A. . . 299



CNw ¼ Ʃ CNi� Aið Þ
At

ð2Þ

where CNw ¼ weighted Runoff Curve Number, CNi ¼ Runoff Curve Number for
the land use i, Ai ¼ area of the land use i (m2), At ¼ Total area of the study site (m2).

Land use types and associated areas were extracted from the Urban Atlas
[50]. The CN values were obtained from Table 2, based on the Soil Conservation
Service values [58] and adapted from Tsegaya et al. [42]. The hydrological soil
group considered for São Jerónimo topographic catchment was C, due to the
relatively fine-textured soils, their slow infiltration rate and the shallow soil depth
assessed during field visits.

The rainfall (P) used in Eq. (1) to estimate catchment runoff was based on rainfall
intensity [59], calculated from the Intensity–Duration–Frequency (IDF) curves of
Coimbra (Table 3), using Eqs. 3, 4 and 5. P and Q (from Eq. 1) were calculated for
the return periods of 2, 5, 10 and 20 years. Stormwater runoff (mm) estimates were
then converted into volume (m3) by multiplying for the topographic contributing
area.

P ¼ h ¼ t � I ð3Þ

Fig. 5 View of the Amphitheatre in the foreground, with a small water retention volume (a), and
the reduced outlet connecting to the settling ponds (b)

Table 2 Runoff Curve Numbers for different land-uses and hydrological soil groups (A: soils with
low runoff potential; B: soils with moderate infiltration rates when thoroughly wetted; C: soils with
slow infiltration rates when thoroughly wetted; and D: soils with high runoff potential) [42]

Land cover

Hydrologic soil group

A B C D

Impervious surface 98 98 98 98

Forested pervious area 30 55 70 77

Non-forested pervious area 49 69 79 84

Open watera n/a n/a n/a n/a
aAreas of open water are not included in the calculation of stormwater runoff
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I ¼ h
t

ð4Þ

I ¼ atb ð5Þ

where I ¼ rainfall intensity (mm/min), h ¼ height of rainfall (mm), t ¼ duration of
rainfall (min), a and b ¼ parameters from the Intensity–Duration–Frequency curves.

This methodology was also applied to estimate the surface runoff from Arregaça
catchment, to understand the magnitude of São Jerónimo runoff within the larger
urban catchment. In this case, the calculation of CN was performed considering the
hydrological group B instead of C, given the higher soil permeability in Arregaça
than São Jerónimo catchment.

3.2.2 Water Storage Capacity of the Lake

The spillway determines the water level and the storage capacity of the lake, and
provides a controlled release of flows into the downslope drainage system of
Arregaça catchment, during large rainfall events. The spillway structure is made of
concrete and comprises a service spillway, an auxiliary spillway and an emergency
spillway, associated with three distinct water levels in the lake, triggered by storm
events, which produce increasing runoff excess (Fig. 6). The service spillway
controls the normal water level. The auxiliary spillway comprises a lateral grid,
placed 0.22 m above the service spillway, and provides an additional water storage
capacity, besides which the runoff discharges to the downslope drainage system. The
emergency spillway, comprising a larger upper grid in the overall spillway structure,
is activated when the water exceeds 0.62 m above the normal water level in the lake.
The maximum water level capacity of the retention basin is reached at 1.66 m above
the normal water level. Under the highest water levels, the three types of spillways
are functioning simultaneously, but all the runoff discharge is controlled by a single
exit pipe.

The lake usually accommodates 2,995 m3 of water. Thus, the storage capacity to
retain additional runoff during the storms is provided by the spillway structure and
the local topographic settings. The 0.22 m between normal water level (controlled by
the service spillway) and the bottom of the auxiliary spillway provides an additional

Table 3 IDF curves developed for Coimbra, for durations between 5 to 30 min [60] and 30 min to
6 h [61], for different return periods

Duration

Return period (years)

2 5 10 20

a b a b a b a b

5–30 min 202.72 �0.577 259.26 �0.562 290.68 �0.549 317.74 �0.538

30 min–6 h 280.69 �0.653 374.38 �0.647 436.65 �0.644 496.49 �0.643
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water storage of 667 m3, before the auxiliary spillway is activated. This volume
represents 22% of the total water storage capacity. After reaching the auxiliary
spillway, which increases runoff discharge into the downslope drainage system, an
extra storage capacity of 1,240 m3 is provided (up to 0.62 m above normal water
level), just before reaching the emergency spillway. Both volumes of water
(1,907 m3) are kept inside the normal lake boundaries. After surpassing the 0.62 m
water level, where the emergency spillway provides extra runoff discharge volume,
an additional capacity of 4,120 m3 is provided through the water volume that
overflows to a grass-covered embankment located in the south part of the lake
(Table 4). A total retention volume of 6,027 m3 is ensured (not including normal
water volume), after which runoff will flow to Quinta de São Jerónimo GI down-
slope area and, if not infiltrated and/or retained, will contribute to downslope urban
floods. If the GIs water storage capacity includes the capacity provided by the
upslope retention basin located in the amphitheatre (75 m3), the total storage of the
blue infrastructure is 6,102 m3, which represents 2 times the normal volume of the
water in the lake.

3.2.3 Performance of the Blue Structures to Mitigate Downslope Floods

The performance of the NBS to mitigate downslope floods was based on comparing
the water storage capacity and the potential stormwater runoff generated in the

Fig. 6 Schematic representation of the spillway structure installed in Quinta de São Jerónimo GI
lake, controlling the water storage capacity within the NBS
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contributing topographic catchment, estimated from the CN method (Table 5). The
stormwater runoff results for the different rainfall durations and return periods
analysed are presented in Table 6. Comparing the runoff estimated for São Jerónimo
topographic catchment (assuming that all the runoff reaches the blue infrastructures
ofQuinta de São Jerónimo GI) with the total storage capacity of the GI (6,102 m3), it
is possible to understand that this GI can accommodate runoff from rainfall events up
to 60 min, associated with return periods up to 20 years. However, if only the
capacity of the blue structure is considered (amphitheatre and lake), without letting
part of the green area (grass embankment) to be overflowed (1,315 m3), the GI would
cope only with runoff from rainfall events up to 10 min, associated with return
periods of 2 years, and events up to 5 min and return periods of 5 years.

The high runoff volume stored in the GI (0.62 m above normal water level) is not
effectively retained in the NBS but rather partially released at control rate by the
spillway, which slows the water outflow into the downslope drainage system.

Table 4 Typical water storage capacity of the lake and additional storage capacities affected by the
spillway structure (see details on Fig. 6)

Water level
Water storage
capacity (m3) Description

Typical water level
(service spillway level)

2,995 Typical volume stored in the lake (maintained by the
service spillway)

Buffer level (+0.22 m) 667 Retention capacity provided until the water level
reaches the auxiliary spillway, located 22 cm above
the service spillway. Water volume is kept inside the
lake borders

Emergency level
(+0.62 m)

1,240 Retention capacity provided before the water level
reaches the emergency spillway, located 62 cm
above the service spillway. Auxiliary spillway device
in use. Water volume is kept within the lake

Lake retention capacity
(+1.66 m)

4,120 Maximum retention capacity provided when the
water level reaches 1.66 m above normal water level.
All three spillway components in use. This water
storage considers the overflow of the lake and
flooding of the grass embankment

Total retention volume 6,027 Represents the maximum storage capacity of the
lake, excluding the typical volume stored in the lake

Table 5 Land cover types and weighted CN values for São Jerónimo and Arregaça topographic
catchments

Land cover type

São Jerónimo Arregaça

Area

CNw

Area

CNw(m2) (%) (m2) %

Impervious areas 103,342 66.7 89.5 2,279,822 54.2 81.2

Forest pervious areas 36,927 23.8 708,857 16.9

Non-forest pervious areas 14,762 9.5 1,215,175 28.9

Total area 158,157 – – 4,203,854 – –
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Although runoff generated in São Jerónimo catchment represents only 4% of the
Arregaça catchment runoff, Quinta de São Jerónimo GI provides a relevant storage
capacity and delay in the peak discharge, which may alleviate the flood risk
downslope.

The results showed that combining blue and green infrastructures was relevant to
maximize the runoff storage capacity of GI, and that NBS can provide a relevant
complement to runoff management with conventional grey infrastructures, maxi-
mizing the mitigation of downslope pluvial floods. These findings support the
increasing evidence that incorporating GI in urban design can alleviate flood risk
due to their effectiveness in managing urban floods, reducing peak flow rates, and
controlling the total volume of stormwater runoff [14, 62]. Furthermore, this case
study demonstrates the relevance of GI to manage stormwater near its origin, as
reported by previous authors [42].

Even though Quinta de São Jerónimo GI was fully operational in 2006, storm
events recorded during that year in June and October (both with rainfall equivalent to
60 min duration and return periods of 20 years) led to floods in the urban area placed
immediately downslope (Fig. 2). Thus, albeit Quinta de São Jerónimo GI can
support water management in Arregaça, additional NBS measures are required to
mitigate runoff within the extensive urban area of Arregaça catchment. The current
water management system in Arregaça, mainly depending on grey infrastructures,
has proved insufficient to prevent floods and NBS can provide an important com-
plement to enhance urban resilience.

3.3 Co-benefits of Quinta de São Jerónimo

As stressed by some authors, the evaluation of NBS should not focus only on water
management aspects, but also include additional benefits provided to the society
[11, 21]. Similar to other NBS, Quinta de São Jerónimo GI supports local
stormwater management but also provides multiple secondary benefits
(co-benefits) far beyond that of flood protection, relevant for people and the envi-
ronment, through direct and indirect use of ecosystem services delivered by the
green and blue components.

Quinta de São Jerónimo GI has a green area of 13,452 m2, with a wide variety of
trees, shrubs and herbaceous species, and a blue component including a lake of
approximately 3,000 m2, and some springs and water tanks. These green and blue
areas provide habitat for several plants (e.g. at least 25 different trees) and animals
(e.g. small birds, ducks and fishes), some of them with high conservation value
(e.g. Quercus rubra and Quercus ilex). Besides the relevant ecological benefit,
improving biodiversity and ecological resilience, this GI provides some food items
since it includes an edible garden with a few fruit trees (e.g. oranges and lemons) and
aromatic plants. Several studies highlight the impact of GI on improving biodiver-
sity, namely through the provision of wildlife habitat [63], but also timber and food
items [46]. Few authors argue that urban gardens can decrease the overall urban
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footprint, and decrease the reliance of urban dwellers on external provision
services [64].

The impact of Quinta de São Jerónimo GI on water regulation is beyond that of
stormwater volume storage. It includes water evapotranspiration and infiltration by
the green areas, and a small contribution for water quality regulation driven by
reduced erosion (favoured by vegetation cover), filtration of contaminants through
the soil and sediment retention in the tanks and lakes. The relevance of green areas,
namely woody vegetation, rainfall interception, increased evapotranspiration, and
infiltration in urban areas, has been widely identified [42, 65]. Quinta de São
Jerónimo GI offers additional regulating ecosystem services such as temperature
regulation through shading and evaporative cooling, which mitigates heat-island
effect and reduces the energy used in buildings [11]. It also provides airborne
particulate filtration and improves air quality [66], noise reduction [67], biological
carbon capture and storage [68], and thus climate change mitigation [14]. These
co-benefits can occur even if not considered or maximized in the original design of
the GI [14]. However, some authors argue that the magnitude of GI benefits on
regulation of ecosystem services and biodiversity is affected by the connectivity
between green and blue spaces and should be assessed at a larger scale such as
regional and national [27].

Quinta de São Jerónimo GI plays a major role in cultural services, allowing the
residents to reconnect to nature and improve their well-being [64]. This GI promotes
a healthier lifestyle by supporting physical activities, such as walking and sports
practices, enhanced by the presence of multi-sport infrastructures, including tennis
field and swimming pool [67]. Quinta de São Jerónimo GI has a high aesthetic value
(Fig. 7a) and provides education and recreation opportunities. This GI includes a
wide variety of trees, with several of them placed nearby the walking routes,
providing botanical information through slabs with the species common and Latin

Fig. 7 Overview of Quinta de São Jerónimo green infrastructure (GI); (a) view to the south part,
with the retention lake (south-centre part of the GI) and tank (in the northern part), the amphitheatre
(in the centre) and edible gardens; (b) example of a tree with slab providing botanical information;
(c) view to the north of the GI, showing few deposition ponds in the foreground, the amphitheatre
on the midground, and the upper limit of the GI with the old chapel and fountains
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names and their origin (Fig. 7b). It also comprised an aromatic plant zone with a
wide variety of species, identified with high education value slabs.

Furthermore, Quinta de São Jerónimo GI supports social networks, improving
social benefits such as cohesion and entertainment. This is enhanced by available
supporting infrastructures, including bar and restaurant, and an amphitheatre
(Fig. 7c) where some cultural events are organized (e.g. music festivals). In contrast,
grey infrastructure lacks involvement and engagement with community initiatives
[14]. This GI also includes a small heritage chapel and a viewpoint for part of
Coimbra city. Recreational settings are used by residents living in close proximity
and visitors that come to Quinta de São Jerónimo GI for relaxation and socialization
purposes. These cultural services have been widely reported in other GI
implemented in urban areas [14, 69]. Green spaces reduce stress, anxiety, depres-
sion, and increase the level of happiness and life satisfaction [68].

Additionally, Quinta de São Jerónimo GI provides economic benefits by
supporting the local economy by promoting the bar, restaurant, swimming pool,
and sports fields. The maintenance of GI and existent infrastructures provides work
opportunities in the private sector, called by previous researchers as collar jobs [70].

Although this chapter does not aim to perform an economic valuation of the
investigated GI, some authors stress the relevance of cost-benefit analysis to assess
GI projects developed for water management purposes [11]. These analyses are
commonly restricted to the cost of measures to increase safety and reduce expected
damages. Thus, grey options typically appear as the only economically viable
strategy for flood mitigation [11]. However, Vincent et al. [71] demonstrated that
GI’s economic feasibility is substantially improved if multiple benefits are consid-
ered. The monetary valuation of co-benefits would help decision-makers when
choosing among different solutions [72]. However, the costs and benefits of GI
change when green and blue infrastructures are combined with grey solutions [11],
such as theQuinta de São JerónimoGI. A mix of green, blue and grey infrastructures
have been identified as the best strategy to enhance urban resilience since they
complement each other to provide several benefits in limited urban spaces [35],
and green components have higher adaptability and resistibility to deal with the
uncertain future [17].

4 Final Considerations

Coimbra is a city historically vulnerable to floods. Over the last years, however,
increasing urbanization and frequency of short but intense rainfalls have led to a
relatively higher number of pluvial floods, raising concerns about the insufficiency
of the water management system, largely based on grey infrastructures. These
problems raised awareness among local authorities, which started to consider NBS
approach to mitigate flood hazard. Some NBS were already implemented across the
city, and it became mandatory that large urbanization projects include Green Infra-
structures to get the approval from the authorities.
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Quinta de São Jerónimo GI is an example of NBS implemented to mitigate the
impacts of an urbanization project, involving the construction of 57 lots of individual
and collective houses and private equipment. The NBS includes blue and green
elements, such as ponds, a lake and grassed areas, integrated with a grey infrastruc-
ture (spillway) which controls the runoff storage capacity of the semi-natural
elements. Based on a simple methodology used worldwide to estimate runoff
generated within the São Jerónimo topographic catchment (CN method), and the
calculation of the water storage capacity of the NBS from the topographic charac-
teristics, this study demonstrates the effectiveness of the NBS to mitigate floods. The
relatively small scale NBS has the capacity to cope with runoff driven by rainfalls
with recurrence up to 20 years, providing runoff storage near to its source (sealed
surfaces within urban development), and a slow release of runoff which delays the
peak flow into downslope urban areas. These findings demonstrate that incorporat-
ing GI in urban design can be an important strategy to manage urban floods and
alleviate flood risk.

The investigated GI comprises an appropriate strategy to cope with runoff from
the relatively small urban area, which is important to mitigate downslope floods,
frequently recorded in nearby urban areas. This NBS, however, is not enough to
prevent downslope floods in urban areas of the Arregaça catchment, as noticed with
the 2006 urban floods. These floods were triggered by runoff provided from an
extensive urban area, with only 4% being supplied by São Jerónimo sub-catchment.
Therefore, a network of NBS should be considered to complement the current urban
drainage system, and effectively mitigate floods and enhance urban resilience in
large cities. This is especially important under climate change context, where
extreme precipitation events are expected to be more frequent and severe.

The implementation of NBS in urban areas also provides additional ecosystem
services, including regulation, provisioning and cultural services, particularly rele-
vant in urban areas given the limited access to green areas, triggered by the limited
available space in the cities. Thus, planning and implementing NBS for stormwater
management should also consider the additional co-benefits, important for the
environment and human well-being.

The strategy of the authorities to include GI as a mandatory element for new
urbanization projects is interesting to support the implementation of NBS. However,
it may lead to ad-hoc planning strategies, and less than optimal outcomes regarding
flood mitigation. Despite there is an interest and an effort to implement NBS,
previous studies show that the lack of a coherent approach can hinder the effective-
ness of implemented NBS, or even its proper implementation [29, 38].
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