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Abstract: Green roofs (GRs) are considered sustainable solutions for the adaptation of urban water

af;)edcgtz)g management to climate change. The use of GRs is particularly promising in urban environments
like the Metropolitan Area of Milan, the most urbanized area in Italy. In this work, we evaluated
Citation: Salerno, F; Valsecchi, L.; the subsurface runoff coefficient at the event-time scale, for more than one year of observations, of

Minoia, R; Copett}, D.; Tartar, G.; 68 small-scale test beds comprising different configurations of green roofs (e.g., different vegetations,

Guyennon, N.; Colombo, N Pirola, types and depths of growing media, and different slopes) installed in the Metropolitan Area of Milan.
N.; Barozzi, B.; Bellazzi, A.; et al. . . . . . .
i ) The objectives of this study are three-fold. Firstly, the controlling factors of the hydraulic have been
Factors Controlling the Hydraulic

Efficiency of Green Roofs in the assessed for efficiency. We calculated a mean drainage flow rate of 51%, finding that growing media

Metropolitan Area of Milan (Italy). play a significant role in determining the drainage flow during the spring, at the beginning of the
Sustainability 2021, 13, 13638. vegetative period. During this season, water retention in fertilized beds increases significantly. At
https:/ /doi.org/10.3390/su132413638  the beginning of the summer, the vegetation cover is able to significantly reduce the drainage flow,
playing an even more crucial role with respect to the growing medium material. However, we found
Academic Editor: Andrzej Walega that the vegetation type (grass field and Sedum) does not play a significant role in the retention
processes. Secondly, the delay of the peak flow rate was determined. We found a precipitation
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drainage. Finally, the factors controlling the hydraulic efficiency of GRs for individual precipitation
events were assessed. We found that soil moisture and cumulated precipitation are both significant
factors determining the drainage flow rate. In conclusion, we point out that soil moisture is one of
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y the main parameters characterizing GR drainage and should be further considered in future research
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) L ) efforts devoted to the analysis of GR performance.
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1. Introduction

Assessing the effects of climate change and developing mitigation/adaptation mea-
sures are of primary importance in urban environments, as cities will comprise two-thirds
conditions of the Creative Commons  Of the global population by 2050 [1]. Urbanization is creating large impervious surfaces
Attribution (CC BY) license (https://  that dramatically affect the natural hydrology of areas located near surface water bod-
creativecommons.org/licenses /by / ies [2]. The main effects of urbanization on stormwater management include changes
40/). to urban hydrology, altered geomorphology, water pollution, and the loss of riparian
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habitats [3,4]. Furthermore, climate change is expected to increase the frequency and
intensity of extreme temperature and precipitation events, towards which urban areas play
a crucial role, as reported in the fifth IPCC (Intergovernmental Panel on Climate Change)
Assessment Report [5]. As highlighted in the Sustainable Development Goals (SDGs;
www.sdgs.un.org/goals, accessed on 10 November 2021), environmentally sustainable con-
struction upgrades to current and new urban infrastructure are of paramount importance
to enhance urban health and to adapt to climate change (i.e., SDG 11 Sustainable Cities and
Communities, and SDG 13 Climate Change).

The use of sustainable solutions as an alternative to conventional techniques has
become a general goal of urban water management. To move in this sustainable direction,
nature-based solutions (NBS) have been suggested as a potential eco-solution [6-9]. Sev-
eral studies have shown that green roofs (GRs) have significant effects from a hydraulic
efficiency perspective [7,10], particularly on (1) retaining rainfall volumes, (2) delaying
the peak flow rate, and (3) reducing the runoff volume discharged into combined sewer
systems (CSSs) [6,11,12]. CSSs are networks of underground pipes that carry domestic
sewage and storm water runoff into the same centralized treatment facility. In the urban
areas of Central Europe and the United States, CSSs are common for conveying sewage
water [13]. The critical point of this system involves the hydraulic capacity of the wastewa-
ter treatment plant (WWTP), which may be exceeded during rain events. In such cases,
a portion of untreated wastewater is directly discharged into receiving surface waters,
impairing the ecological quality of aquatic ecosystems (e.g., [12-15]).

Typically, a green roof consists of three layers: vegetation, a growing medium, and a
drainage layer. Depending on the depth of the growing medium layer, GRs are named as
extensive or intensive. Extensive roofs generally show a growing medium depth of less
than 20 cm, and vegetation composed of moss, succulents (Sedum), and small herbaceous
plants, while intensive roofs are characterized by thicker growing media, which can also
sustain large trees [16,17].

Several studies on GR drainage capacity have been conducted on a pilot scale, gen-
erally consisting of different small-scale test beds (TBs) or similar modules [18,19], while
others have been conducted on full-scale rooftops [6,20]. Indicators such as runoff volume
reduction, peak flow reduction, peak flow lag-time, etc., have been used to estimate GR
hydraulic effectiveness. Factors that typically influence GR water retention capacity can be
grouped into two main categories [6]: weather conditions (i.e., length of the antecedent
dry weather period, season/climate, and characteristics of rainfall event) and GR physical
features (i.e., depth of the growing medium and its hydraulic characteristics, type of vege-
tation, percentage of roof covered, roof geometry, and green roof age). Therefore, designing
GRs with the aim to maximize retention capacities in a specific meteorological context is
rather complex. Several authors reported on these difficulties [21,22].

Although there is a general consensus on the positive effect of GRs regarding water
retention, different results are reported in the literature [23,24]. The variation in the
retention rates found in previous studies is explained by arguing that this phenomenon
relies on the configuration of the GR (e.g., type of growing medium and its depth, vegetation
cover, slope, and filter system) and on the specific climatic conditions of the study area (e.g.,
rainfall depth and evapotranspiration), as well as on the characteristics of rainfall events,
such as the maximum intensity, duration, and antecedent dry period [25]. Furthermore,
the variability in the results can also be associated with the length of the monitoring
period [24,26]. Different results can therefore be found for each case study. This underlines
the importance of identifying a specific GR configuration for each particular climate context
to maximize the water retention capacity of these systems [11,24].

This is of particular relevance in the Metropolitan Area of Milan, the most urbanized
area in Italy and one of the most anthropized in Europe, where land consumption has
reached as much as 50% and the high frequency of severe and short thunderstorms often
triggers flash floods [27]. Recently, local administrations have declared that increasing
vegetated areas, at the expense urbanized ones, is not a feasible option. However, economic
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incentives are granted to citizens to build GRs [28]. Therefore, it is important to better un-
derstand the extent of the benefits in runoff quantity that GRs, and different configurations
of GRs, may offer in relation to local hydrological variables [24].

In this work, we evaluated the subsurface runoff coefficient at the event-time scale,
for more than one year of observations, of 68 small-scale TBs with different configurations
installed in the Metropolitan Area of Milan. In this study we aimed to: (1) assess the
GR characteristics (e.g., vegetation type, growing medium type and depth, and slope)
influencing the hydraulic efficiency of these systems, (2) determine the delay of the peak
flow rate, and (3) determine the factors controlling the hydraulic efficiency of GRs for
individual precipitation events.

2. Materials and Methods
2.1. Experimental Setup

A total of 68 small-scale TBs with different configurations were used in this study.
Small-scale systems have been already used to investigate the effects of different GR con-
figurations (e.g., with different types and depths of growing media, different vegetation, or
different slope) on the water quality and quantity of green roof outflows [18,19,23,29,30], as
preliminary analysis to further perform experiments on full-scale systems. The advantage
of small-scale studies is the potential to disentangle the benefits of single characteristics of
green roofs on runoff water.

A total of 48 TBs were set up in March 2018 in the garden of the Water Research
Institute of the National Research Council (IRSA-CNR) of Brugherio, north of Milan (45.56°,
9.27°,131 m a.s.l.) (Figure 1) and 20 additional TBs were set up at the Construction Tech-
nologies Institute of the National Research Council (ITC-CNR) of San Giuliano Milanese,
south of Milan (45.40°, 9.25°, 131 m a.s.l.). The 48 TBs located in the IRSA-CNR were
monitored during the overall 20182019 period. A total of 24 precipitation events were
selected, as specified in the following section. The 20 TBs located in the ITC-CNR, however,
were monitored for a shorter period, mainly in 2019, with 6 precipitation events selected.
Both sites are located in the Metropolitan Area of Milan; the IRSA-CNR is about 20 km
north of the ITC-CNR. The two sites differentiate in mean annual cumulated precipitation,
which at the IRSA-CNR is about 940 mm, while at the ITC-CNR it is about 760 mm, i.e.,
San Giuliano Milanese records about —20% of the mean annual precipitation recorded at
Brugherio, as calculated from data collected by the meteorological stations managed by
ARPA Lombardia (Regional Agency for Environmental Protection; www.arpalombardia.it,
accessed on 10 November 2021). For both sites, the annual mean temperature is 13 °C. The
highest precipitation amounts occur in the spring (May) and autumn (November) [14,31].
The consistent difference of the mean annual cumulated precipitation between the north
and south of Milan led us to consider the two experimental sites, in order to check potential
divergences in GR drainage flow rates.

Each TB consisted of a small-scale GR system with a 0.4 m? surface area (50 x 75 cm)
(Figure 1). For this monitoring campaign extensive green roofs were considered. Each TB
comprised a drainage layer at the basis, covered by a geotextile filter, a growing medium
layer and, at the top, a vegetation layer. A total of 24 different TB configurations were set
up, with 24 replicates each, for a total of 25.8 m?. The GR types consisted of a different
combination of the following characteristics:

e  Growing medium type: 3 different types of soils were considered, named T1, T2, and
T3. All consisted of a mixture of mineral materials of volcanic origin (zeolites, lava
lapilli, and pumice stones with different grain sizes) mixed with organic substances
(peat and compost). The following characteristics are reported on the technical sheets
of the producers (www.daku.it, www.harpogroup.it, accessed on 10 November 2021).
T1 showed an infiltration rate of >30 mm/min (DIN standard 18035-4), a water
holding capacity of >40% v/v at a coefficient pF of 0.7 (UNI EN 13041:2012), and
an organic substance content of 5-6% dry w/w [3]. T3 showed an infiltration rate of
>15-55 mm/min, a water holding capacity of 36-43% v/v at pF 1, and an organic
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substance of 4.5-4.8% dry w/w. T2 consisted of soil T3, which was enriched with
organic matter to reach up to 9.5-10% dry w/w, as we measured in our lab following
the Walkley—Black procedure [3].

e  Vegetation type: we tested the crassulacean Sedum spp. vs. a grass field composed
of annual and perennial species (e.g., Anthemis arvensis, Centaurea cyanus, Papaver
rhoeas, Bromopsis erecta, Holcus lanatus, and Silene vulgaris) (hereafter called biodiverse
vegetation type) vs. no vegetation (i.e., soil only).

e Growing medium depth: we tested 8 cm vs. 12 cm soil depth for Sedum spp. and
12 cm vs. 15 cm for the grass field.

Slope: we compared a slope of 1-2% vs. 10-12%.

Fertilization: some TBs were provided with proper fertilization (NPK fertilizer for soil
application with controlled-release nitrogen, provided by green roof producers), to be
compared with similar TBs which were not fertilized.

e  Our TBs were provided with a collection system for runoff water (Figure 1).

Figure 1. The experimental site located in northern Italy (red marker). A total of 48 TBs were set up north of the Metropolitan
Area of Milan (IRSA-CNR) and 20 additional TBs were set up south of Milan (ITC-CNR). In the middle, the picture of the
48 TBs located at IRSA-CNR, and on the right, a single TB with the drainage collection system.

2.2. Hydrological Monitoring

Hydrological measures are described in the following section in relation to two differ-
ent setups: one is related to all the TBs and the other one is applied to one single test bed
(TB-48).

Meteorological data were acquired for both experiments. Precipitation and air tem-
perature were monitored with an automatic weather station (AWS) (DQAO030, accuracy
£1%), provided by Lastem (www.lsi-lastem.it, accessed on 10 November 2021), located a
few meters away from the experimental setting. Data were recorded every 10 min for the
entire study period.

In order to calculate the water retention capacity of GRs, after each precipitation event,
we measured the volume drained from each experimental bed using graduated cylinders
(precision 100 mL). We performed the measurement approximately 24 h after the end
of each event to allow complete drainage of the water accumulated within the growing
medium. In particular, for the 48 TBs located at the IRSA-CNR, we examined the water
drainage volume after 24 events. For comparison, the same measure was carried out in the
20 TBs located at the ITC-CNR after 6 precipitation events.

To evaluate the potential of GRs to delay the runoff peak compared to the precip-
itation peak [32], we considered only TB-48. This TB was characterized by biodiverse
vegetation, T3 growing medium with a thickness of 15 cm, and a 2° slope. It was selected
because preliminary measurements showed the best water retention capacity in compari-
son to other GR configurations. We used two Onset HOBO U20 Water Level Data Logger
pressure sensors (www.onsetcomp.com/products/data-loggers/u20-001-01, accessed on
10 November 2021); one was placed directly in the air to compensate the atmospheric
pressure and the other one was placed in the closed bin collecting the runoff water of TB-48.
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All measurements were carried out every 10 min, i.e., with the same time-lapse used for
precipitation records of the AWS.

In order to better understand the hydrological parameters determining different GR
retention capacities, the same test bed (TB-48) was also equipped with soil moisture sensors
(GroPoint, www.gropoint.com, accessed on 10 November 2021, accuracy +2%), which
were inserted into the growing medium, close to the surface. The surface soil moisture was
then recorded every 10 min. We considered this high-resolution time-lapse appropriate
since soil moisture is one of the main parameters that characterizes soil drainage, as shown
by Berndtsson, 2010 [33].

The drainage flow data of all TBs and the soil moisture of TB-48 were recorded from
22 February 2018 to 12 December 2019, while continuous runoff data of TB-48 were recorded
from 16 September 2019 to 13 February 2020.

2.3. Statistical Analysis
2.3.1. TB Configuration and Drainage Flow: Analysis of Variance (ANOVA)

We compared the drainage flow rate from a sub-set of TBs located at the IRSA-CNR
with 20 TBs located at the ITC-CNR with the same combination of characteristics (vegetation
and growing medium features). We selected six precipitation events to be compared at the
two experimental sites. The ANOVA was used for comparison.

Considering the data from 24 precipitation events and from all the 48 TBs set up at the
CNR-IRSA in Brugherio, we used the multiway analysis of variance (ANOVA) to test the
TB characteristics (i.e., vegetation type, growing medium type and depth, and slope) as
factors determining the drainage flow. We considered slope and growing medium depths
as continuous parameters, while the other factors were considered as categories. Once we
had individuated significant factors among the data, we then applied one-way ANOVA on
selected factors [34].

2.3.2. Calculation of Peak Flow Delay

In the soil literature, field capacity is commonly considered as the threshold below
which soil water flushing out of the rooting zone is negligible for deep soil profiles [35,36].
As regards the GRs, we considered field capacity to be the point at which soil capillary
pressure can no longer retain water in the medium [32].

We calculated the peak time delay (minutes) as the difference between precipitation
and the drainage peak of TB-48. From the statistical point of view, we looked at the mean
delay through a linear regression analysis between precipitation and the peak time series.

2.3.3. Hydrological Parameters and Drainage Flow: Multiple Linear Regression Analysis

To understand the role of the hydrological parameters determining different GR
retention capacities, the multiple linear regression analysis is used to assess the correlation
between two or more independent variables (proxies) and a single continuous dependent
variable. In this study, we chose as the dependent variable the drainage flow rate calculated
by dividing, for each meteorological event, the flow drained from TB-48 and the relevant
precipitation that occurred. We selected a total of 24 precipitation events. As proxies we
selected the following hydrological parameters: the cumulated precipitation, precipitation
duration, precipitation intensity, antecedent dry period, and soil moisture of the day before
the precipitation event. A precipitation event was defined as independent from any other
if it was preceded by at least two dry days.

We verified the degree of correlation among the data using the correlation coefficient
(r) after checking a quantile [37] plot of the model residuals to ensure that they followed a
normal distribution [38]. All tests were implemented in the software R with a significance
level of p < 0.05. We tested the normality of the data using the Shapiro-Wilk test [39].

We further derived simple multiple regression models considering only additions
among all proxies, i.e., quadratic terms and interactions were not considered. The modelling
was conducted using stepwise simplification through the evaluation of the AIC (Akaike
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Information Criterion) index. The AIC index (calculated using the “stepAIC” function from
the MASS library in R) is a measure of the relative quality of statistical models for a given
set of data. At the end of the process, the hypothesis that the final model adds significant
explanatory value over the model that considers only a single proxy was tested using an
ANOVA F-test [38].

We used the R package “relaimpo” [40] to estimate the relative importance of each
proxy for the final regression model (metrics were normalized to 100% of the correlation
coefficient, r).

3. Results and Discussion
3.1. The Drainage Flow Rate

The mean drainage flow of the 48 TBs located at the IRSA-CNR following 24 pre-
cipitation events during the 2018-2019 period was calculated to be equal to 51%, i.e., on
average, half of the water is used for evapotranspiration processes and/or retained in the
growing medium layer, while the other half is released into the urban drainage system.
This finding is in line with other studies [33,41]. Nevertheless, the range of the retention
rate reported in the literature is highly variable and the comparison between different case
studies is difficult, since several factors can influence the performance [42], such as the
precipitation regime.

In this regard, by comparing the performance of TBs located north of Milan (at the
IRSA-CNR) with those set up south of Milan (at the ITC-CNR), a mean of 40 & 21 mm
and 28 + 13 mm of cumulated precipitation fell for each precipitation event in the two
sites, respectively. On average, these events were characterized by a relative abundant
precipitation amount, which determined high drainage flow rates: 73 &= 16% and 49 + 24%,
respectively (p < 0.05). Higher flow rates at the IRSA-CNR corresponded to a higher
cumulated precipitation at this site (940 mm as annual mean) than at the ITC-CNR (760 mm
as annual mean).

The implications of this observation are two-fold. First, GRs located in zones with
reduced precipitation can display higher performance (smaller drainage rates) than those
in zones with higher precipitation. Second, these experiments are site specific. Thus, they
provide relevant information regarding the potential of the GRs for local urban planning,
but to be used for inter-site comparisons, the annual regime of precipitation at each site
must be measured.

3.2. GR Characteristics Controlling the Drainage Flow

We conducted an ANOVA considering data from the 48 TBs located at the IRSA-
CNR following 24 precipitation events, i.e., about 1000 drainage rates recorded during the
2018-2019 period. In this regard, we investigated some characteristics of GRs controlling
the drainage flow. Particularly, we considered growing medium type and depth, vegetation
type, and slope. Figure 2a shows the results. Generally, the selected factors become
statistically significant only one year after the installation of the experimental site (i.e.,
about 9 months later). Many studies highlight that green roofs need at least a six-month
period to stabilize [43].

The relevance of the growing medium material emerged during the spring of 2019.
Figure 2c shows the drainage flow during this season (from April to June 2019) in relation
to the soil type. We observed that soils T1 and T2 retained a higher water content than
soil T3, which showed a significantly higher drainage capacity. Several authors [44] found
that growing medium material is one of most important factors influencing drainage. In
particular, Stovin et al., 2015 [45], assessed the relationship between porous/permeable
materials and retention levels. Notably, T2 was composed of the same soil type as T3, but it
was enriched with organic matter: as a result, a higher retention capacity was obtained.

Concerning the physical characteristics of the growing medium, we observed no
significant benefit of the depth (from 8 to 15 cm) or slope (from 2° to 10°) on volume
retention. Some authors pointed out that, although increased depths resulted in higher
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retention, the gain was not significantly large [29,44]. However, the effect of slope on
rainfall retention is still unclear. Some studies found no significant difference in retention
amounts across differently sloped roofs [44]. Other studies suggested increasing outflow
with increased slope. The contradicting results may be due to varying rainfall patterns in
different environments [29].

a
0
7 == o .
L =sre=r S==zcoce== : Fe ik
= .\"‘14 il = 3wl . = ; = k,"\ - 2 ;‘. P S - o r "h % .
L ant e e 4 ~ a AR 4 " i . \‘ Kl
[ iy e . ik NN 7 t g y o e
- T L 1 B % v
= 91 . - &l T ] Te f 3
= i . '] o | b
S0ty =5 S e ‘*
a £ ¥ o | T i . .
EEi SESeEmcecmmoESo=SI==ss L SEiESEIEEEEams
L ; I
Ll
: ¢
102 —8 }
® O M ©® W W DO DD DD DD DD DD D D
Sl T ot R R L L L U
> £ § D a g 2 QO £ O = = > c [ oD a g =z ©
@ S 3 @ S 0 @ © & o @ S S 0 [
s 5 2 2w 9 z0 5 uw=<s5 52w O =z o
e X;g:tat"’” o-- Soiltype - -e-- Soil depth Slope  ----- 95% confidence
10°& e e e e |
B P == 47
- 'S -~ v
L bd et " A ) \
! N | .= '
0 107 F === =
=2 5 B S I SO ST S A /SO K. S5 G (R S SSRG NSRS DN SN AT M S KGR B S S DS | 13 GO SN S RS AN SRR RSN SR S A I S S S
= E =
o F i
iy [ afi !
2 e il
107
3 o
E :
1S ‘f’
- Yy
(]
© ® @ ©® W W VWO D DD DD DD DD DD O
= e b e e e e e e e e e e e e e R R =
> £ 3 D A B 2 € £ o Lk L > c 5 D A& E 2 Q
T S S o 0 0 ©8 © & o @ S S © o o
s 5 7 2w 9 zo0 5 uwu=2<s5 57" gwnw O z 0
c d
54
™
2 ] e 4 R s
c
g 2
2ol Lt Fo = T I I S
= F
Spi | + il 1
%) g
o
i S ST S R o8 Easset 0000 M e
= i =1 | !
. : - - r . ; . T ¥ Y .
0 20 40 60 80 100 0 20 40 60 80 100
Flow (%) Flow (%)

Figure 2. (a) Results of the multiway analysis of variance (ANOVA) on the tested factors vs. the
drainage flow for 48 TBs. (b) Results of the fertilization process on 12 TBs. Finally, box plots represent-
ing differences in drainage flow for (c) soil and (d) vegetation type (Sed. = Sedum; Biod. = biodiverse;
NoVeg = bare soil).

The vegetation type determined a significantly different drainage rate during the
summer of 2019. Figure 2d shows the drainage flow during this season (from July to
September 2019) only in relation to the vegetation type. We observed no significant
difference between the type of vegetation used (grass field vs. Sedum), while the differences
were significant between vegetated and non-vegetated TBs. In our case, the vegetation
cover allowed for significantly less drainage, because vegetation consumed high water
amounts independent of the type of vegetation used. According to Nagase et al., 2012 [46],
the hydrological behavior of GRs depends on the interception, retention, and transpiration
capacity of the plants. Berretta et al., 2014 [47], considered evapotranspiration as one of the
key parameters for the performance of GRs. These authors found that vegetated assets are
able to absorb about 25% more than the corresponding non-vegetated ones. In our case,
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Figure 2d shows that the retention rate in vegetated TBs was ca. 40% higher with respect to
the non-vegetated ones.

Fertilization was investigated on a restricted number of test beds: six TBs were
fertilized while six other TBs were left unfertilized. The fertilized TBs showed faster plant
growth (i.e., higher plants) and more dense vegetation (i.e., more plants per m? and thus a
thicker cover of the growing medium) in comparison to non-fertilized ones. We observed
that during the spring of 2019 the fertilized TBs drained less than the non-fertilized ones
(Figure 2b). In fact, fertilization allowed the TBs to develop lush vegetation able to retain
(via interception and evapotranspiration) more water. Based on our current knowledge,
this is the first study showing the effect of fertilization on drainage flow.

We can summarize that during the spring, when the vegetation has not reached its
maximum development (at the beginning of vegetative period), the growing medium
material (due to a reduction of percolation) and fertilization (due to an increase of plant
uptake) play a significant role in determining the drainage flow. At the beginning of the
summer, the vegetation cover is generally able to significantly reduce the drainage flow and
its benefits overcome those of the growing medium material. Other studies also underlined
the role of vegetation in retaining water and pollutants, with higher retention rates in
summer than in winter [47,48].

3.3. Analysis of the Peak Flow Delay

Figure 3a illustrates the drainage response of TB-48 equipped with soil moisture and
flow rate sensors during a rain event, selected as representative of typical rainfall events.
The field capacity is indicated in Figure 3. The intersection of the horizontal and vertical
dotted lines indicates the storage capacity and time at which there is no more capillary
storage available; in this case, field capacity is reached. In Figure 3a there are two clear
rainfall peaks. The first precipitation peak is smaller (3 mm /10 min) than the second one
(9 mm/10 min), and the soil moisture is lower than the field capacity. In this situation there
is no drainage from the test bed and the soil stores water. When the second precipitation
peak occurs, the soil becomes saturated, and the water starts flowing out from the test bed.
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Figure 3. (a) Selection of a typical event hydrograph for TB-48 (14 May 2019). (b) Correlogram between
precipitation and drainage time series for TB-48 (from 16 September 2019 to 13 February 2020).
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The correlogram (correlation coefficient versus lag) of Figure 3b shows the best match
between the precipitation and peak time series based on the delay. We observe that
between 60 and 120 min (from 1 to 2 h) the correlations are the highest, i.e., the time-lapse
indicates the shift between flow peaks (delayed) and precipitation ones. The observed
range amplitude of the delay likely depends on the combination of the precipitation amount
and the soil moisture condition of each precipitation event. A wide window of delays has
been reported in the literature: from 0 to 10 min [49], 1 min [50], 13 min [32], from 25 to
35 min [51], 54 min [52], and 2 h [53].

The combination of the TB features and the climatic regime of the Metropolitan Area
of Milan allowed us to observe a rather high delay compared to the case studies described
in the literature. Thus, a precipitation peak delay from 1 to 2 h would be sufficient to
guarantee environmental benefits (e.g., pollution, flooding, and erosion) if GRs with the
characteristics we tested here were used in the urban planning of Milan [13].

3.4. Hydrological Factors Determining GR Drainage Flow

The last objective of this study is devoted to the development of a multi-regression
model, specific to the site of interest, which can be useful to determine the role of different
factors in determining GR retention for individual precipitation events.

In Figure 3a we observe that the relationship between soil moisture and field capacity is
crucial in determining the drainage flow. Therefore, we analyzed the relationship between
climate and soil moisture in TB-48. Figure 4a,b shows a clear indirect relationship between
air temperature and soil moisture, while Figure 4c,d shows a less clear link between soil
moisture and precipitation. We suppose that the evapotranspiration process dominates
over precipitation rates in determining the soil moisture. During the warm summer months,
the soil moisture reaches minimum levels even if rain is abundant. However, during the
cold winter months, the soil moisture is high even if precipitation is low. The box plots in
Figure 5 show similar relationships, also adding relevant information on the variability of
these parameters. The soil moisture variability is higher from June to October, when its
values are the lowest. A greater variability can be observed even in precipitation series
during the same months, while changes in variance are less evident for air temperature.

Berndtsson, 2010 [33], found that, although soil moisture is one of the main parameters
that characterizes GR drainage, few studies have been focused on it. In this regard,
our multi-regression analysis revealed that the soil moisture of the day preceding the
event and the cumulated precipitation are significant hydrological factors determining the
drainage flow rate (r = 0.70, p < 0.01). It is noteworthy that only these two parameters
were found to be significant (p < 0.05), while no other parameters provided significantly
higher performance to the model. Residuals were tested and the results were normally
distributed. The analysis of the relative importance of the significant parameters revealed
a similar contribution (55% for soil moisture and 45% for precipitation) in generating the
drainage flow. As a consequence, as shown in Figure 5, higher drainage flow rates were
recorded during the coldest months (from November to February), while the lowest ones
were recorded during the summer.

The implications of this observation are noteworthy. We showed that monitoring soil
moisture and precipitation data can be effective in predicting the capacity of the substratum
to withhold water. At the same time, we recognize the limitation of these findings that
are strictly site-specific, being influenced by the experimental setup and local climatic
conditions. However, we point out that soil moisture is an easy monitoring parameter that,
coupled with precipitation, can be used to evaluate and thus drive the future of applied
research on the hydraulic efficiency of GRs.
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4. Conclusions

Green roofs may present a solution for minimizing the impact of urbanization on the
hydrologic cycle and for sustainably managing water resources in urban environments.
Several studies have shown that GRs effectively control surface runoff in urban drainage
systems, reducing overall stormwater volumes and peak flow rates. This is particularly
important considering the effects of climate change and the projected changes of the
hydrological cycle (IPCC Sixth Assessment Report). In this study we conducted an intensive
field monitoring campaign for two years on 48 small-scale TBs installed in the Metropolitan
Area of Milan, the most urbanized area in Italy, obtaining the following results:

1.  We calculated a mean drainage flow rate of 51%. Considering the factors influencing
the flow rate, we found that: (i) the growing medium material plays a significant role
in determining the drainage flow in the spring, at the beginning of the vegetative
period; (ii) soils T1 and T2 retain a higher water content than soil T3, which shows
a significantly higher drainage capability; (iii) the vegetation cover is able to signifi-
cantly reduce the drainage flow and its benefits overcome the ones of the growing
medium material; (iv) the vegetation type (biodiverse and Sedum) does not play a
significant role in the retention processes; (v) concerning the growing medium’s phys-
ical characteristics, we observed no significant effects of depth (8-15 cm) and slope
(2°-10°) on volume retention. The effect of these parameters on rainfall retention is
still unclear.

2. We found a precipitation peak delay of 1-2 h for a specific TB characterized by
biodiverse vegetation, T3 growing medium with a thickness of 15 cm, and 2° slope.
The combination of the TB features and the climatic regime of the Metropolitan Area
of Milan allowed us to observe a noteworthy delay compared to the case studies
described in the literature. This magnitude of the precipitation peak delay would be
sufficient to guarantee environmental benefits (e.g., pollution, flooding, and erosion)
as analyzed by Salerno et al. [40] for the same conurbation.

3.  We found that soil moisture and cumulated precipitation are equally significant
factors determining the drainage flow rate, confirming that soil moisture is one of the
main parameters that characterize GR drainage capacity. Although we recognize that
these parameters are strictly site-specific, we point out that using an easy monitoring
parameter like soil moisture can contribute to future applied research on the hydraulic
efficiency of GRs.

Future efforts should be devoted to full-scale studies in order to validate our findings
in real green roofs. Some of the configurations tested in this study are widespread in Milan,
as well as in other metropolitan areas. Therefore, the goal to deepen our study using
different full-scale studies can be potentially achieved. In full-scale systems, further studies
need to analyze the precipitation peak delay as a function of the growing medium and
vegetation characteristics.
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