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ABSTRACT

The problem of the increase in the magnitude and frequency of flooding
events in urban areas can be approached by means of techniques of
sustainable urban stormwater management. In this PhD dissertation, the
effectiveness of one of these technologies namely the green roof (GR),
has been investigated. For this purpose, a daily scale hydrological model
for GRs, mainly based on meteorological data and with three levels of
complexity has been proposed. Since, the evapotranspiration (ET) fluxes
impact the GR retention performances, a study of the dynamics involved
in ET process has been carried out. The use of green roofs technology in
Mediterranean climate is very limited so two GR experimental benches
has been placed in the campus of University of Salerno and preliminary
results about the hydrological performances depending on the climate
and constructions characteristics have been illustrated. Subsequently, the
effectiveness of the proposed technology for the sustainable urban
drainage management have been tested at a large scale and Sarno peri-
urban basin has been presented as case study since it represents a
hydrogeological hazard prone system. The analysis focused on the
potential hydrological benefits in terms of peak runoff, peak delay and
volume runoff in respect of several hypothetical scenarios of rainfall and
GR retrofitting percentage. In high urbanized areas, the implementation
of GRs at basin scale, allows a reduction of runoff rainwater from roofs
close to 100% for some rainfall and greening scenarios. Where the GR
retrofit potential is very low, satisfactory performances in terms of water
management can be reached coupling this green technology to other
sustainable techniques.
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Sustainable managment of stormwater in a changing environment

1 INTRODUCTION

Many cities around the world are increasingly called to deal with the two
major challenges of climate change and urbanization. Both of them cause
an increase in the magnitude and frequency of flooding in urban areas.
In order to face these criticisms, adaptation measures are required for
conventional drainage systems with limited capacity and flexibility. They
help the urban drainage infrastructures to improve their resilience against
the adverse impact of climate change and rapid urbanization in a context
where reducing risk of flooding becomes more and more urgent. Among
adaptations approaches, techniques of sustainable urban stormwater
management like Green infrastructures (Gls) represent a very attractive
issue because of the wvariety of benefits, beyond the hydrological
perspective, they can provide for urban environments. They are
conceived as a network of greenspaces around urban landscapes
providing environmental, social and economic benefits to the
community indeed. Among these the green roofs (GRs) technique are an
effective tool for pursuing the concept of a sustainable stormwater
management. The technology of green roofs induces important hydraulic
benefits compared to a traditional roof, such as decrease in runoff
volume, peak discharge attenuation and increase in the peak delay. With
reference to the hydrological issue related to Gls application within the
European geographical context, the sustainable urban drainage
management has been widely implemented in the Nordic countries
characterized by oceanic climate with warm summers and cool winters
and a negligible seasonal pattern. In these regions, the hydrological
performances of the green techniques in terms of retention capacity have
been investigated in detail and many contributions exist in the specific
literature from which it appears that their behavior is not yet fully
understood because affected by multiple factors like the types of rainfall
event, the climate condition of the study area and the construction type
of the roof. In the Mediterranean climate, the uncertainty in Gls
hydrological performances is even more evident because of the marked
climate stress and differences between the seasons and because of a
limited number of test beds providing experimental data. In light of this,
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Sustainable managment of stormwater in a changing environment

the reported research work has contributed to the understanding of this
question with the proposal of a conceptual model strongly grounded on
the meteorological conditions for an accurate prediction of green roofs’
hydrological behavior at the building scale and with the setup of an
experimental site located within the University of Salerno campus. With
a particulr focus on a mediterranean catchment characterized by evolving
climate and land use conditions, the main aim of the present thesis is the
investigation of the sensitivity of the cathment stormwter response to
the use of green infrastructures, as a valid tool for the mitigation of
hydrogeological risk in urban and peri-urban environments.

In this respect, after a review of the state of the art set out in the chapter
2 of the present work, in the chapter 3, a study of the evapotranspiration
dynamics that is a key process affecting the hydrological behavior of
green roofs, has been carried out. In the chapter 4, as a result of a
modeling with increasing levels of complexity, a daily scale hydrological
model for GRs, mainly based on meteorological data, has been
proposed. Finally, in the chapter 5, the GR experimental site located in
the campus of University of Salerno has been illustrated and preliminary
results about the hydrological performances depending on the climate
and constructions characteristics have been shown.

In the second part of the thesis, arguing about the limits of a traditional
urban drainage system management model where urban flooding
prevention is achieved with the use of centralized strategies, generally
corresponding to underground concrete tanks connected to the main
drainage network, the effectiveness of the proposed technologies for the
sustainable urban drainage management have been tested at a large scale.
As already said, because of the lack of experimental sites in Italy,
especially for what concerns the catchment scale, the research work has
been mainly focused on a sensitivity analysis aiming at verify the
potential improvement related to the use of GI, from the hydrological
point of view. The case study is represented by the Sarno peri-urban
basin (Campania region), selected as it represent a hydrogeological
hazard prone system and is characterized by an extremely fragile
equilibrium at the urban level.

Pursuing this line, in the chapters 6 and 7, the analysis of the
hydrological performances of green roof at basin scale in terms of peak
runoff, peak delay and volume runoff, has been performed. The
susceptibility of the hydrological response to spatial distribution, scale of
aggregation and percentage of retrofitted roofs has been tested. A wide
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range of situations have been simulated from scenarios related to virtual
basin and design storms to scenarios referring to actual catchment and
real events occurred in the past. Finally, the analysis investigates the
impacts of the sustainable urban stormwater management infrastructures
at the basin scale and the potential for such infrastructures to be
effectively and diffusely accounted for in planning and managing the
urban environment on the way for a sustainable environment.

13
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2 STATE OF ART

Many cities around the world are increasingly called to deal with the two
major challenges of climate change and urbanization (Zhou 2014). Both
of them cause an increase in the magnitude and frequency of flooding in
urban areas (Huong et al. 2013, Leopold 1968, Semadeni-Davies et al.
2008, Zhou et al. 2012). According to several scholars (Willems et al.
2012, Arnbjerg-Nielsen et al. 2012, Ekstrom et al. 2005), the climate
change could address in the coming years more frequent rain of
increased peak intensity leading inevitably to more sewer floods because
of the overloading of the urban drainage systems, designed with a certain
return period. The wurbanization has same impacts on sewer
infrastructure as climate change. The United Nations (UN, 2014) predict
that, the world’s population will increase between 1950 and 2100 of
about 9 billion people with more than 66% living in urban areas. The
increase in urban population involves a sprawl sealing surfaces including
industrial commercial and residential settlements. In cities with extensive
impermeable areas, the amount of occurring runoff is higher than in case
of low urbanization and consequently the risk of flooding increases too
(Huong et al. 2013). The dynamic of urbanization can be monitored
with SAR images guaranteeing observations and measurements at high
spatial and temporal resolution (Taubenbock, et al. 2012, Ban et al.
2012). SAR images acquired over the same area at different times allow
to map the process of urbanization in time, and comparing this data with
a database of urban flooding events, the identification of a relationship
between the occurrences of flooding and the land use changes could be
possible. In time many authors have used the SAR images for different
research purposes (Di Martire et al. 2016, Weijie et al. 2015, Zhu et al.
2016 ). Some authors have used this kind of images to investigate the
spatial evolution of urbanization (Ban et al. 2012, Zhu et al. 2012, Fu et
al. 2014, Ma et al. 2014), few of them have used Synthetic aperture radar
images for hydraulic aims (Haas et al. 2014, Dewan et al. 2008). In order
to face the criticism of flooding in urban areas, adaptation measures are
required for conventional drainage systems with limited capacity and
flexibility (Jha et al. 2011). They help the urban sewer infrastructures to
improve their resilience against the adverse impact of climate change and
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rapid urbanization in a context where reducing risk of flooding becomes
even more urgent. The adaptations options include techniques of
sustainable management of urban stormwater known around the world
with different denominations but with similar principles. In North
America and New Zealand, the term LID or low impact development is
used to indicated a variety of practices that mimic natural processes in
the management of stormwater (Fletcher et al. 2015). In United States
and Canada, BMP (Best management practices) refers to practices aiming
to prevent pollution (Fletcher et al. 2015). In UK and in general in
Europe, sustainable urban drainage systems (SUDS) consist of
technologies able to drain rainwater as closely as possible to the natural
drainage from a site before development (Woods-Ballard et al. 2007).
Green infrastructures (Gls) are an integral part of SUDS (Mguni et al.
2016). They are conceived as a network of greenspaces around urban
landscapes providing environmental, social and economic benefits to the
community (Benedict et al. 2002, Sartor et al. 2018). GIs exactly fit, in
terms of water management and urban flooding prevention, within the
philosophy of SUDs, because they aim to provide a
hydrological/drainage network being complementary and linking green
space with built infrastructure (Ahern 2007). These techniques include
green roofs, filter drains and filter strips, permeable surfaces, swales(
shallow drainage channels), infiltration trenches, detention basins
(Woods-Ballard et al. 2007).

Among these, in a relatively recent past, many scientific studies have
demonstrated the potential of green roofs (GRs) (Carter et al. 2000,
Shaharuddin et al. 2011, Mobilia et al. 2015a,b) in pursuing the concept
of a sustainable stormwater management. These technologies induce
important hydraulic benefits compared to the conventional rooftop:
decrease in runoff volume (VanWoert et al. 2005, Berndtsson 2010),
peak discharge attenuation (Trinh et al. 2013, Fioretti et al. 2010) and
increase in the peak delay (Gibler 2015, Stovin et al. 2015). With
reference to the green roof retention properties, different authors have
reported significantly different hydrological performances with reduction
of the total volume of precipitation ranging from 40 to 90% (Mentens et
al. 2000, Teemusk et al. 2007, Jarrett et al. 2006). The retention capacity
of a GR is obviously a function of the system configuration (Stovin et al.
2012) but especially of the climate conditions of the area where the roof
is placed. The hydrological effectiveness of the eco-roofs changes in
different weather conditions, even if a complete picture of the situations
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can’t be presented due to lack of experimental sites in some climatic
regimes. For instance, in Europe, green roof infrastructures are mainly
implemented in northern regions such as Germany, (Zimmer et al. 1997,
Mentens et al. 2006), Sweden and Denmark (Villarreal et al. 2005,
Bengtsson 2005, Locatelli et al. 2014), UK (Kasmin et al. 2010, Stovin et
al. 201), Stovin et al. 2013) where their hydrological effectiveness is well
documented in literature and their performances in term of peak flow
and runoff volume reduction and peak time delay have been investigated
in detail. The use of green roofs technology in Mediterranean climate is
more limited. There are few experimental sites aiming mostly to monitor
other aspects of the behavior of green roofs, in particular the thermal
one. Consequently, the effects in terms of stormwater mitigation of GRs
require additional investigations (Olivieri et al. 2013, Lazzarin et al. 2005,
Fioretti et al. 2010 ).

Together with the system configuration and the climate conditions, the
hydrological processes occurring also play an important role in the
assessment of stormwater related benefits of green roofs and especially
the evapotranspiration loss, as discussed in many recent works, because
it directly impacts the green roof retention performances (Poé et al.
2015, Starry et al. 2016, Feitosa et al. 2016, Voyde et al. 2010).
Evapotranspiration (ET) continuously restores the retention capacity of
a storage system consequently it is the major component in the water
balance of hydrological systems (McMahon et al. 2013) and the
uncertainty in its assessment would propagate through the hydrological
soil water balance (Abbaspour et al., 2015). Long term AET (Actual
Evapotranspiration) measurements are complex and costly to be
obtained, and even if observational data exists, methods to assess AET
fluxes are time-consuming (Burba et al. 2010). For these reasons, many
authors have proposed various approaches for indirect AET modeling
(Mobilia et al 2016a). Under the Budyko framework AET is dominated
either by precipitation P or by potential evapotranspiration PET
(Budyko 1974). AET rates approach precipitation values in case of dry
climates (water availability limited conditions) and potential
evapotranspiration values in case of wet climates (energy limited
conditions). Introducing the aridity index P/PET, water availability
limited systems and energy limited systems are characterized respectively
by P/PET < 1 and P/PET > 1. Beyond a long term characterization,
water availability an energy limited conditions can alternate in time for a
given system, as the results of the intra-annual variability of
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climatological variables and thus in evapotranspiration rates, that switch
from actual to potential rates (Ryu et al. 2008, Zhang et al. 2016).
Opposed to more physically based methods, requiring soil physical
properties and soil moisture and vegetation monitored data, actual
evapotranspiration modeling can be performed through the use of a class
of methods, simply based on routinely measured meteorological
variables. Among these methods the Antecedent Precipitation Index
(API) model, the Advection-Aridity (AA) model (Brutsaert et al. 1979),
the Granger and Gray (GG) model (Granger et al. 1989), the CRAE
model (Morton 1978), the modified advection aridity (MAA) model
proposed by Otsuki et al. 1984 can be listed. Despite the large number
of scientific contributions existing in the specific literature, there is still
no a method for the assessment of actual evapotranspiration losses,
starting from simple meteorological data and able to: i) identify the
temporal switching between water availability and energy limited
conditions, in order to recognize time period where the
evapotranspiration losses are dominated by PET; i) model the
evapotranspiration losses seasonal pattern moving from potential to
actual rates, respectively during energy limited and water availability
limited conditions.

The GR hydrological behavior is modeled by soil water balance
approaches and evapotranspiration loss plays an important role into
retention modeling frameworks. In time, a broad range of models,
conceptual or more physically based, oriented to the event or to the
continuous time scale, suitable for single building or catchment scale,
have been proposed by numerous authors (Berthier et al. 2010, Sherrard
et al 2011, Stovin et al. 2013, Jim et al. 2012, Poé et al 2015, Hardin et al.
2012). Their implementation generally requires a high number of input
parameters related to the soil hydraulic properties including textural class
of the soil, residual soil water content, saturated soil water content,
saturated hydraulic conductivity, or related to the water flow boundary
condition, and the initial condition in terms of the pressure head or the
water content (Hilten et al. 2008, Hakimdavara et al. 2014). Model
implementation to predict the effectiveness of a planned green-roof
installation in a particular area is mostly complex, due to the above-
mentioned required data and parameters of the hydraulic system to be
simulated, which are usually not readily available without laboratory or
field experiments. It is well known indeed how model complexity affects
model performances. Relatively simpler approach are frequently
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preferred to over complex one as low calibration requirements are
associated to a more robust parameters estimation (Burstza-Adamiak et
al. 2013, Carson et al., 2015, Starry et al. 2016). In view of this, a
conceptual model approach essentially using only few basic input
parameters and weather data recorded by inexpensive monitoring
installations in the area of interest is required as an answer to mentioned
limitations. It should be taken into account that if the green
infrastructures want to be used for the mitigation of urban flooding
events, in addition to the complexity related to the understanding of
their behavior at single building scale, efforts should be made to figure
out how they perform at a larger scale. In the latter case, the
corresponding experimental sites do not exist and the relative
contributions refer to sensitivity analysis aiming at verifying the potential
hydrological impacts (Masseroni et al. 2016, Versini et al. 2016,
Zimmerman et al. 2016, Mobilia et al. 2018a). In this kind of study, a key
role has been played by the analysis of the dynamics occurring in
different climate conditions but also of the extent of implementation of
this technology according to the characteristics of the existing urban
built heritage.
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3 EVALUATION OF METEOROLOGICAL
DATA BASED EVAPOTRANSPIRATION
MODELS

In a water balance, evapotranspiration represents the largest component
and therefore, errors in estimating ET loss, assume great significance.
The assessment of hydrological performances of green roof requires the
quantification of evapotranspiration loss that plays a key role in reducing
stormwater input because it directly acts on its moisture content, and
thus on its ability to retain water after rainfall events. In order to measure
evaporation fluxes, very sophisticated techniques can be used but they
require more experimental data and instrumentation than are normally
available.  Given this premise, a methodology for actual
evapotranspiration losses only based on meteorological data has been
proposed. The approach is very simple to implement because the data
required as input are commonly and directly measured in weather
stations or can be derived with the help of direct or empirical
relationships. To this aim micro-meteorological data at the Rollesbroich
experimental site have been analyzed for a period of two years from July
2013 to June 2015. The analysis highlights a seasonal pattern in Budyko
index so based on the observed seasonal switch between water-limited
and energy-limited conditions, a threshold approach, combining
potential  evapotranspiration formulation and empirical actual
evapotranspiration relationships, has been proposed and wvalidated
against eddy covariance assessment. Using several goodness of fit indices
(RMSE, RE, MAE, NSE, d and r) the deviation between modeled and
measured ET fluxes have been investigated. Penman-Montheith
formulation has been considered for the potential evapotranspiration
assessment and two different empirical relationships have been applied,
namely the advection-aridity “AA” and the “API” non-potential Priestly-
Taylor models, as empirical actual losses relationships. At the monthly
scale, the lowest error occurs when the API method is used to mimic the
water availability limited conditions but further significant improvements
in the model can be achieved through the calibration of the Priestly-

19



Sustainable managment of stormwater in a changing environment

Taylor advection coefficient. Because the model prediction of ET agreed
well with the estimates obtained with the EC measurements, the
approach can be considered well performing in the assessment of the
actual evapotranspiration loss to be used in retention models of green
roofs (Mobilia et al. 2018b).

3.1 A REVIEW OF EVAPOTRANSPIRATION MODELS

3.1.1 Study area and data collection

The grassland study site of Rollesbroich (50°37°19”N, 6°18°15”E) is
located in western Germany close to the Belgian border (Figure 3.1). The
catchment has an area of 31 ha and its elevation increases from 474 to
518 m.a.s.l.. The annual mean precipitation and air temperature are
respectively about 1033 mm and 7.7 °C (Qu et al. 2016). While the air
temperature has a clearly visible seasonal pattern, with minimum and
maximum values occurring respectively during the winter and summer
seasons, the precipitation amount is substantially and uniformly
distributed during the year (Figure 3.1).

The composition of the higher plant species at the site is typical for
traditionally managed grassland of the Ranunculus repens—Alopecurus
pratensis plant community with the major species of meadow foxtail
(Alopecurus pratensis), perennial rye grass (Lolium perenne), rough
meadow grass (Poa trivialis) and common sorrel (Rumex acetosa)
(Borchard et al. 2015). All components of the water balance (e.g.
precipitation, evapotranspiration, runoff, soil water content) are
continuously monitored using state-of-the-art instrumentation installed
in the center of the field, including weather stations, a
micrometeorological station, weighable lysimeters, runoff gauges,
cosmic-ray soil moisture sensors, a wireless sensor network that
monitors soil temperature, and soil moisture and a 4-component net
radiometer. For a detailed description of the site and measurement
facilities please see Gebler et al. 2015 and Post et al. 2015. Latent heat
flux was obtained by the eddy covariance (EC) technique for time
intervals of 30 minutes. The EC post-processing software TK3.1
(Mauder et al. 2011) was used to calculate latent heat flux from the
vertical wind velocity obtained by the sonic anemometer (CSATS3,

20



Sustainable managment of stormwater in a changing environment

Campbell Scientific, Inc., Logan, USA) and water vapor density obtained
by an infrared gas analyzer (LI7500, LI-COR Inc., Lincoln, NE, USA).
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Figure 3.1 Location of the Rollesbroich grassland site in Germany (left) and the
Eddy covariance station (right) at the site.

The processing and quality assurance of the EC data followed the
corresponding TERENO strategy presented in Mauder et al. 2013.
Actual evapotranspiration was calculated from the latent heat flux using:

AET = G-1)

p\N : Lwater

=10"°-(2500.8-2.36-T +0.0016 - T * —0.000006 - T *) (3-2)

Wate r

where AET is actual evapotranspiration (mm™"), LH is latent heat flux
(Wm™), ov is water density (kg m ™), Lyue: is latent heat of condensation
of water in the temperature range from —25 to 40 °C (J kg "), and T is air
temperature (°C).

Since eddy covariance measurements are inevitably including gaps a
standard gap-filling procedure was applied after Reichstein et al. 2005 to
calculate the daily, monthly and annual sums actual evapotranspiration.

3.1.2 Complementary relationships for actual
evapotranspiration modeling
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Complementary relationship (CR) models were introduced by Bouchet
1963, and allow to directly model actual evapotranspiration using
conventional meteorological data. These models argue about a
mechanism of feedback between actual evapotranspiration (AET) and
potential (PET) evapotranspiration rates under condition of minimum
advection in a homogeneous area. In other words, in a condition of wet
surface, actual evapotranspiration equals the potential one, according to:

AET =PET =WET (3-3)

also expressed as:

AET +PET =2-WET (3-4)
and finally:
AET =2-WET —PET (3-5)

Where WET is the wet environment evapotranspiration. WET
environment or equilibrium evaporation is the evaporation rate
occurring when the surface is saturated and energy supply is constant.
Equ. 3-3 states that an increase in AET corresponds to an equivalent
decrease of PET because when the surface gets dry, a reduction of actual
evapotranspiration occurs, it leads to a decrease in humidity and an
increase in air temperature, as consequence, the PET increases too by
equal amount.

Among well-known complementary relationships, one of the most
broadly used approaches, the Advection Aridity model (Brutsaert et al.
1979), has been here selected to quantify actual evapotranspiration losses
based on meteorological variables measurements. It considered that
AET models require previous calculation of Priestley and Taylor (P-T)
1972 (eq. 3-6) and Penman (eq. 3-7) potential evapotranspiration fluxes
PET

1 A
I:)ETP,T :z'a|:A+7(Rn _Gsoil ):| (3'6)
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A j o 4 i
PETP,M - J{A (Rn Gsoil )j|+|: EAj| (3 7)

+y y+A

where A is the slope of the saturation vapor pressure—temperature curve
(kPa °C™) , given by the formula:

4098e
A= 7s 3-8
(T +237.3) G-8)

e is the saturation vapor pressure:

(3-9)

e, =0.611exp 172717
T+237.3

T is the air temperature (°C), y is the psychrometric constant (kPa °C™),
M\ is latent heat of vaporization (M] kg™):

A=2.501-(2.361-10°)T (3-10)
and E is the drying power of the the air expressed as:
E,=2.6(1+0.54u,)(e, —¢,) (3-11)

u: is the wind speed (ms™), e, is the saturation vapor pressure (kPa), e, is
the vapor pressure (kPa), and o the is the advection correction
coefficient from the Priestley—Taylor model equation with value 1.26, R,
is the net radiation (M] m™d™"), G is the soil heat-flux density at the
soil surface (MJ m™>d™"), considered to be negligible on a daily time scale
(Allen et al., 1998). Actual evapotranspiration derived by the AA Method
results from eq. 3-1 where potential evapotranspiration is given by
Penman equation for potential evapotranspiration and its subsequent
amendments suggested by different authors (e.g., Penman et al. 1951,
Tanner et al. 1960, Slatyer et al. 1961, Kohler et al. 1967) while the wet
environment evapotranspiration is provided by the Priestley and Taylor
equation for PET in which condition of minimal advection is considered
and the value of 1.26 is assumed for the advection correction coefficient.
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Finally, the AA model calculates AET from PET predicted by coupled
P-T and Penman equations, according to the formula (Marasco et al.
2015):

AA ( ) |: , 7/( n soil )} |:7/ , A} ( )

3.1.3 API Corrected potential evapotranspiration for actual
evapotranspiration modeling

The equilibrium evaporation or wet environment evaporation equation,
originally proposed by Slatyet et al. 1961, was subsequently modified by
Priestley and Taylor (1972) for estimating potential evapotranspiration
(eq. 3-6). From the results of several experiments, they found that the

coefficient o was constant and equals to 1.26. Mawdsley et al. 1985

modified the Priestley-Taylor model assuming a variability for o, which
is assessed in relation to the Antecedent Precipitation Index (Linsley et
al. 1951) as in the following:

A
AET pp; =0.408-a1p, {A—(Rn —Ggi )} (3-13)
+y
where the dimensionless coefficient, OLapi, is expressed as a function of
the wetness index API:
if APl <20mm —— @, =0.123(API)—0.0029(API)? —0.0000056( API)* (3-14)
Where:

APl =(C-API_,)+P, (5.15)

With API; the antecedent precipitation index computed on day t, C the
storm hydrograph recession coefficient and P, the precipitation of day t.
While for values of API lower than the fixed threshold, the non-
dimensional coefficient corresponds to the Priestley-Taylor coefficient:
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if APl >20mm->—a,, =1.26 (3-106)

assuming that for over saturated system (API > 20 mm) AET rates are
no longer dependent on soil water content but they are a constant
percentage of PET.

3.2 SWITCHING BETWEEN WATER AND ENERGY LIMITED
CONDITIONS

Computed on an annual time scale, for the period under evaluation,
mean annual precipitation and potential evapotranspiration are
respectively about 895 mm and 795 mm, which return an annual scale
Budyko index of about 1.2. The energy limited scheme is thus applicable
to the investigated system.

If computed at the monthly scale, the Budyko index I appears to be
characterized by a seasonal pattern (Figure 3.2). From March to
September I = P/PET is overall smaller than the threshold limit P/PET
= 1, thus the system can be defined water-limited in this period of the
year. Extra-ordinary rainfall events (not consistent with the average
behaviour) occurred in July and August 2014 are the reason for I larger
than 1. According to Budyko 1974 framework, actual evapotranspiration
rates are controlled by precipitation amounts which are visibly significant
also during this time window. From October to February I is instead
larger than 1. The system switches from a water limited to an energy
limited condition in this period of the year. An effective switch occurs in
the period from November to February, when I values are significantly
larger than 1. A comparison between actual evapotranspiration, derived
by eddy covariance observations, and potential evapotranspiration,
computed by the Penman Montheith formulation (Figure 3.3), illustrates
how during this period (I >> 1) actual rates approach potential one and
are instead lower during the remaining periods, especially during the
summer season. When compared to meteorological variables available
for the study site, it has been found a significant correlation between the
net radiation value and the temporal switching between the water limited
and energy limited conditions. At the monthly scale, in fact, actual
evapotranspiration rates approach potential ones when the net radiation
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assumes negative values or when net radiation is below a threshold of
about 1.5 MJ/m*d".

200

180

P/IPET

Figure 3.2 Monthly patterns for precipitation (P), eddy covariance actual
evapotranspiration (AETec), Penman-Montheith potential evapotranspiration
(PETpm) and Budyko aridity index (P/PET). The dotted line P/PET = 1
represents the threshold limit between energy limited and water limited systems.

This finding, assumed valid for the particular climate environment and
vegetation type considered, represent an operational result useful for
further modelling the actual evapotranspiration losses, which will be
constrained by potential values on the base of a threshold model that, as
later detailed, can be set on widely available meteorological variables,
such as the monitored net radiation.
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Figure 3.3 Monthly patterns for eddy covariance actual evapotranspiration
(AETec), Penman-Montheith potential evapotranspiration (PETpm) and net
radiation (Rn).

3.3 MONTHLY AET PREDICTION MODELS

In order to effectively model actual evapotranspiration at monthly scale,
four methods have been proposed:

1) The API Antecedent precipitation index method, as described by eq.
3-13

2) The AA Advection Aridity method, as described by eq. 3-12

3) In addition to the above mentioned methods reported by the
scientific literature, two threshold combined approaches have been
proposed, provided the illustrated findings related to the temporal
switching from the water limited to energy limited conditions. The
proposed approaches ate PM/API and PM/AA models, described by
eq. 3-17,3-18, combining the Penman Montheith formulation for PET
assessment and the API or AA formulations for AET assessment, where
the Priestley-Taylor coefficient has been set to 1.26, as suggested by
Mawdsley et al. 1985. The combination between the PET and the AET
formulation is proposed according to the observed temporal switch.
When energy limited conditions occur, actual evapotranspiration is well
described by the potential one computed by PM according to Figure 3.3
while when the system is governed by water limited conditions, actual
ET rates can be accurately predicted using API and AA methods. The
switch from PM to API or/and AA is detected when net radiation (NR)
is below an observed threshold (NRr) as in the following:

if NR<NR, >—>PET,, == -2 (R, -G, )|+| Z/—E,| (17
’ Al A+y y+A

A
AET,,, = 0.408{A - (R, -G, )}

if NR>NR, - or
A Y
AET,, = 2a —1)0.408[A+y (R, =Gq) } - {M EA}

(3-18)
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4) The last proposed model is the threshold approach PM/APIca,
which combines PM and API, according to the previous considerations,
but where a calibration of Pristley-Taylor coefficient is further suggested
in order to achieve a better fitting between observed and modelled ET
values.

The relationships between AET fluxes modelled using the above
described approaches and observed EC measurements have been
evaluated by a quantitative fitting analysis. The comparisons help testing
the ability of the models in predicting actual evapotranspiration but,
what is more important, help detecting the limitations of each approach.
The fitting analysis have been performed at monthly and global scales
using several goodness-of-fit (GOF) indices: the root-mean-square error
(RMSE), the relative error (RE), the mean absolute error (MAE), Nash-
Sutcliffe Efficiency coefficient (NSE), Index od agreement (d), the
correlation coefficient (r) estimated as follows:

1
z:]:l(ETmod.i - E-I-obs,i)2 ?

RMSE; = (3-19)
n;
RMSE.
RMSE . (%) = L.100 (3-20)
: E
obs
1 n ETmod,i - ETobs,i
RE; = 1‘ = ‘ (3-21)
j obs,i
1 <
MAEJ = n_ 1 ETmod,i - ETobs,i‘ (3-22)
i
" (ET,. —ET...
NSE, =1— 2 0(ETas ) (3-23)
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2

ET, .4 —ET

dj :1_ Zi:l mod,i obs,i (3_24)
Zin:lqETmod,i - ETobs,i +‘E-I-obs,i —-ET )Z

obs,i

_ Covariance(ET

mod ! ETobs)
S.D.(ETmod)S-D'(ETobs)

(3-25)

(13 (13

Where “j” is the index of the month, “n;* is the length of the monthly
sample, “ETmeq;” and “EToi” are respectively the monthly values of
modeled and observed evapotranspiration, S.D. stands for standard
deviation. The monthly and global errors have been further normalized
respectively by the mean monthly value and the annual cumulative value
of observed AET from EC.

The results reported in Table 3.1 highlights that all of the applied models
allow for a good prediction of ET and that the threshold models
compared to their corresponding single models perform however better,
how confirmed by the low values of RE, RMSE and MAE.

Table 3.1 Global values of the goodness-of-fit indices for the proposed models.

Method MAE (%) RMSE (%) RE (%) NSE () d() £ ()
API (1.26) 0,878 0,463 27,769 0,842 0,848 0,989
AA 0,973 0,670 36,426 0,836 0,819 0,964
PM/AA 0,869 0,279 29,707 0,855 0,826 0,935
PM/API(1.26) 0,841 0,770 25,793 0,845 0,846 0,985
PM/API(1) 0,466 0,140 20,865 0,953 0,902 0,979

At monthly scale, the results illustrated in Figure 3.4 confirm that the
threshold models (eq.3-17, 3-18) have lower errors than the basic
empirical models (eq. 3-12) and (eq. 3-13), with an average value of the
monthly RE and RMSE respectively of 25% and 20% for PM/API(1.26)
and 29% and 20% for PM/AA against 28% and 21% for API(1.26) and
36% and 23% for AA. Differences in terms of performances are evident
at the seasonal scale however, with the threshold method PM/API that
appear to be the best performing especially during the winter periods. In
the meantime, several authors, have proposed a re-examination of the
value of Priestley-Taylor coefficient in order to improve the ET

prediction. Although the value proposed by Mawdsley et al. 1985 set a
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on 1.26, a moderate range of variability has been reported for such
coefficient. McNaughton et al. 1973 suggested to use a=1.05, Davies et
al. 1973 proposed a coefficient of 1.27 while Morton 1983 of 1.32 similar
to 1.3177 proposed by Hobbins et al. 2001. De Bruin et al. 1979 further
argued about a variation of o between 1.15 and 1.42. Given the
uncertainty in the value to be assigned to the Priestly Taylor coefficient
and in order to improve the simulation approach, a calibration of the
value of the Priestley Taylor coefficient is also here proposed.

$erse v AP1.26)  m—7  e—M/API(1.26) PM/AA

RE (%)

....... AP1.26)  emmmmmAA  cmmmmm—PM/AP126)  w———  PM/AA

RMSE{%)

Figure 3.4 Monthly values of RE and RMSE for the proposed models.
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The calibration is performed, at the monthly scale, with reference to the

API method formulation eq. 3-13 from which the a coefficient is
computed according to:

A+y 1
aj,CAL:/I'AETobs,j' A 'R G

n

(3-26)

soil

where the AET losses is assumed to correspond to the observed eddy
correlation values, where “j” is the index of the month.

The calibration particularly concerns only the periods when the system
can be defined water-limited excluding those ones where energy limited
conditions prevail, as during these periods the evapotranspiration is well
described by the potential PET. The monthly calibration (Figure 3.5)
show a value of a approximately equal to 1 for all the periods when

water limited conditions occut.
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Figure 3.5 Calibrated monthly values of the Priestly Taylor coefficient a.

The accuracy of the ET values provided by the calibrated API models
with acar=1 has been verified and compared to those ones resulting
from the non-calibrated approach using the above said goodness of fit
indices (Figure 3.6). The monthly indices computed for the PM/APIcar
confirm that the process of calibration involving the adjusted coefficient
o allows to a further improvement of the PM/API model with an
average monthly RMSE of 11% compared to 20% of the threshold
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model PM/API and a minimum value of 0.06 % against 1.53%. At the
global scale (Table 3.1), the indices for PM/APIca. model appear overall
the best performing in the end, the calibration of the Priestly-Taylor
coefficient appears to be a critical issue in the improvement of model
performances.
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Figure 3.6 Monthly values of RE and RMSE for PM/API(1.26) and PM/API(l).
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4 DAILY SCALE WATER BALANCE
MODEL

The proposed threshold methodology for an accurate simulation of the
actual evapotranspiration loss simply based on meteorological data can
be used in retention models for the prediction of green roof retention
performances. Until now, questions remain to be answered regarding the
relationship between the complexity level of a GR retention model and
its performances. Three conceptual models, of increasing complexity in
descriptive details, are calibrated and compared to experimental data of
runoff recorded over three years from an experimental site located at
Bernkastel-Kues, Germany. The case study has enable to determine if
higher complexity level leads to better model performance, and therefore
to a better prediction of observed hydrological processes. The proposed
approaches consist of daily scale hydrological models, based on water
balance equations, where the main processes and variables accounted for
are the precipitation input, the evapotranspiration losses and the
maximum water storage capacity. Model detail increase is achieved
moving from a basic approach using potential evapotranspiration and
constant storage threshold to an intermediate complexity approach using
actual evapotranspiration and a constant storage threshold to an
advanced approach using actual evapotranspiration and a variable storage
threshold. Potential evapotranspiration has been estimated with the use
of the Penman—Monteith equation while actual evapotranspiration with
the proposed threshold combined approach. The maximum water
holding in the basic and intermediate approach is the only model
parameter to be calibrated for hydrological simulation, it depends on
substrate layer material properties and represents a constant physical
property. In the advanced approach the storage threshold represents a
process and it is a variable evolving over time. The model estimates of
runoff have been compared with observed runoff data for the entire
duration of the study period using two fit indices namely the average of
absolute percentage errors (AAPE) and root-mean-square errors
(RMSE). The main findings confirm on one side the role played by
evapotranspiration modeling and, on the other side, the good accuracy
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achieved, in a minimal calibration requirement approach, through the
modeling of basic and elemental processes.

4.1 'THE STUDY SITE AND DATA

The green roof in analysis is an extensive green roof with an area of 22
m® and a slope of about 5°, it is located in Bernkastel-Kues (49° 55* 117
N, 7° 4 33” E, 145 m above sea level), Rhineland-Palatinate, western
part of Germany (Figure 4.1).

Plants
Medium

Water storage Layer

Protection layer

Figure 4.1 Green roof location and composition.

It is made up of three layers: the vegetation layer (spontaneous
vegetation), the growing medium (mineral substrate) consisting of a
mixture of lava, pumice and humus and a water storage/protective layer
(retention Hydrotex membrane). The climate regime is typically oceanic.
Average precipitation is about 700—800 mm/year and it is approximately
uniformly distributed during the year. Temperature exhibits instead a
typical seasonal pattern, with highest monthly mean values during the
summer season of about 18 °C and annual average temperature of 9,4°

(Figure 4.2).
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Figure 4.2 Patterns of mean monthly rain and temperature for the study site.

Meteorological data are precipitation recorded at the experimental site
and wind speed, air temperature, relative humidity, global radiation
collected at the nearest available meteorological station, Bernkastel
(AgrarMeteorologie, Rheinland-Pfalz, 2017). Runoff measurements have
been recorded, with a daily time step, from March 2004 to May 2007, but
some missing data appear during the monitoring period, preventing the
total period of observation to be used for modeling purposes. Generally,
no significant runoff has occurred, due to freezing of the water, between
late December and late March. For this reason, the winter period has not
been considered in the simulation approach.

4.2 'THE CONCEPTUAL MODELS

The aim of the reported research is an analysis of the impact of the
complexity in the description of variables and processes of a green roof
hydrological model on the relative parameterization and accuracy, with a
focus on the retention capacity of the green infrastructure. To this
purpose a daily scale conceptual hydrological model is applied, based on
water balance equations whose main input variables are the precipitation,
the evapotranspiration loss and the maximum water storage capacity,
here called storage threshold (Mobilia et al. 2017). The model is used
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with three different settings (mod A, mod B and mod C), characterized
by an increasing complexity in the description of the involved variables
and processes (Table 4.1).

Table 4.1 Models settings for different model complexity level. Mod A represents
the basic approach. Mod B represents the intermediate approach. Mod C
represents the advanced approach.

Model ET W inax

Mod A PET Constant
Mod B AET Constant
Mod C AET Variable

The three settings correspond to: a basic approach based on the use of
potential evapotranspiration and a constant storage threshold (mod A);
an intermediate approach where actual evapotranspiration and a constant
storage threshold are accounted (mod B); an advanced approach where
actual evapotranspiration and a variable maximum water holding depth
are used (mod C). The three conceptual retention models, of different
complexity, are calibrated using the values of runoff measured from the
studied infrastructure.

4.2.1 The governing equations

The water balance equations used to simulate the runoff production “R”,
common to all of the three model settings, are:
V,=V,,+P -ET, <W_, >—>R =0 (4-1)
V=V +R-ET >W, >R =V, W, =V, + B —ET, W,

where “t” is the daily time index, “V” the green roof water depth, “P”
the observed precipitation, “ET” the modelled evapotranspiration loss,
“Wiay~ the maximum water holding depth or storage threshold.

In the basic approach, ET loss is assumed to be set on the potential
evapotranspiration (PET) and a constant storage threshold is also
considered. The governing equations become:

Vt :Vt—l + Pl - PETt SWmax —>—> Rt =0 (4_2)
V,=V,, +P -PET, >W,_, >—> R, =V, -W_, =V, +P -PET, -W_,,
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where the term “ET.” is replaced by “PET.”. As PET is rapidly
computed from meteorological observation, Wi represents the only
model parameter to be calibrated.

Potential evapotranspiration represents obviously an ideal process, but
for a better model performance, the actual evapotranspiration process
should be modeled (Mobilia et al. 2016b). Actual evapotranspiration
AET modeling generally requires soil moisture, soil and vegetation
properties data, but in order to keep to a minimum the number of
needed information, an approach simply based on meteorological
variables and on the concept of non-potential Priestley-Taylor model
(Mawdsley et al. 1985), is in the following used. In the intermediate
complexity approach, ET loss is then assumed to be set on the non-
potential Priestley-Taylor evapotranspiration (AET) and a constant
storage threshold is accounted for. The governing equations are
represented by eq. 4-3 where the term “ET/” is replaced by “AET.”:

V, =V, +P, — AET, <W,_, —>—>R =0 (4-3)
V, =V, +P, — AET,>W_, —>—>R =V, -W_, =V, , + P, — AET, -W__,

As in the case of the basic model, also in this case Wma represents the
only parameter to be calibrated for hydrological simulation. Considered
as the amount of water stored between the permanent wilting point and
the field capacity, the maximum water holding capacity W depends on
substrate layer material properties and represents a constant physical
threshold. The constant physical limit could be however called into
discussion, if it is considered that due soil heterogeneity runoff can occur
even before the actual capacity is reached and that vegetation provides
some additional moisture storage capacity to be accounted for (Poé et al.
2015). Wi 1s more likely to represents a process rather than a physical
property and, as exhaustively discussed in Mobilia et al. (2017), a strong
correlation is found between the maximum water holding depth on day
“t” and the water depth on day “t — 17 as follows:

W *Vi (4-4)

max,t

The correlation results from the eq. 4-3, where the GR runoff
production is computed at the daily scale as:
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Rt,mod =Vt _Wmax =Vt—l + Pt - AETt _Wmax (4_5)
If Eq. 4-5 is reversed, a calculation for W .. could be obtained:

W, V,-R

maxt — Vit t,mod :Vt—l + Pt - AETt -R (4'6)

t.mod

Assuming further that for each day t, the modeled runoff (R,.,) is equal
to the observed one (Roks), a calibrated daily time series for W .., can be
obtained:

Wmax,t :Vt—l + Pt - AETt - Rt.obs (4_7)

Plots for V,.; and W, are provided in Figure 4.3, as a ratio of the green
roof depth.
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Figure 4.3 Water depth (V) and water holding capacity (W) daily scale patterns
as a ratio to soil depth. Actual evapotranspiration losses are computed by the
API Method. Overlapped, in the upper right corner, the scatter plot for the two
considered variables and the relevant Person correlation coefficient.

Illustration refers to AET computed by the threshold method
PM/APIu.2). Considering the above discussed soil physical properties and
also probably to balance the a-priori calculation for AET losses, W,
becomes a variable for the GR hydrological model itself. Its temporal
pattern is neatly coincidental with the water depth pattern. Retention
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capacities approach a maximum value of about 55% during the rainy and
cold seasons. They decline to about 10% during a short summer period,
where the typical large amount of rainfall (high API values in Figure 4.4)
is contrasted by high evapotranspiration losses. In 2000, the retention
capacity appears moderate also for the autumn season because of
enhanced evapotranspiration losses compared to the same period of the
previous year (Figure 4.5). Beyond the visual patterns coincidence, the
coefficient of cotrelation between W, and V, —; is extremely high (* =
0.99). This result confirms the strong correlation the water holding
capacity Wi and the stored depth V (eq. 4-4). Thus eq. 4-5 becomes:

R =V, +P —AET, =W . V., + P —AET, -V, =P, - AET, (4-8)

t,mod
According to such discussion, in the advanced approach, ET loss is
assumed to be set on the actual evapotranspiration (AET) and a variable
storage threshold is accounted for. “Wi.~ and “AET.” respectively
replace “Wo.” and “ET”  in eq. 4-1 and the water balance equations
are:

Vt :Vt—l + Pt — AETt SWmax,t ——> Rt =0 (4_9)
Vi=Via + R —AET, >W, i >R =V, =W =Viu + R - AET, =W
where the second equation, according to eq. 4-4, can be rewritten as:

R =P — AET, (4-10)

The runoff production can then be modeled at daily time steps as the
result of a surface water balance between input and output fluxes. AET
is simulated with the use of indirect methods (empirical relationships)
and thus the choice of the particular AET approach would be crucial for
model uncertainty. To further consider the ability of the
evapotranspiration process to restore the green roof water retention
capacity during prolonged dry periods (Stovin et al. 2015), a cumulative
soil water balance index (Isws) over the previous four days is considered
in the mod C:

Ioe= Y. P, —AET,, (4-11)
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If the index produces a negative value on the day “7’, the GR retention
capacity is assumed to be completely restored. No runoff will be
produced on that day, if its actual rainfall does not exceed the GR
retention capacity. The four-day interval in Eq. 4-11 has been calibrated
on the basis of available monitoring data about dry periods, which
represent a negligible set of occurrences (about 3% of total cases),
perhaps due to the particular uniform precipitation regime of the studied
area. Eq. 4-11 has been applied regardless of the relationship used for
actual evapotranspiration modeling. Model details are actually more
complex, as more processes are schematized, but contrarily to what
expected, model parameterization is lessened, as no parameter has to be
calibrated for simulation purposes because GR response to rainfall is
simply computed as the difference between observed precipitation and
modeled actual evapotranspiration. The three models (mod A,B, C)
require an initial value for the depth of water V, which is assumed to
correspond to the Antecedent Precipitation Index value, considered as a
proxy of soil moisture conditions (Ali et al. 1987). The same index would
be used, as illustrated in the previous chapter, to compute AET losses.

4.2.2 PET and AET assessment

In contrast to most common frameworks, in the proposed approach
evapotranspiration losses are modeled a-priori, as a function of
meteorological parameters, independently of explicit moisture content.
Potential evapotranspiration has been assessed with the use of the
Penman—Monteith (1948) (eq. 3-7):

PETP,M=£|: = (Rn_Gsoil):|+|:LEA:| (3_7)
Al A+y y+A

For actual evapotranspiration, the threshold combined approach,
proposed in the eq. 3-17, 3-18, has been used. The method combines the
Potential evapotranspiration suggested by Penman-Montheith and the
Antecedent Precipitation Index formulation for AET assessment with P-
T coefficient equal to 1.26:
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if NR<NR, »>—>PET,, == -2 (R -G, )|+|L—E,| 617
’ Al A+y y+A

if NR>NR; >—>AET,p, = 0.40805[AA (R, =Gy )} (3-18)
+y

The threshold method PM/API 5 has been has been preferred over the
PM/AA method because it appears to be the best performing.
According to eq.3-17,3-18, the temporal switch between the two models
occurs for a detected value of net radiation marking the transition from
energy limited conditions to water limited conditions (NRr). The
investigation of NRt has been possible for the study site of Rollesbroich
because eddy covariance measurements of evapotranspiration are
available. These values of ET fluxes have been compared to the
modelled ones in order to identify the threshold. For the study case of
Bernkastel-Kues, no data from EC towers were available so there was no
possibility to calibrate the NRr threshold. However, the period when one
or the other condition occurs, has been unequivocally characterized by
Budiko aridity index. In fact, from March to September when I<1, the
system can be defined water-limited and in the other months of the year,
the system is energy limited. This finding, assumed valid for Rollesbroich
can be extended to Bernkastel-Kues because both of them are located in

an oceanic climate region with similar wheatear conditions. Similar
considerations can’t be applied to the calibrated Priestly-Taylor advection
coefficient used in the threshold approach PM/APIcar, combining PM
and API with o car. The reason is that the two case studies have different
vegetation covers which are species of meadow foxtail, perennial rye
grass, rough meadow grass and common sorrel for the site of
Rollesbroich and sedum with spontaneous vegetation for the site of
Bernkastel-Kues as well as the grassland area of Rollesbroich is a natural
site while the green roof is made up of synthetic substrates with a thin
natural layer on the top. Finally actual evapotranspiration for this site has
been described by a PM/API .2 approach using AET api,126 from April
to October and PETpy in November and December. Provided data
continuity and reliability, the period chosen for the simulations ranges
from April 2005 to December 2006. Main meteorological variables used
for AET assessment are illustrated in Figure 4.4. AET and PET monthly
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patterns have been reported in Figure 4.5 for the full period of
observation (from April 2005 to December 20006).
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Figure 4.4 Precipitation, antecedent precipitation index (API), air temperature,
wind speed, radiation daily pattern for the experimental site.

They are featured by a sinusoidal pattern, with the maximum and
minimum values occurring during the summer and autumn period,
respectively.
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Figure 4.5 Monthly patterns of PET and AET during the period of observation.

4.2.3 Models evaluation

To quantitatively judge the ability of the approaches to reproduce the
observed runoff, two fit indices, average of absolute percentage errors
(AAPE), root-mean-square errors (RMSE) and the percentage RMSE
have been calculated:
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1

" (Ropgi —Rypei)? I°
RMSEJ _ Z|:1( mod,i obs,l) (3_19)
n.
J
RMSE;
RMSE, (%) = ——"-100 (3-20)
Robs
1 n Rm d,i_Rb,i
AAPE; =n—ziﬂ% (4-12)
j obs,i

with “n” the number of points of discontinuity of the cumulated runoff
distribution (runoff events occurrences) where the fit is evaluated, Rmod is

the modeled runoff, Ru the observed runoff and @ the total average

observed runoff.

4.3 RESULTS

In the case of mod A and mod B settings, evapotranspiration losses,
respectively potential and actual fluxes, represent functions of
meteorological variables and can be assesses a-priori and used as a
climate forcing for the GR model, not dependent on the stored water
depth V. Mod A and mod B hydrological simulation relies thus only on
Wi calibration. In the case of mod C, as previously discussed W is
assumed to varies during the simulation. This circumstance, as discussed,
causes a simplification of the water balance equation, and the
hydrological simulation does not require a calibration phase, with runoff
production modeled as by eq. 4-10. In the case of mod A and mod B,
Wi calibration is achieved assuming that total modelled runoff equals
total observed runoff, for each period of simulation. Results are
illustrated in Figure 4.6 and Figure 4.7. At a first visual inspection, in the
case of mod A and mod B a number of runoff events are not modeled
and in most cases an overestimation occurs. Mod C appears the best
performing among the three different considered model settings.
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Figure 4.6 Comparison between modelled and observed runoff time series for
the different approaches.

44



Sustainable managment of stormwater in a changing environment

100
90
80
70
60

50

Runoff (mm)

0 E - L _______ ~ Observed nunoff

e A Runoff, mod A
= Runoff, mod B
= = Runoff, mod C

Runoff event occurrences

16/05/2005
15/06/2005
15/07/2005
13/09/2005
13/10/2005
12/11/2005
12/12/2005

14/08/2005

=2
-~

g

a
-
]

3
v —

g :
540
= .
: . —
30 ¢ ’
20 E r' [} s Runoff, mod B
0 E_ "~ = = Runoff, mod C
® Runoff event occurrences
g Ad=====

16/04/2006
16/05/2006
15/06/2006
15/07/2006

14/08/2006
13/09/2006
13/10/2006
12/11/2006
12/12/2006

Figure 4.7 Comparison between cumulated observed runoff from the studied
green roof and cumulated runoff modelled using the three approaches with
increasing level of complexity. a) simulated period: 2005. b) simulated period:
2006.

The results of the analysis of fitting carried out using the indices of
model performances (eq. 3-19, 3-20, 4-12) are illustrated in Table 4.2.
Although a calibration process has been performed and cumulative
simulated runoff equals the observed one, mod A, regardless for the
modeled period, is characterized by the largest errors, with RMSE (%)
above 14% (in 2005), of average observed runoff, and AAPE
approaching 126% (in 2005). Cumulative modeled runoff pattern
significantly differs from the observed one and it is practically not at all
affected from rainfall occurrences, as the cumulative runoff, for the total

45



Sustainable managment of stormwater in a changing environment

period of observation, is approached in the earlier period of the
simulation (Figure 4.7).

Table 4.2 Values of the RMSE and AAPE for the different approaches.

Year Method R;,,q (mm) RMSE (mm) RMSE (%) AAPE (%)
2005 mod A 93.6 13.1 14 126.3
Robs (mm)=  mod B 93.6 2.67 2.85 58.96
93.6 mod C 89.0 0.66 0.7 14.09
2006 mod A 77.0 9.8 12.7 146.5
Robs (mm)= modB 77.0 3.02 3.92 89.87
77.0 mod C 74.4 0.55 0.71 16.14

Moving from potential to actual evapotranspiration losses increases
model accuracy. RMSE (%) and AAPE values for mod B are indeed
lower than in the case of mod A, respectively equal to about 4% and
89% (in 2006), but cumulative simulated runoff pattern is still
significantly different from the observed one. A larger sensitivity to
rainfall occurrences is detected however compared to mod A (Figure
4.7). Nevertheless the lack of a calibration process, mod C appears to be
the best performing method also on a quantitative point of view. RMSE
(%) and AAPE indices approach the lowest values of about 0.7% (for
both  years) and 14% for 2005 and 16% for 2006 respectively.
Furthermore, cumulated modeled pattern is very close to the observed
one and total cumulated runoff only differs of about 5% from observed
one (Figure 4.7).

Calibrated values for the maximum water holding capacities for mod A
and mod B are illustrated in Table 4.3 as percentage of total soil depth.

Table 4.3 Calibrated (mod A and mod B) and average (mod C) maximum water
holding capacities as percentage of total soil depth.

Year Mod A (%) Mod B (%)
2005 26.6 454
2006 24.3 38.9

For each method, the maximum water holding capacity in 2006 is lower
than in 2005. This is likely due to the reduced value of total annual
precipitation occurred in 2006, 367 mm, compared to the total annual
precipitation of about 424 occurred in 2005, for a percentage reduction
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of about 15%. Differences in total precipitation also causes differences
in cumulated runoff, about 77 mm, occurred during 2006 compared to
the 93 mm observed during the year 2005, for a percentage reduction of
about 20%. Evapotranspiration total amount, for both potential and
actual rate, are indeed similar for the two monitored periods. A moderate
difference is detected in particular for the actual evapotranspiration
larger (of about 6%) in 2005.

4.3.1 Impact of maximum water holding capacity threshold

In the case of mod A and mod B the hydrological simulations require a
calibration for the water holding capacity threshold Wi.. For such
approaches it would be important, especially in context where
experimental data are not available for calibration, to study the impact of
the choice for a particular value of Wi« on model accuracy.

To this purpose, a sensitivity analysis has been performed, in the case of
mod A and mod B, to measure model performances through RMSE and
AAPE statistical indices. Results are illustrated in Figure 4.8. For both
cases, RMSE and AAPE illustrate how, as a results of the calibration,
errors monotonically increase for Wi values lower than the calibrated
threshold. In the case of mod A, for a given W value, errors occurring
in 2005 and 2006 are different probably because the different cumulated
runoff rates (Table 4.2) for the two periods are not balanced by instead
very similar potential evapotranspiration cumulate loss for the same time
intervals. The largest errors are indeed predicted for the 2005 period,
characterized by the largest potential evapotranspiration loss. On the
contrary, in the case of mod B, errors occurring in 2005 and 2006 are
almost similar, probably because the different cumulated runoff rates
(Table 4.2) for the two periods are balanced by a different actual
evapotranspiration cumulate loss for the same time intervals. Model
errors associated to mod B are, compared to mod A, larger, for W
different from the calibrated threshold. Such circumstance indicates a
larger sensitivity of mod B to uncalibrated Wy, compared to what occur
for mod A. Lower evapotranspiration losses (by actual process as
formulated in mod B) correspond to lower rainwater storage availability
and thus, for a given Wia, to larger runoff rates and larger
overestimation (Figure 4.0).
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Figure 4.8 Impact of water holding capacity (as a percentage of soil total depth)
for mod A (upper panel) and mod B (lower panel).
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5 EXPERIMENTAL GREEN ROOEFS AT
UNISA CAMPUS

Once the models for predicting the hydrological green roof
performances have been proposed, it should be taken into account that
the stormwater response of a green roof is indeed highly impacted by the
climate conditions. The green roof infrastructures are mainly
implemented in cold region where their effectiveness is well documented
in literature (Zimmer et al. 1997, Mentens et al. 2006, Villarreal et al.
2005). The use of green roofs technology in Mediterranean areas is more
limited. The specific climate probably represents a challenge for GRs
implementation because it is characterized by long dry periods without
rain, that occur mainly during summer periods and that could affect the
plants growth of the vegetation layer and consequently the performances
of the eco-roof. Even the experimental sites in Mediterranean climate are
scarce (Olivieri et al. 2013, Lazzarin et al. 2005, Fioretti et al. 2010) and
only a few of them analyze the hydrological behavior of the green roof
(Palla et al. 2011, Bonoli et al. 2013, Carbone et al. 2014, Mobilia et al.
2014), consequently few studies about their performances in terms of
stormwater management exist. For a better understanding of the
behavior of GRs with regard to the climate condition, in particular the
Mediterranean one, and the construction type of the roof, two green
roof test beds (GR1, GR2) have been located in the campus of
University of Salerno and their hydrological performances have been
monitored.

5.1 SITE DESCRIPTION

In January 2017 two green roof test beds (Figure 5.1) were installed at
the Laboratory of Environmental and Maritime Hydraulic, Department
of Civil Engineering of the University of Salerno UNISA (40.770425,
14.789427 altitude of 282 meter) (Mobilia et al. 2017a). UNISA is located
in Fisciano, (Southern Italy) and it is featured by a Mediterranean
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climate. The two experimental roofs are of extensive type with short-
stemmed plants. They differ for the drainage layer setting. They are
placed on bench of stainless steel with a surface of 2.5 m* (1 x 2.5 m) and
a double pitch slope of 1%. All over the walls of the bed, three lines of
holes at the height of 0, 2.5 and 5 cm from the bottom of the table, have
been planned to drain rainwater to the outlet. The holes have a diameter
of 1 cm and they are 8 cm away from each other.

Figure 5.1 Green roofs Experimental site in Salerno.

From the holes, runoff flows in underlying 8 cm wide open channels set
up all around the perimeter of the bench. The open channels are
equipped with L-section top lids fixed by metallic clamps and removable
for periodic inspection. From the channel the flow is collected into a
circular outlet section with a diameter of 10 cm. From this section, a pipe
channels runoff into a tank. The tank is manually emptied through a
water tap every time the maximum capacity of 50 liters is reached. In the
Figure 5.2 some details about plans and sections of the benches are
provided. The tank weight is continuously monitored to measure the
stored water and quantify the amount of runoff during storm events.
The two green roofs include three layers: the vegetation layer made up of
succulent plants typical of Mediterranean climate (Mesembryanthemum)
planted at medium density (4 plants per square meter) in order to
provide adequate coverage of the growing substrate, 10 cm deep support
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substrate with peat and zeolite and total porosity of 94%, finally the
water storage layer with a depth of 5 cm. A non-woven filter mat is
interposed between the substrate and the storage layer. For one of the
test bed (GR1), the drainage layer is made up of expanded clay with
diameters from 8 to 20 mm and it ensures a reserve of 32 liter/m2.
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Figure 5.2 Plans and sections of the benches.

For the second installation (GR2), the drainage layer is made up of a
commercial drainage panel MODI filled with expanded clay (Figure 5.3).
Each panel of 58x58 cm is supplied in 13 trays filled with clay acting as
water reservoirs and providing, empty, according to the manufacturer’s
specification, a reserve of 14 liters/m”.
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Figure 5.3 Drainage layer with clay and commercial panel filled with clay.

The site is fully and continuously (5 minutes resolution) monitored with
a meteorological station including a tipping bucket type raingauge for
rain with the minimum recordable depth of 0.25 mm rainfall, a
thermohygrometer for air humidity and temperature, a pyranometer for
solar radiation, 4 soil moisture sensors, 2 for each test bed located
upstream and downstream at a distance of 10 cm from the shorted sides

(Figure 5.4).

Figure 5.4 Weather monitoring systems.
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5.2 IRRIGATION SYSTEM

Green roofs have become a widely used tool for stormwater retention
mainly in cold and wet regions where the knowledge about their function
and performances is in an advanced state while in Mediterranean climate,
the lack of experimental sites concerning the hydrological behavior of
GR infrastructures makes the investigation of these aspects difficult.

The reason can be searched in site conditions because for successful
establishment and long-lasting vegetation, climate and weather factor like
the occurrence of periods of drought and the pattern of annual
precipitation are crucial (FLL 2002). The oceanic climate generally is
characterized by warm (but not hot) summers and cool (but not cold)
winters  with evenly distributed rain throughout the year and no
significant precipitation difference between seasons. Mediterranean
climate is characterized by warm or hot, dry summers and mild or
cool, wet winters and at least three times as much rain falls in the
wettest month of winter as in the driest month of summer (Koeppen
1931, FAO/SDRN 2017). As an example, these statements are
supported by the seasonal pattern of rain for Salerno (located in
Southern Italy with a typical Mediterranean climate) and Trier
(Western Germany with a typical oceanic Climate) shown in the
following figure. (Figure 5.5)

600
N Trier

500 -
— ® Salerno
[
E 400 7
i
o 300 -
<
"_:’ 200 —
e

lm 1 .

o + . - .
Winter Spring Summer Autumn

Time [Season]

Figure 5.5 Seasonal patterns of rain for Salerno and Trier.
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In light of this, the oceanic climate appears to be the perfect place for
the placement of green roofs but with some precautions, the technique
can be exported also in Mediterranean climate. The precautions in case
of experimental test-beds located in the campus of UNISA, have been
the use of succulent plants with great drought tolerance and of an
irrigation system to be turned on during drier months of the year in
order to provide a minimal irrigation to the vegetation.

Given such consideration, the experimental site has also been equipped
with an irrigation system (Figure 5.6). The irrigation system has been
powered by 9V battery. Is includes 10 drip nozzles for watering
individually each plant and directly to its base. The nozzles are connected
with a 5-cm-diameter trickle hose forming a closed network. The nozzles
are anchored to the vegetation support layer of the roof through ground
spikes. A water timer controls the distribution and regulation of the
volume of water required for the simulation and it starts and stops
watering automatically. The irrigation system borrows water from the
distribution network of the campus.

Figure 5.6 Irrigation system for GR1 and GR2.

The system allows to satisfy the irrigation water need (IN) of the plants
during the driest months of the year. If the water need is provided
entirely by rainfall (P.), IN is zero, if no precipitation falls during the
considered moth, IN equals crop evapotranspiration (ETc.p). In other
case, the water need is supplied partly by irrigation and partly by rainfall,
in such cases IN is the difference between ET o and Pe. To sum up:
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if P, >ET,,:IN=0
if P, =0:IN=ET,,
if P, <ET,, :IN=ET,, -

Pe

(5-1)

P. is the effective rainfall and it represents the amount of total
precipitation (P) actually stored in the soil and available for consumptive
use of the plants. According to Brouwer et al. 1986, P. (mm/month) can

be described by the following formula:

P, =08P-25 if P>75 "
month
P,=06P-10 if P<75- "
month

(5-2)

P. depends on the monthly value of precipitation which, for the study
site, can be derived by the Figure 5.7 Average monthly precipitation is
about 821 mm/year (Climate-data 2017), the dtier month is July with 25
mm and the wetter is November with 120 mm.

Annual precipitation: 821 mm

E

Monthly Rain {mm)
i I
) 3 8 =

~
S

)
o

0
January  February  March April May June

July

August  September October November December

Figure 5.7 Monthly values of rain for the experimental site.

Crop evapotranspiration is given by:

ET,, =K, -ET,

crop

(5-3)
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Where ETy (mm/day) is the reference crop evapotranspiration estimated
using the Blaney-Criddle formula (FAO/SDRN 2017) suggested because
it is simple and it uses only measured data on temperature:

ET, = p(0.46-T,,, +8) (5-4)
With “p” mean daily percentage of annual daytime hours provided in
literature for different latitudes (Table 5.1.2) and Thmew (°C) mean daily
temperature (Table 5.1.b). Ky is the adjustment factor for landscape
plants: (Salinity Management Guide 2007)

KL = Ks 'KD : KMC (5-5)

Ks is the species factor, in the case of equals to 0.25 for the
Mesembryanthemum belonging to the Cotyledon species (cotyledon), Kp
is the vegetative-density factor equaling 1 for an average density halfway
between sparsely and densely planted area, Kyic is the microclimat factor
depending on the landscapes’s temperature, humidity, exposure to
wind/sunlight which assumes the low value of 0.7 because the benches
are under a building’s overhang. A summary of the irrigation water needs
has been provided in Table 5.1.b. The results show that the irrigation
system, in order to ensure the survival of the plants in Mediterranean
climate, should work from May to August. In case of the presented test
benches, irrigation has been provided only during August according to
the minimum quantities suggested in Table 5.1.b. Despite the small
amount of water supplied, at the end of the dry period, the vegetation
layer of the experimental green roofs was in good health and fully
functional. Finally, the quantity of water required for the wellness of the
plants is negligible just like the resulting energy and water consumptions.
From this point of view, green roofs can be installed in Mediterranean
without any major difficulties as long as they have significant
performances.
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5.3 DATA COLLECTION

real (10 events) and simulated (9 events) rainfall/runoff events. The

The monitoring campaign has started on 16th February 2017. It includes
measures collected during February and March have been discarded
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because during that period the system was at an early stage. The root
system was not fully developed so the roof was unable to operate
according to the requirements. The real events have been monitored
during February (2 events), March (3 events), July (1 event), September
(2 events), October (1 event) and November (1 event). For some of
these events, it has been possible to recorder the temporal evolution
while for other ones some inconvenience occurred related to the
overflow of the system or to the shutdown of the scale due to blackout .

07-08 September 2017
250

2.00

Rain (mm) ===GR1 GR2

1.00

Hourly Runaff, precipitation {mm)

050

06-07 November 2017

35
Rain —GR1 GR2

Hourly Runoff , precipitation {mm}

1\ |\ n.

o ) =2 a8 | . —  H . A e

12 3 4 5 6 7 8 9 1011121314 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38

Figure 5.8 Temporal evolution of two rainfall events.

The simulation of the rain has been performed during the
spring/summer period (from May to June) when no real events occurred
and it has been replicated using the irrigation system.
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In order to analyze the role played by the climate characteristics in the
behavior of the GRs, the following key parameters have been
investigated for each storm event (Table 5.2): cumulative rainfall depth,
duration, rain peak intensity. The peak intensity with duration of 5
minutes has been considered for real events because they have a
temporal evolution including pre-onset, onset, peak, decay, and post-
decay where the peak is clearly distinguishable. Instead, the average
intensity has been considered for the simulated events because this kind
of event has an even distribution of rainfall in time so the peak can’t be
detected. Duration reaches a maximum value of 2230 minutes and a
minimum value of 5 minutes, cumulative rainfall values range between
1.8 mm and 79 mm, maximum intensity with duration of 5 minutes (for
real events) ranges from 7.2 to 112.8 mm/h, while the average intensity
(for simulates events) vaties between 22 and 168 mm/h (Table 5.2).

For each test bed and recorded event, the hydrological performance in
term of retention capacity “R” have been derived. The retention capacity
is given by:

R=1-C’ (5-6)

where C* is the coefficient of discharge regarded as the ratio between
runoff depth stored in the tank and rainfall depth fallen on the
experimental bed. The retention coefficients have been studied,
considering the entire dataset of events (real and simulated) with regard
to the relationship with the cumulative rainfall and the duration. A
distinction between real and simulated events has been made when the
relation with the rainfall intensity has been investigated. In addition, the
differences appeared from an experimental point of view, between the
observations related to the two different construction types of the roof
have been highlighted. Concerning to the cumulative rainfall, both for
GR1 and GR2, it has been found to have an inverse relationship to the
retention capacity: events with a large amount of rainwater are associated
with low retention capacity (Figure 5.8). The lowest value observed is
about of 50% corresponding to the maximum value of cumulative
rainfall of 140 mm. The highest retention coefficient is of 100%
occurring during events with low values of cumulative rainfall and in
particular during the summer period (when the retention capacity is
supported by a dry weather condition due to the remarkable
evapotranspiration losses). The relationship between the cumulative
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rainfall and the retention capacity is the same for the two construction
types even if GR2 has been proved to have slightly higher value of R
(about 10% more) for same values of cumulative rainfall. Figure 5.10
shows how green roof retention efficiency decreased with intensity for
both the event types. The slope of the curve related to simulated events
for which the average intensity has been accounted for (Figure 5.10 right
panel), is less pronounced than the slope related to the real events for
which the maximum intensity with duration of 5 minutes has been
considered (Figure 5.10 left panel). The reason is that the simulations
have been carried out during the summer/spring seasons when
considerable percentages of retention have been achieved for each kind
of the event because the very high ET fluxes regenerate the storage
capacity quickly. Indeed, the average percentage of retention reached
during the real events is smaller than the value related to the simulated
events respectively 60% vs 96% . The inverse relationship between the
intensity and the retention capacity, has been found because during high-
intensity events featured by a substantial volume of rain falling in a short
time, a small amount of rainwater infiltrates into ground and can be
stored due to the rainfall intensity bigger than the infiltration capacity of
the vegetation support layer. That is clearly reflected in the values of the
better performances of 78% (for real events) against 100%( for simulated
events) occurring for the lowest rainfall intensities respectively of 18 and
22 mm/h. For a certain duration, an event with a higher intensity will be
featured by a bigger return period ““I”” than an event with equal duration
but lower intensity. Consequently, in accord with the previous remarks
about the relationship between rainfall intensity and the retention
capacity of the roof, it can be said that the performances worsen for
higher T because the event is more severe and the effectiveness of the
green roof is lower
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Table 5.2 Real and simulated events.
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Figure 5.9 Retention capacity of two green roofs vs cumulative rainfall depth.
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Figure 5.10 Retention capacity of two green roofs vs duration of storm events.
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Figure 5.11 left panel-Retention capacity of two green roofs vs intensity of the
real events, right panel- Retention capacity of two green roofs vs intensity of the
simulated events.
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In general the performances of GR2 are slightly higher than GR1 even if
the water reserve provided by GRI1 is larger than that one of GR2: 32
1/m* against 14 1/m?* corresponding respectively to 32 mm and 14 mm
of storable rainwater. This evidence underlines that the storage capacity
of the drainage layer of GR is not the only property getting involved in
the process of retention but the mode of operation of the drainage layer
plays an important role too. In light of this, more insights about this
latter aspect are required and the investigation of a larger number of
events is of primary importance. Finally, rainfall attenuation ranged from
minimum value of 43% during winter to maximum value of 100%
during Spring consistently with other results found in a mediterranean
area of about 60% reported by Fioretti et al. 2010 and Palla et al. 2009.

63



Sustainable managment of stormwater in a changing environment

6 SUDS, HYDROLOGICAL IMPACT AT
BASIN SCALE

In this chapter, the hydrologic impact of a widespread implementation of
green roofs within a virtual basin has been investigated using the Storm
Water Management Model (SWMM) of the US Environmental
Protection Agency (USEPA). For the virtual basin, the performances
have been evaluated at the outlet section of the drainage system in terms
of decrease in runoff volume and peak discharge and increase in the peak
delay comparing the scenario under investigation with the baseline
scenario (no GR facilities). The simulations have been performed for
design storms with different return periods, durations and temporal
distributions and they have analyzed how the GRs response at basin
scale varies according with the percentages of retrofitted roofs, the
spatial GRs distribution and the catchment spatial scale aggregation.

6.1 STORM WATER MANAGEMENT MODEL

The analysis of the performances of GRs at the basin scale has been
performed using the Storm Water Management Model (SWMM).
SWMM of the US Environmental Protection Agency (USEPA) is a
model able to simulate the runoff generated within urban areas during
single and long term rainfall events. SWMM is divided into several
computational “blocks” but the main ones are the RUNOFF and
TRANSPORT blokes.

The RUNOFF Block generates surface runoff in response to a
precipitation input. A number of subcatchments with homogeneous
characteristics or a single watershed with parameters averaged over the
numbers of homogeneous watersheds should be considered. Each basins
can be sketched like a non-linear reservoir (Figure 6.1) where the inflow
is an arbitrary rainfall hyetograph while the outflows are evaporation,
infiltration and the surface runoff.
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RAINFALL,
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Figure 6.1 Basins sketched like non linear reservoirs.

Total runoff “R” occurs only when the depth of water in the “reservoir”
“d” (unknow) is higher than the maximum depression storage of the
ground (or reservoir) “d,” consisting of ponding, surface wetting and
interception. R is provided by Manning's equation:

1.49 5
Q:W'T(d—dp)gsollz (6-1)

Where W is the subcatchment width, n is the Manning’s roughness
coefficient, n is the depth of depression storage and So is the
subcatchment slope. Depth of water over the subcatchment (d) can be
depleted by infiltration and evaporation. Evapotranspiration is provided
by the user but it is negligible at event scale, while infiltration is modeled
by the method selected by the user that in this case is the SCS method
(Mishra S. K. et al. 2013). This approach assumes that the total
infiltration capacity of a soil can be found from the soil's tabulated Curve
Number (CN) and the direct runoff Q can be expressed through:

(P-0.25)

_—— 6_2
Q P +0.8S 2
and

S= %—10 (6-3)

With P cumulative precipitation and S maximum water storage function
of the land use and 0.2S is (Ia) Initial abstraction (i.e. water constituting
the short term surface storage such as puddles or detention ponds).
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The unknow parameter d is continuously updated with time by solving
numerically a water balance equation (continuity mass equation) over the
subcatchment which therefore tracks the volume or depth of water on
the surface of the subwatershed.

dv dd .
—:A—:A-I*— 6-4
dt dt Q 9

Where V is the volume of water on the subarea, t is the time, A is the
surface area of subarea, i* is the rainfall excess given by rainfall minus
evapotranspiration/infiltration. Substituting eq. 6-1 into eq. 6-4 and
dividing by A, the result the equation is:

% —i*—[(1.49-W)/(A-n)]-(d —d, J'*-5,"2 ©-5)

The equation became:

Gra =0y "+1A ;dn —i*—[(L.49-W)/(A-n)]-(d -d, -5, (6-6)

Where the differential term dd/dt is approximated by a finite difference
of values for depth at two points in time separated by At. At=tq+i-t, 1S
the time step size while n and n+1 are subscripts indicating respectively
conditions at the start of time step n and the end of time step n+1. d
became d=(da+da+1)/2 representing the depth of flow during time step
n+1. The equation becomes a nonlinear, algebraic relationship with one
unknown at any time, da+1 (The value of dn is, of course, known from
the end of the previous time step) solvable numerically using the
Newton-Raphson technique. The calculated value of d.+1 (instantaneous
outflow at the end of a time step) is then used in eq. 6-1 to calculate the
value of Q at the same time. In the next step the calculated da+1 becomes
the new d, already known and so on.

The TRANSPORT block routes flows generated by the RUNOFF block
through a sewer system. Flow in the conduits can be represented by the
continuity equation:

N/ X +A/ & =0 6-7)
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and by the Momentum equation which in a simplified version can be
expressed as:

S; =S, (6-8)
Where S¢is friction slope estimated from Manning’s equation:

: Q° -
(L.49/n) - AZ.R*?]

S = (6-9)

The continuity equation can be approximated by a finite difference
relationship:

l(l_ W, )(Aj,n+1 - A]‘ﬂ )+ W, (A]+l,n+1 - AJ+1,n )J/At + l(l_ W, )(QJ+1,H - Qj,n )+ Wy (QJ+1,H+1 - QJ‘I'H’l)J/AX =0 (6—10)

Where Ax=x;:1-x; is the distance interval length and j, j+1 the subscripts
indicating conditions at the upstream and the downstream end of the
conduit, and w, wy the weights set to 0.55 after tests of stability.

The two equations (eq. 6-9 and eq. 6-10) are used together to route flows
through a sewer system. At the end of any time step n+1, the unknown
quantities are the flow Qj+1n+1 and cross-sectional area of flow Ajr1n+1 at
the downstream end of conduit. (The variables Qj. and Aj, are known
from the previous time step and conditions at the upstream end of the
conduit). With only two unknowns, these two equations are sufficient to
determine the value of both. The calculations are carried out from the
most upstream conduit to the most downstream conduit during each
time step.

Total Runoff consists of both surface runoff from non linear-reservoir
representing the sub-basin and SUDS drain flow (or outflow). SUDS
controls are represented by a combination of vertical layers:
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Figure 6.2 Vertical layers of SUDS infrastructures.

The Surface Layer is the ground surface. It receives directly rainfall input,
it stores excess inflow in depression storage, and generates overflow that
the can enter into the drainage system or flow on the subcatchment area
depending on network capacity.

-The Pavement Layer is the layer of porous concrete or asphalt used in
continuous permeable.

-The Soil Layer is the vegetation support layer.

-The Storage Layer is a bed rock or gravel that provides storage of water,
it can contain a drain system conveying water out of the storage layer
typically with slotted pipes into a common outlet pipe or chamber.
During a simulation SWMM performs a moisture balance that keeps
track of how much water moves between and is stored within each
SUDS layer. The flows balance equations are:

fos)

Elzqo_el_fl_ql (©-11)
Dz%: f,—e,—f, (6-12)
¢%: f,—e3-f3-q, (6-13)
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Figure 6.3 Parameters used in the flows balance equations.
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Wherte:

qi is the overflow flux, 1,2,3 are the number of the layers, e is
evapotranspiration flux provided by the user even if negligible at event
scale, f is the infiltration flux in the underlying layers or in the native soil
given by Green-Ampt Equation:

f=K_, (1+WJ (6-14)

Where K is the saturated hydraulic conductivity, ¢ is the porosity, 0 is
the moisture content, y is the suction head depending on the field

capacity Bgc, F is the cumulative amount of infiltrated water and d is the
zone’s water depth. f;, is the percolation flux from Darcy’s law:

f,= K(H)(1+ @) (6-15)

qs is the drain flow provided by:
g, =C-h" (6-10)

Where C and n are respectively the drain coefficient and exponent and h
is the height of the drain above the bottom of the unit's storage layer.
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The following table (Table 6.1) indicates which combination of layers
applies to each type of SUDS (x means required, o means optional):

Table 6.1 Combination of layers for each SUDS technique.

SUDS Tipe Surface Pavement Soil Storage  Drain
Bio-retention Cell X X o o
Rain Gatden X X
Green Roof X X
Permeable pavement X X o X o
Infiltration Trench X X o
Rain Barrel X X
Roof Disconnection X X

Vegetative Swale X

The parameters of bio-retention cell (used for the simulations of green
roofs) required in the SUDS-SWMM section are listed in Table 6.2.
About the Surface layer, for the green roof has been set a height of the
confining walls for the pond of the water above the surface of 100 mm.
The volume fraction occupied by stems and leaves is of 0.8 which means
very dense vegetative growth. For dense grass surface the Manning
coefficient is 0.24. The soil characteristics have been suggested by Rawls
et al. 1983 for a soil layer of loam. About the storage layer, the thickness
of extensive green roof is around 10 cm while for porous pavement it
goes from 60 to 90 cm. The rate at which water seeps into the native soil
below the storage layer of the permeable pavement would typically be
the Saturated Hydraulic Conductivity of the surrounding subcatchment if
Green-Ampt infiltration is used and for silt loam or loam (Group B)
with moderate infiltration rate the range of values are between 3.8 and
7.6 mm/h (Hydrology 2017). In green roof thete is an impermeable floor
below the storage layer then value O for seepage rate has been used. The
GRs technology doesn’t use a drainage system while in the permeable
pavement the drain is located the top of the storage layer in order to
allow the full storage volume to fill before draining occurs, n and C have
been set respectively equal to 0.5 and 2 as the drain act like an orifice.
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Table 6.2 Parameters used for Bio-retention cells.

Surface
Berm Height (mm) 100
Vegetation Volume fraction (-) 0,8
Mannings roughness (-) [n] 0,24
Surface slope (%) [S) 1
Pavement

Thickness (mm) -
Void ration (Voids/solids) -
Impervious Surface (fraction) -
Permeability (mm/h) -

Soil
Thickness (mm) 100
Porosity (volumetric fraction) [¢] 0,85
Field capacity (volumetric fraction) (0] 0,2
Hydraulic conductivity (mm/h) [K] 0,5
Suction head (mm) [¥] 3,5
Storage
Thickness (mm) 100
Seepage rate (mm/h) [mm/h] 0
Drain

Drain coefficient () [C] -
Drain exponent (-) [n] _
Offset Height (mm) [h] _

6.2 THE VIRTUAL BASIN

In order to study the effects of the percentages of retrofitted roofs, of
the relative spatial distribution and spatial scale of aggregation,
simulations have been initially performed for a virtual basin. A real
catchment would have been featured by heterogeneous characteristics
contrary to a virtual catchment. In the analysis of a real system then it
could be difficult to distinguish between the hydrological effects caused
by the peculiarities of the real basin from those resulting from the above
said scenarios to be investigated.

The virtual basin consists of 4 sub-basins of 1 hectare and an average
surface slope of 1% (Figure 6.4).
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Figure 6.4 The virtual basin.
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As preliminary to the application to a particular case study, the virtual
basis is supposed to be located in a Mediterranean area where the
weather is characterized by warm to hot, dry summers and mild to cool,
wet winters. The meteorological station providing the data required for
the analysis is located in the campus of University of Salerno in Fisciano,
in Southern Italy with a typical Mediterranean climate. The site-specific
Intensity-duration-frequency curves are shown in the Figure 6.5.

$ y=-06114x+1,6404

y=-06116x+1,5112
y=-06116x+1,3763

Figure 6.5 IDF curves.
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As GR facilities are particularly attractive in densely urbanized areas,
each sub-basin is considered highly urbanized, with 80% impervious area
(the baseline scenario) and so a CN of 98 related to paved area with
parking lots, roofs and driveways( Cronshey 1986).

The combined drainage network includes a main collector and four
secondary sewer pipes of 1 Km length for which a preliminary design
has been carried out assuming satisfied the final design checks. Pipes
design has been performed according to conventional methodologies
used in the region where the virtual basin is supposed to be located.
Each pipe can carry both wastewater and stormwater, so the design flow
is:

QDesign = Qwaste + Qstormwater (6'17)

Where Quase and Quormwarer are respectively waste and stormwater flows.
Assuming that 80% of average water supply goes to sewers as waste
water:

K “N -
Waste (m ) ' q3 (6_1 8)
S 86400 10

Where N is design population in thousands depending on the current
population density “d” (pop/km?) of the study area multiplied by the
surface of the catchment, q is the average daily per capita domestic flow
(litres/capita/day), K, (-) is the peak factor, function of the population
of the whole basin, 86400 is a conversion factor. Quaswaer 1 calculated
according to index flow formula:

A-C-i

mi/s)=K, —— ™ 6-19
Qstormwater ( ) T 36 ( )

A (Km? is the drained area, C (-) is the run-off coefficient which is
dependent on the characteristics of the drained area:

C =0.14+0.65P, +0.05P, (6-20)
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Pi (-) is the ratio between the imperviousness area of the basin and the
total area, Pm (%) is the slope of the pipe, Kr is the probabilistic factor
of growth depending on the return period “I” (10 years):

1 1
K; =045 In(-In(1~ ) 6-21)

im is the average rainfall intensity in millimeters/hour.

Because of the lack of sub-hourly rainfall data provided by the
meteorological station of campus of University of Salerno, a statistically
significant sample related to the rainfall events of short duration is not
available. In the case of short duration events (below 1 hour interval)
the maximum rainfall intensity has been computed according to an
empirical law with 4 parameters, proposed into the project “Vapi
Campania” (Rossi et al. 1994), for regional analysis in ungagged
catchments. It consists of a regional analysis of the averages of annual
maximum values of rain with a given duration and according to this law:

o b (6-22)

m d c-D-Z
1+ —
sl

Where iy is the limit of the rainfall intensity for the duration of the event
which tends to zero, expressed in mm/hour, d is the duration of rainfall
in hours set equal to Schaake’s the delay time:

d — 1.40 LO.24 F)i70.24 meO.lG (6-23)

Where L (m) is length of pipe, dc is the characteristic duration of the rain
on the basin in hours, ¢ and D are dimensionless parameters, z is the
average height in meters of the basin set at 255 m and corresponding to
the average altitude of the campus of Fisciano. According to the VAPI
project (Rossi et al. 1994) there are 6 homogeneous rainfall areas in
Campania, identified on the basis of characteristics of spatial contiguity
and physiographic, thermometric and hydrological homogeneity. In each
area the parameters of the equation are constant. The basin into analysis
falls in homogeneous area A2.
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BASILICATA

Figure 6.6 Homogeneous rainfall areas in Campania.

All the values required for the design are shown in the Table 6.3:

Table 6.3 Values required for the design.

A (Km?) 0,01 P, () 0,8 d. (b 0,3312
d (pop/Km?) 223 P,, (%) 2 () 0,7031
N,i (pop) 223 C () 0,76 D() 7 74E-05
N (pop) 8,92 T (Years) 10 z (m.s.lm.) 255
q (/ capita/ day) 300 Ke() 1308099 d () 0,12
Kp () 10,98 L(m) 1000 iv (mm/h) 68,24

Qwaste,i (m3/s) GaSOE_OS 10 (mm/h) 83,8 Qstormwatet,i (m3/s) 0a19

Finally, the total flow in the pipes is:

Table 6.4 Flows in the pipes.

Section Q (m’/s) D (m)
C,D 0,19 0,4
DE 0,57 0,6
EG 0,94 0,6
GH 1,32 0.8
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The diameters of the channels have been calculated by means of
successive iterations, changing their values until the total flow equals
uniform flow given by Gauckler and Strickler:

Qu = Kst ' Af : R2/3 ' I:)il/2 (6'24)

With R hydraulic radius (m), K. Gauckler and Strickler coefficient (=70
m'/s for concrete section), A¢ flow area (m?).

6.3 RAINFALL INPUT

The simulations have been performed for design storms with return
petiods of 2, 5, 10 years, different distribution of the hyetographs and
different durations, if compared to the time of concentration t..

The concentration time is the current time water takes to propagate from
the most distant point in the watershed to the outlet section. It has been
detected according to the formula proposed by Carter 1961 that is the
most suitable for the considered virtual basin because it has been
calibrated for urban basins with area less than 20.7 Km? and channel
length less than 11 km:

t, =0.0015476 - L°° . P *° (6-25)

Where L (m) is length of the watershed along the main channel from the
hydraulically most distant point to the channel assumed equaling the
length of the main channel of 4000 m, Pm (m/m) is the average slope of

the water route that can be express using the Taylor-Schwartz equation:
2

L

:i'

j=1

P

m

(6-26)

With 1j and Pj the length and the slope of of each j-th section being part
of the main course and obviously:
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Table 6.5 Average slope of the water route.

(6-27)

Section  zg(m)  z(m) Dz/2(m) Pj(%) lj(m) 1j/P) 0.5
C-D 50 40 5 0,50 1000 141421
D-E 40 30 5 0,50 1000 141421
E-G 30 20 5 0,50 1000 141421

G-Outlet 20 10 5 0,50 1000 141421
S 4000 5656,85
Pm (%) 0,50

Finally, t. is about 1 hour. Tc helps to distinguish short, medium and
long events having respectively comparable, higher and much higher
duration than the lag time.

Events with duration less than 1 hour have not been investigated
because they require a too high level of detail of the used SWMM model,
leading to not significant simulations with potentially incorrect
assessment of the performances. In confirmation of the above said, in
literature, in order to model runoff from extensive or intensive green
roofs using SWMM, many authors consider single storm events with
different durations but no one of them looks at events lasting less than
about 1 hour. Peng et al. 2017 model runoff in response to eight single
rainfalls with minimum duration of 2 hours while Kong et al. 2017
examine the hydrological response of SUDS controls using a rainfall
event occurred from 23 to 24 June 2015. Zhu et al. 2017 analyze the
influence of rainfall duration on SUDS techniques selecting three rainfall
scenarios of lhour, 1.5 hours and 2 hours. Krebsat et al. 2016 use for
calibration and validation of SWMM single storm events with duration
ranging from 9 to 41 hours, Cipolla et al. 2016 use events with minimum
duration of 65 minutes, Haichun et al. chose for calibration/validation
rainfall events mostly around 1 h.

Wu et al. 2016, Masseroni et al. 2016, Ghimire et al. 2016, and Krebs et
al. 2013 use for parameter calibration and model validation single rainfall
events respectively with duration of 24 hours, 45 or 75 minutes and at
least 7 hours. For very short events whose duration is lower than the
time of concentration, the hydrological impacts of GR spatial
distribution is unpredictable and its trend is not linear with distance from
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the downstream point as confirmed by Versini et al. 2016. He considered
a highly impervious 65 ha test-basin (Versini et al. 2014) called Loup
near to Paris, with an elevation difference of 12.5 m (Gires et al. 2015)
and a length of the main channel deduced by graph scale in Versini et al.
2016 of about 1500 m. Using these information and according to Carter
1961, a time of concentration of 0.63 hours has been calculated. For
short events compared to t. with duration of 30 minutes, despite, the
run-off model (Multi-Hydro) used by the author differs from that one
used in this study, the non-linear behavior along the basin in terms of
hydrological efficiency is proved. Short and intensive events with
duration of 1 hour, long and low-intensity events lasting 24 hours and
events with medium intensity and duration of 3 hours have been
chosen.

Another rainfall characteristic which has been considered, is the shape of
the hyetographs. Chicago, rectangular and triangular hyetographs
(Fletcher et al. 1975, Yen et al. 1980, Westphal 2001, Asquith 2003, Yalin
2015) have been designed in order to investigate the hydrological
behavior of the basin in response to different rainfall patterns. In
literature different authors used synthetic hyetographs for computing the
inlet hydrographs (Fletcher et al. 1975) some of them studied the storm
runoff response to a triangular rainfall pattern (Yen et al. 1980, Asquith
2003), others used rectangular hyetograph shape for investigating the
runoff production (Yalin 2015), still others used Chicago method for
computation of peak rate and volume of runoff (Westphal 2001).

The three synthetic hyetographs have been derived from the rainfall
Intensity-duration-frequency curves (Figure 6.5) they return the same
volume of rain. The rectangular hyetograph has, regardless for the
duration of the event, a constant-intensity derived from the IDF
relationships while for the other distributions, the equations for
estimating the synthetic hyetographs are shown in (Becciu 2004):
Rectangular:

A-5"
o

=A-5"" (6-28)

Triangular:
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ift, <t, =>i=2As""? b sift, >t =i=2A8""? o=ty (6-29)
K 1-K

Chicago:

n-1 n-1
iftmstp:i:n.a_(tp&tmj Jif t, >t :izn.a.(tm‘;p] (6-30)

With 8 duration of the rainfall event (1 hour, 3 hours, 24 hours), A and n
are the intercept and the slope of the IDF curves, tn is sampling time for
mean value of duration, having fixed a time step of 10 minutes and

t, is the time to peak. It is the time when the hyetographs reaches the
highest rainfall and it is calculated as the rate “K” commonly of about
one-half the precipitation duration:

t,=K-5=04-6 (6-31)

Table 6.6 Intercept and the slope of the IDF curves.

T(years) LogpA A (mm/ hn) n
2 1.376 23.768 0.388
5 1.511 32.434 0.388
10 1.582 38.194 0.388

Using the above said relationships, the synthetic hyetographs with
triangular, rectangular and Chicago distributions have been defined

(Figure 6.7).
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Figure 6.7 Synthetic hyetographs for duration of 1, 3, 24 hours.

6.4 SIMULATIONS SCENARIOS FOR THE VIRTUAL BASIN

Once the geometric characteristics of the virtual basin and the design
rainfall input have been described, it is possible to investigate, using
SWMM simulations, how the response of the virtual catchment varies
with:

e Percentages of retrofitted roofs

e Spatial GRs distribution

e Spatial scale of aggregation
For this purpose, several greening scenarios with different percentage of
retrofitted roofs have been proposed and analyzed. The comparison
between the performances of each greening scenario and the baseline
scenario (without green roof infrastructures) estimated in the outlet
section of the sewage network, has been performed using three indices:
the percentage of reduction in runoff volume (ARy), peak flow (APr) and
increase in the delay time (AD7). The indices have been estimated as
follows:

R, o —Ry;
AR, = 2 Y1.100 (6-32)
Ry .o
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P.,— P,
AP, = % -100 (6-33)
F.,0
D, ,—D;,
AD; =% "T1.100 (6-34)
DT,O

Rvy, Pro, D1y are respectively the runoff volume (m?), the peak flow (m)
and the delay time (min) referred to the baseline scenario, while Ry;, Pgj,
Dr; are the same parameters but referred to the i-th scenario of greening.

6.5 RESULTS OF THE SIMULATIONS

At first, the simulations have been focused on GR response varying the
percentage of retrofitted roofs and ten scenarios, with increasing
percentages, from 0% to 100%, of impervious surface, converted into
GRs and evenly distributed within the four sub-basins of the virtual
catchment, have been analyzed. Table 6.7 shows how the percentage
reduction of runoff volume (ARy) and peak flow (APr) and the
percentage increase in the delay time (ADry) vary with return period,
duration and temporal distribution of the precipitation input and the
percentage of greening of the basin. The results highlight that the larger
the percentage of converted traditional roofs, the better the
performances in terms of ARy, APy, ADr with a range of effectiveness
from 0 to 100% in the most favorable cases and from 0 to 48.3%,
27.7%, 0.14% correspondingly for ARy, APr, ADr in the worst cases.
Looking at these values, it can be deducted that for equal percentage of
greening, greater benefits can be observed on the reduction of runoff
volume and peak flow than on the increase of delay time (Figure 6.8).
For same duration, the shape of the hyetograph seems to affect the
hydrological response less than the return period does. Changing the
distribution of the precipitation with an assigned rate of conversion in
GR and return period, the maximum range of variation of the
performances is higher than changing T and fixing the shape,
respectively 25%, 18.8%, 39.9% for ARy, APy, ADr against 10.5%,
43.5% and 85.9% of the opposite case. Fixing a target value of retrofitted
area, the response of a green roofing scenario improves moving from
long to short events in fact the maximum percentages of reduction
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achievable during long events is at most of 77.5% for ARy, 81.2% for
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Figure 6.8 Performances in terms of ARv, APr, ADrt varying the percentage of
retrofitting.

The performances worsen for higher T because the event is more severe
and the effectiveness of the green roof is lower. For instance, for short
event with a rectangular distribution and a percentage of conversion of
100%, ARy go from 100% (T=2 years) to 96.7% (T=5 years) to 88.6%
(T=10 years). The next step has been the analysis of GR response
varying the spatial GRs distribution in the basin so, the simulations have
concerned four further scenarios corresponding to convert in GRs
surfaces alternatively the far north (SUB1) and north (SUB2), the middle
(SUB3) and the south (SUB4) side of the catchment. For illustrative
purpose, an average percentage of green roofing of 50% (for a total
amount of covered area of 0.5 ha), the rectangular distribution shape of
the hyetographs and the duration of 1 hour have been set. The
hydrological behavior for the period of 10 years has been investigated in
order to consider the worst condition because green roofs return the
lowest performances for 10 years storm events. Again, the percentage of
reduction in runoff volume (ARvy), peak flow (APr) and increase in the
delay time (ADr) of the new scenarios compared to the baseline one has
been evaluated in the outlet section of the sewer system. The results
show how ARy is steady, no matter the converted sub-basin because the
same percentage of covered area has been set for each of them. APr
decreases from the northern to the southern part of watershed while
ADr increases and so, closer the converted part to the outlet section of
the sewer, slower the wave of runoff flow but higher its peak.
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Table 6.8 GR response varying the spatial GRs distribution in the basin.

T=10 Years
1 Hour
ConV?rted Sub- Rectangular

basin (50%) AR, AP, AD;
SUB1 11,5 141 1,6
SUB2 11,5 11,6 1,6
SUB3 11,5 8,4 1,6
SUB4 11,5 5,0 2,4
Baseline value 1424 0,4 62,0
UM m’ m min

Anyway, the increase in peak delay is less significant than the attenuation
of runoff volume and peak discharge. Another aspect, here investigated,
is the effect of spatial scale of aggregation on GRs response and namely
it and how the detail in spatial modeling of the basin can affect the
simulation. For this purpose, each sub-basin has been divided into two
and four smaller catchments respectively having half and one quarter of
the initial area of 1 hectare and with same hydraulic characteristics. In the
first scenario, a drainage system with 8 pipes of 500 meters length and
eight sub-basins with an area of 0.5 ha have been considered. A
conversion in GRs has been carried out alternatively on each of them
using a percentage of greening of 100% in order to get the same amount
of covered area of 0.5 ha as that one achieved in the previous
simulations, using 50% of conversion on the initial area of 1 ha of the
sub-basins(Figure 6.9). The simulations have been performed, by way of
explanation, only for duration of 1 hour, return period of 10 years and
rectangular distribution of the rainfall inputs. The results are shown in
the following table (Table 6.9):

84



Sustainable managment of stormwater in a changing environment

Figure 6.9 Virtual basin with 8 sub-catchment.

Table 6.9 Effect of spatial scale of aggregation on GRs response (8 sub-basins).

T=10 Years
1 Hour
Con\.ferted Sub- Rectangular

basin (100%) ARy AP, AD,
SUB1.1 10,42 12,24 0,00
SUB1.2 10,42 12,22 0,82
SUB2.1 10,42 11,93 0,82
SUB2.2 10,42 11,42 0,82
SUB3.1 10,42 10,72 0,82
SUB3.2 10,42 10,01 0,82
SUB4.1 10,42 8,99 0,82
SUB4.2 10,42 8,05 2,46
Baseline value 1424 0,4 61,0
UM m’ m min

In the second scenario, sixteen sub-basins with an area of 0.25 ha and a
sewer with 16 conduits of 250 meters have been analyzed (Figure 6.10).
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Figure 6.10 Virtual basin with 16 sub-catchment.

In this case a greening of 100% on two watersheds at once has been
applied in order to reach an amount of covered area of 0.5 hectares. The
results in the table below (Table 6.10).

The detailed analysis related to the hydrological impacts of GR spatial
distribution along the whole catchment confirm that ARy is steady, the
peak linearly decreases when the variation of land use concerns the more
downstream sub-basins while the opposite situation occurs for ADry
decreasing from the northern to the southern part of watershed. About
the performances, ARy and ADr decreases from the scenario with 4 sub-
basins to that one with 16 sub-basins while APy increases. The spatial
analysis highlights that the scale used for sketching the basin isn’t a basic
parameter in the model and its variation doesn’t return substantial
changes in the results of the simulations.
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Table 6.10 Effect of spatial scale of aggregation on GRs response (16 sub-
basins).

T=10 Years
1 Hour
Converted Sub-
. Rectangular
basin (100%)
ARy APy ADry

SUB1.I'+SUB1.1" 10,09 12,40
SUB1.1"+SUB1.2' 10,09 12,43
SUB1.2'+SUB1.2" 10,09 12,31
SUB1.2"+SUB2.1' 10,09 12,02
SUB2.1'+SUB2.1" 10,09 11,67
SUB2.1"+SUB2.2' 10,09 1121
SUB2.2'+SUB2.2" 10,09 10,62 0,82
SUB2.2"+SUB3.1' 10,09 9,98 0,82
SUB3.1'+SUB3.1" 10,09 929 0,82
SUB3.1"+SUB3.2' 10,09 8,64 0,82
SUB3.2'+SUB3.2" 10,09 8,00 0,82
SUB3.2"+SUB4.1' 10,09 736 0,82
SUB4.1'+SUB4.1" 10,09 6,83 0,82
SUB4.1"+SUB4.2' 10,09 6,40 0,82
SUB4.2'+SUB4.2" 10,09 564 1,64

Baseline value 1424 0,4 61,0

UM m m min

(e kol farll kel Farl fan)
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7 SUDS, APPLICATION IN AN
EVOLVING CATCHMENT IN THE
MEDITERRANEAN BASIN

In an evolving basin where the climate change and/or the rapid
urbanization are altering the rainfall-runoff response and increasing
urban flooding events, the use of SUDS technique, in addition to all the
benefits of different types, which have not been investigated in the
present PhD dissertation, could represent a good solution for the
mitigation of hydrologic and hydraulic risk, by increasing the resilience of
the study area to the changing conditions. Sarno river Basin has been
selected as case study because Multiple Damaging Hydrological Events
(MDHE?Ss) (Petrucci and Polemio 2003) like flooding and landslides
occurred rather frequently, especially during the last fifteen years within
this catchment. One of the cause of the increase of flooding events
occurrences probability could be the evolving climate condition, with
precipitation events featured by an increase in extreme values. Another
cause could be the increase in urbanization that has a significant impact
on hydrologic and ecosystems functions, and often results in excess
runoff, whilst depleting groundwater and baseflows, thus increasing the
vulnerability of these areas to floods, droughts and water quality
problems (Jacobson 2011). The process of transformation of the natural
soils to impermeable and sealed surfaces, leads indeed to an increase in
the amount of surface runoff, limiting the natural phenomena of
infiltration and evaporation into and from the soil surface. Since the
results of the monitoring campaign conducted at the experimental site of
UNISA, have confirmed the positive impact of green roofs at the
building scale in the Mediterranean climate, the analysis has been focused
at a greater scale (basin scale) within the same climate area.
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7.1 ANALYSIS OF THE CLIMATE VARIABILITY

In order to understand the role played by the climate change in the
problem of an increased frequency of flooding events within the basin
under investigation, sub-houtly, hourly and daily rainfall data collected by
five rain-gauge stations located within the study area, have been tested
for temporal trend detection and significance (Califano et al. 2015) For
stationarity analysis long term time series are needed and only five
meteorological stations located within the studied catchment met those
requirements. The five rain gauges (Table 7.19) close to the Solofrana
basin are located in the municipalities of Baronissi, Forino, Mercato San
Severino, Sarno and Serino. Stations location is indicated in the Figure
7.19. Rainfall data, for different duration and with different consistency,
are available from the period 1920-2013, as indicated in Table 7.1.
Failure in data collection and thus missed data has mainly occurred
during the period 1940-1950, which is during and immediately after the
Second World War.

Table 7.1 Rain gauge stations metadata indications.

# of records

Station Period of observation
(years)
Baronissi 1964-2013 48
Fotino 1920-2013 72
M.S.S. 1920-2013 77
Sarno 1919-2013 79
Serino 1919-2013 76

As a first step analysis of climate variability, precipitation data have been
screened to assess data quality, searching for potential change points in
temporal patterns. A homogeneous climate data series is defined as one
where variations are caused only by variations in weather and climate (
Conrad et al 1950). Most long-term climatic series are affected by non-
climatic factors indeed: changes in instruments, station location, station
environment and so on make climate data unrepresentative of temporal
climate variability. Non homogeneities produce either sharp
discontinuities or gradual bias in the data, which can be detected with the
use of statistical tests. A large number of approaches for change point
detection have been indeed proposed and when applied to the same
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series, they could actually yield conflicting conclusions, because of
different climate elements relevant to the time series under investigation
(Reeves et al. 2007). Given to this reason, it could be advisable to apply a
number of regime shift detection methods and further critically compare
them. For this purpose, four different statistical tests have been
considered. These are 1) the parametric t-test, 2) the non-parametric U-
test, 3) the non-parametric Pettitt’s test and 4) the cumulative CUMSUM
test. These tests were selected due to their proven capability in
atmospheric studies (Rodionov 2005).

1) The t-test (Hald 1953) assesses whether the means of two groups (n;
and ny) are not statistically different from each other (null hypothesis Ho:
p = p2). The t test statistic, which has a Student’s distribution, is defined
as:

- Jsanll)@(f) () o

n+n,—-2 n, n,

NER .
Where X, X, = two samples means, Si°, S;> =the two samples variances,
n;, np= the two simples size. If the calculated t value is above the

threshold chosen for statistical significance o, then the null hypothesis
Ho: i = pe that the two groups do not differ is rejected in favor of an

alternative hypothesis, which states that the groups do differ (H.: i #
Ha).

2) The Wilcoxon-Mann-Whitney's test is a nonparametric test used for
change point detection. The null hypothesis Hy stresses the existence of
no change point. The time series is split into two samples (n;= first

sample size, n,=second sample size) and the following indices are
calculated:

U, =nn, + % n(n, +1)-R, (7-2)

U,=nn, + % n,(n, +1)- R, (7-3)
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T =min(U,,U,) 7-4)

Where Ri= sum of ranks in sample 1, R,= sum of ranks in sample 2. If
the number of elements in each sample is larger than 10, T has a

standard normal distribution with mean pur and standard deviation Gr:

_ 7-5

Hr ==, (7-5)

o = nn,(n, +n, +1) (-6
12

The test statistic Z is then:

7 Tt (7-7)

and the null hypothesis Hy is accepted if Z is smaller than the Z-value
corresponding to the chosen significance level.

3) Pettitt's test is a nonparametric test, that requires then no assumption
about the distribution of data. It tests the Hg: the T variables follow one
or more distributions that have the same location parameter (no change),
against the alternative H.: a change point exists. If T is the length of the

time seties, X; = {Xi, Xz, ...., X} and Xj = {Xe1, X4z, ..., X1}, the non-

parametric statistic is defined as:

*

Ky =maxU, .| (7-8)
Whete:
t T
Ut,T = zzsgn(xi - Xj) (7-9)
i=1 j=L

The change-point of the series is located at Ky , provided that the
statistic is significant. For the change point, the probability of
occurrences is:
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—6U?
t)=1— LT 7-10
p(t) eXp(T3+T2J (7-10)

4) The CUMSUM test is a cumulative test which statistic S is defined as:
S;=S.,+(x—xn) fort=1..T (7-11)

where T is the sample length and p is the sample mean. The series is
homogeneous if S is approximately 0. If St shows a maximum
(minimum) a negative (positive) shift would be detected. The
significance of the shift can be evaluated calculating the ’rescaled
adjusted range’ variable:

_ maxS, —min S,

Oy

R

(7-12)

where Ox is the time series standard deviation. Critical values for R are
given in ( Buishand 1982).

The described tests have been applied to detect non homogeneities
within long-term yearly precipitation data set of the 5 rain gauge stations
in the Solofrana river basin, over the period from 1920 to 2013. For each
gauging station and for each test, Table 7.2 indicate the relevant results,

for a significance level oo = 10%. Metadata have also been inspected to
search for changes in rain gauge settings, in particular, in station
clevation. From this point of view, metadata inspection has been
considered as an additional test. Regardless for the method, if a change
point is detected, a “non-homogeneity” label is associated to the station
(for the particular test) and the year of occurrence is also provided. Table
7.2 cleatly indicates that the five different approaches, applied to a
particular time series, have provided contrasting results. As a general
rule, it has been decided to critically compare the results of the tests and
to conceptually intersect them. Then it has been assumed that a time
series can be defined homogeneous if three of five tests provide a
favorable result. Homogeneous rainfall time series will be then further
analyzed for trend detection. As the number of investigated stations is
rather limited, comments are provided individually. Illustrations of tests
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application are provided instead for a single station (Baronissi) as an
example in Figure 7.1 and Figure 7.2.
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Figure 7.1 Baronissi rain gauge station change point detection test. Left panel:
U-test. Right panel: t-test.

CUSUM test (Fig. 7.2 lower panel) and Student's t-test (Fig.7.1 right
panel) both predict a breakpoint occurrence around 2008. Metadata, do
not indicate changes in the rain gauge location. Detected shift points are
not probably related to the station geographical settings but, perhaps,
related to climate variability, discussed in the following paragraphs.
CUMSUM test and Pettitt’s test results for Forino data set do not detect
a change point, whereas both Student's t-test and U-test detected it, even
though located in different time period, respectively around the year
2002 and 1931. The probability of occurrence of the change point
provided by the Pettitt’s test is however rather small (p value= 0.430).
Metadata inspection does not indicate changes in the station setting. As
three of five test have provided favorable results and a fourth (Pettitt’s
test) has yield a very small probability of change point occurrences, the
time series for the Forino station is further considered ad homogeneous.
Analyzing the results of the tests on Baronissi data set, it appears that
both the U-test (Fig.7.1 left panel) and Pettitt’s test (Fig. 7.2 upper panel)
do not predict a change point occurrence. CUMSUM test and Pettitt’s
test results for Mercato San Severino’s data set do not detect a change
point, whereas both Student's t-test and U-test detected it around the
year 1942. The probability of occurrence of the change point provided
by the Pettitt’s test is however rather small (p value= 0.269). Metadata
inspection does not indicate changes in the station setting. As three of
five tests have provided favorable results and a fourth (Pettitt’s test) has
yield a very small probability of change point occurrences, the time series
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for the Mercato San Severino station is further considered ad

homogeneous.

Table 7.2 Change point detection analysis results (significance level 10%).
Indication of change points occurrence year is also given.

Station Student's t-test U-test Pettitt's test CUSUM test Metadata

Baronissi Non homogeneity Homogeneity Homogeneity Non homogeneity Homogeneity
-2008 - - -2008 -

Fotino Non homogeneity Non homogeneity Homogeneity Homogeneity Homogeneity
-2002 -1931 - - -

Mercato § Non homogeneity Non homogeneity Homogeneity Homogeneity Homogeneity
-1942 -1942 - - -

Samo Non homogeneity ~ Non homogeneity Non homogeneity Non homogeneity Non homogeneity

(1959-1988) (1967-1999) -1941,1988 -1941,1988 -

Serino Non homogeneity Homogeneity Homogeneity Homogeneity Homogeneity

-1926 - - - -
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Figure 7.2 Baronissi rain gauge station change point detection test. Upper
panel: Pettitt’s test. Lower panel: CUMSUM test.

CUMSUM test, Pettitt’s test and U-test results for Serino data set do not
detect a change point, whereas the Student's t-test detected it around the
year 1926. The reliability of this results is however undermined by the
fact that the change point detected is located really close to the beginning
of the observation. Metadata inspection does not indicate changes in the
station setting. As four of five tests have provided favorable results, the
time series for the Serino station is further considered ad homogeneous.
In the case of the Sarno station none of the tests, included the metadata
inspection, provided a favorable result in terms of time series
homogeneity. The time series is then excluded from the following trend
detection analysis. Subsequently time series of maximum annual rainfall,
for different duration (10, 20, 30 min, and 1, 2, 3, 6, 12, 24 h), for
homogeneous rain gauge stations, have been tested for linear trend
detection in time. A trend is a significant change over time exhibited by a
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random variable (Onoz et all. 2003) here investigated using parametric
(Pearson test) and non-parametric (Mann Kendall test and Sen’s test)
approaches. In Pearson parametric test, the significance of the regression
line is evaluated indirectly, by assessing the significance of the correlation
coefficient Pearson:

_ codeviancg(X,Y)
P Jdev(X)dev(Y)

(7-13)

High values of the correlation coefficient indicate that observed rainfall
heights do vary jointly to the time variable, both in ascending or
descending tendencies. It’s possible use the statistics t, distributed
according to the Student distribution, to define:

__pyn=2

t=
(1_ p2)0.5

(7-14)

where n is the sample size and p is the Pearson correlation coefficient. It
is possible to test the null hypothesis Ho—>0=0 against the alternative
hypothesis Hi—p# 0 comparing the test statistic with the critical value

to/2. If t is larger than tes2, the null hypothesis of no trend is rejected.
The Pearson’s test can be applied only if the observations of maximum
annual rainfall heights of different duration are normally distributed. This
condition has been verified with the application of the Jarque-Bera test.
One of the most used non-parametric test for the detection of
monotonous trend (linear or not) is the test of Mann-Kendall (Mann
2003, Kendall 1945). Given a time series of observations X, , with t = 1,
.., T (sample size), the test is based on the comparison of pairs of
observations (x;, xj), with i>j to determine whether x>x%; or x;<xj. The
test statistic is expressed formally by the relationship:

S= sgn(X; — X,) (7-15)

T1 T
k =k+1

=1 j

where:
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+1...0>0
sgn(8) =< 0.....6=0 (7-16)
-1...6<0

Under the hypothesis of independent and randomly distributed x
random variable, when n = 8, S statistic is approximately normally
distributed, with zero mean and variance as follow:

o2 n(n-1)2n+5)

18 (7-17)

As a consequence, the standardized Z statistics follows a normal
standardized distribution:

S-1 if S>0
O
Z={ 0 if $=0 (7-18)
S+ <o
O

The hypothesis that there is no trend is rejected when the Z value
computed by eq 7-18 is greater in absolute value than the critical value Z
a, at a chosen level of significance a.

The Sen’s test (Sen 1962) is a non-parametric procedure providing a
robust estimate for the magnitude of trend at the correspondent
significance. The sample slope for each location is:

X; = X, _ ,
Qi :?for |:1....,N (7—19)

Where xj and xy are the data values at times j and k (j>k), respectively, N’

is the number of data pairs for which j>k. The median value of N’ values
of QQ, S, is the Sen’s estimator of trend, computed as:
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S=Quy If N'isodd
Quyz t+ Q(N'+2)/2
2

(7-20)

S= if N'iseven
To assess whether the median slope is statistically different from zero,

the confidence interval for S, for a given level of significance ., has to be
computed. The confidence interval (Gilbert 1987) can be computed as
follows:

Ca = Zl—a/Z V ;ar(S) (7_21)

Where Var(S) is defined by:

Var(S):ll8[ n—1)2n+5)- itp(tp—lx2tp+5)} (7-22)

p=1

and q is the number of values for which there are ties and ¢, is the

number of tied measurements for a particular value. Zi.q/21s obtained
from the standard normal distribution table. The approximate normal
theoretical lower and upper confidence limit are respectively the M;th
largest and the (Mx+1)th largest of value of QQ, where:

M, = N*—C, (7-23)
2
mM2=N ’;Ca (7-24)

The slope S is statistically different from zero if the two limits Q(M;) and
Q(My) have same sign.

The illustrated tests have been applied to detect for linear trend in long-
term maximum annual rainfall heights of different duration (10, 20, 30
min, and 1, 2, 3, 6, 12, 24 h), for the data set of the 4 homogeneous rain
gauge stations in the Solofrana river basin, over the period from 1920 to
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2013. For each gauging station and for each test, Table 3, 4,5 and 6
indicate the relevant results, for a significance level & = 10%. The Sen’s
slope S is reported along with the results in terms of trend significance
for each of the mentioned tests. As the time series patterns for each
station produces different tendency, but essentially because the number
of rain gauge stations is rather limited, it appears quite difficult to
comment on a general tendency for the river basin under investigation.
Regardless for the test significance, the robust S Sen’s slope estimator
appear to be consistently positive, for the different stations and the
different rainfall duration, entailing an overall tendency toward an
increase in maximum sub-daily rainfall heights and consequently
intensity. Rainfall heights, compared to maximum annual average for
different duration, increase on average of about 5-10% (on a ten-years
base). Larger increase occurs for the Mercato San Severino station,
where sub-hourly rainfall heights increases up to 40% (on a ten-years
base). As an example, Figure 4 illustrates the temporal pattern of
maximum annual 24 h rainfall height for the four analyzed rain gauge
stations. With reference to the significance of the linear trend, provided
by the different tests, differently from the case of change point analysis,
the results appear to have more consistency. Baronissi (Table 7.3) and
Mercato San Severino (Table 7.5) tendencies do not appear significant
for none of the durations, with an exception for 24 h rainfall heights,
significant according only to the Mann-Kendall test. Forino rain gauge
station tendencies (Table 7.4) appear contrarily significant, for all of the
durations, according to two of the three applied tests. Significant for all
of the three tests appear the 24 h trend for the Serino rain gauge station
(Table 7.6). From the results of the analysis, it appears quite difficult to
comment on a general tendency for the river basin under investigation,
since the time series patterns for each station produces different
tendency, but essentially because the number of rain gauge stations is
rather limited. The robust S Sen’s slope estimator appear to be
consistently positive, for the different stations and the different rainfall
duration, entailing an overall tendency toward an increase in maximum
sub-daily rainfall heights and consequently intensity, of about 5-10% (on
average, on a ten-years base). However, the role assumed by climate
variability in the increase of the numbers of severe events occurred
within the studied river basin during the last fifteen years, cannot be
established for sure. The investigation of the impact of urbanization
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could guide towards a better understanding of the reasons behind the
massive increase of flooding events.

Table 7.3 Baronissi rain gauge station trend detection analysis results.

Duration mear'l max annual S (Sen’s slope) Pearson’s test Mann Kendall Sen’s test
rainfall (mm) test

10 min 14.4 0.05 Not significant ~ Not significant ~ Not significant
20 min 21.76 0.09 Not significant ~ Not significant ~ Not significant
30 min 26.42 0.07 Not significant ~ Not significant ~ Not significant
1 hour 39.18 0.06 Not significant ~ Not significant ~ Not significant
3 hours 62.58 -0.13 Not significant ~ Not significant ~ Not significant
6 hours 76.65 -0.11 Not significant ~ Not significant ~ Not significant

12 hours 88.90 0.03 Not significant ~ Not significant ~ Not significant

24 hours 95.90 -0.57 Not significant Significant Not significant

Table 7.4 Forino rain gauge station trend detection analysis results.

Duration meafl max annual S (Sen’s slope) Pearson’s test Mann Kendall Sen’s test
rainfall (mm) test

10 min 13.94 0.1 Not significant Significant Not significant
20 min 19.10 0.16 Significant Significant Not significant
30 min 23.14 0.17 Significant Significant Not significant
1 hour 35.02 0.19 Significant Significant Not significant
3 hours 43.56 0.19 Significant Significant Not significant
6 hours 55.86 0.24 Significant Significant Not significant
12 hours 73.59 0.30 Significant Significant Not significant

24 hours 95.91 0.39 Significant Significant Significant
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Table 7.5 Mercato San Severino rain gauge station trend detection analysis

results.
Duration meat,l max annual S (Sen’s slope) Pearson’s test Mann Kendall Sen’s test
rainfall (mm) test
10 min 12.66 0.12 Not significant ~ Not significant ~ Not significant
20 min 18.04 0.20 Not significant ~ Not significant ~ Not significant
30 min 23.74 0.29 Not significant ~ Not significant ~ Not significant
1 hour 35.38 148 Not significant ~ Not significant ~ Not significant
3 hours 51.14 0.09 Not significant ~ Not significant ~ Not significant
6 hours 69.15 0.12 Not significant ~ Not significant ~ Not significant
12 hours 85.42 0.10 Not significant ~ Not significant ~ Not significant
24 hours 90.10 -0.11 Not significant Significant Not significant

Table 7.6 Serino rain gauge station trend detection analysis results.

. mean max annual , R Mann Kendall ,
Duration . S (Sen’s slope) Pearson’s test Sen’s test
rainfall (mm) test
24 hours 80.05 0.24 significant Significant significant
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Figure 7.3 Maximum annual 24 h rainfall time series for the four investigated
rain gauge stations.
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7.2 ANALYSIS OF THE RAINFALL EVENTS DRIVING
THE DAMAGIN EVENTS

Another aspect to be investigated is the relationship between the risk of
occurrence of damaging events, and rainfall triggering event types, for
the Solofrana peri-urban basin (Mobilia et al. 2015c¢,d, Longobardi et al.
2016, 2017). Within the Solofrana peri-urban basin, MDHEs have
occurred rather frequently, especially during the last decade. A number
of about 25 MDHE, occurred during the period 1951-2014, have been
selected and analyzed for the purpose. Governmental agencies
documentary evidences, paper and book reviews, press articles and
floods/landslides catalogues have been searched and crossed to originate
the MDHE inventory for the Solofrana basin, which are listed in Table
7.7. Events mainly involved the urban areas of Solofra, Montoro and
Mercato San Severino municipalities (Figure 7.4) and, although they have
never caused losses of lives, severe and costly damaging to the urban
environment and interruption of local motorways occurred, where at
least more than 50 people reported affected (Figure 7.5).

MERCATO SAN SEVERINO 1 MONTORO

Figure 7.4 Site locations where MDHE have been recorded during last 60 years.
Blue lines indicate main streams and red circles flooded areas (most frequent
occurrences).

2010811993 - Solofra 3 ¢ 01/09/2014 - Montoro

Figure 7.5 Documentary photos.
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Table 7.7 MDHE:s inventory for the Solofrana peri-urban catchment.

Main )
Date Locations Event  Source
stream
26/09/1951 Solofrana  Montoro F Vallario (2001)
22/11/1951 Solofrana  Solofra L SICI-CNR
02/11/1951 Solofrana  Solofra F Vallario (2001)
02/11/1951 Calvagnola M.S.S. F Vallario (2001)
03/02/1960 Solofrana  Solofra F SICI-CNR
03/02/1960 Solofrana  Forino L SICI-CNR
18/10/1961 Solofrana  Montoro F Vallario (2001)
07/03/1964 Solofrana  Solofra F SICI-CNR
25/10/1966 Solofrana  M.S.S. F Vallario (2001)
29/08/1974 Solofrana  Solofra F SICI-CNR
29/08/1974 Solofrana  Montoro F SICI-CNR
29/08/1974 Solofrana  Forino L SICI-CNR
21/10/1981 Solofrana  Montoro F SICI-CNR
21/01/1981 Solofrana  Montoro F Vallario (2001)
18/11/1985 Solofrana  Forino L SICI-CNR
14-16/07/1986  Solofrana Montoro F Vallario (2001)
23/12/1986 Solofrana  Solofra L Vallario (2001)
20/08/1993 Solof Solof L Landslides/flood atalogue,
olotrana - Solot Vallatio (2001)

04/03/1995 Solofrana  Solofra SICI-CNR
02/04/1996 Solofrana  Solofra SICI-CNR
01/09/1997 Solofrana  Solofra F SICI-CNR
01/12/1997 Solofrana  Forino L SICI-CNR
05/05/1998 Solofi M F/1 Landslides/flood atalogue,

5/05 olofrana  Montoro * Vallario (2001)
21/08/1998 Solofrana  Montoro F SICI-CNR
04/11/2000 Solofrana  Solofra F SICI-CNR
04/11/2000 Solofrana  M.S.S. F SICI-CNR
04/11/2000 Solofrana  Montoro F SICI-CNR
04/11/2000 Solofrana  Forino L SICI-CNR
09/11/2001 Solofrana  Montoro F/L Local munidpalities website
09/11/2001 Calvagnola M.S.S. F Loal munidpalities website
28/09/2007 Solofrana  Montoro L newspaper database
28/09/2007 Calvagnola M.S.S. F newspaper database
13/09/2008 Calvagnola M.S.S. F Local munidpalities website
05/10/2008 Calvagnola M.S.S. F newspaper database
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Main
Date Locations Event  Source
stream
08/01/2010 Solofrana  Montoro L newspaper database
08/01/2010 Solofrana  Solofra L landslides catalogue
30-31/07/2010  Calvagnola M.S.S. F newspaper database

06/09/2011 Solofrana  Solofra F newspaper database
19/09/2011 Solofrana ~ Solofra F newspaper database
19/09/2011 Solofrana  Montoro L newspaper database
13/09/2012 Solofrana  Montoro F Locl munidpalities website
13/09/2012 Calvagnola M.S.S. F newspaper database
08/10/2013 Solofrana  Solofra L newspaper database
01/09/2014 Solofrana  Montoro F newspaper database
flood atalo landslid

01/09/2014  Solofrana  Solofra poLo o0c cuwogue fandsides

atalogue

As a streamflow measurement database is not available for the
investigated basin, the risk of occurrences of MDHE has been mainly
investigated with reference to the study of the triggering rainfall events.
For the studied area, the rain gauges network is made by 5 historical rain
gauges, for which rainfall data observation are available, from 1920-2000
at the daily scale, and from 2000 till present at a resolution time interval
of 10 minutes. They are indicated with red circles in Figure 7.6. After the
2000, two more rain gauge stations have been installed, for which rainfall
data observation are available, from 2002 till present at a resolution time
interval of 10 minutes. They are indicated with magenta circles in Figure
7.6. In the same figure, the municipalities affected by MDHE and main
river network are also illustrated. In order to investigate the risk of
occurrences of MDHE, a temporal characterization and a rainfall
characterization are reported for each of the rainfall events triggering the
MDHZE:s indicated in Table 7.7. The analysis is aimed at a classification
of the meteorological events to supply a set of precipitation event types
and related risk of occurrences classes. Preliminarily, the temporal
characterization of the MDHEs occurrences has been investigated.
Results are indicated in Figure 7.7. On a seasonal base, it is rather evident
how the largest fraction of damaging events occurs within the autumn
station, where, in particular for the months of September and October,
about 58% of the total number of events have been reported.
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SOLOFRA

Figure 7.6 The area under investigation and the rain gauges network. Yellow
squares: site locations where MDHE have been recorded during last 60 years.
Red circles: historical rain gauge stations. Magenta circles: rain gauge station
installed after 2000. Blue lines: main streams network.
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Figure 7.7 Temporal distribution and characterization of occurred MDHE in the
Solofrana river basin.

The large percentage of occurrences in this period of the year could be
related to the synoptic dynamics of hazardous winter precipitation and
cyclones events moving and evolving along the Mediterranean basin
within this particular season (Diodato et al. 2014). It is also worth
indicate that, however, a significant number, about 12%, also occur
during the summer period (from June to August). Figure 7.7 also shows
that the frequency of occurrences of MDHEs has changed in time.
About 60% of total investigated events are indeed reported within the
last decade, from 2007 till present. Subsequently a precipitation event
characterization has been performed. Because of the need for short time
scale rainfall measurements, for only eighteen of the twenty-five events, a
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number of characteristics have been assessed. They are reported in Table
7.9. Among these, the assessment of rainfall duration, maximum
intensity, for a duration of 10 min, and cumulative precipitation volume,
do not need clarifications. Precipitation events have been also
distinguished on the base of the cumulative rainfall profile and on the
base of the estimated return period. The event cumulative rainfall
pattern, along with storm duration and intensity, provides useful
information about the rainfall temporal structure. Introduced by Huff
1969, the standardized rainfall profile (SRP) represent a probabilistic
description of the high variability of rainfall in time. Because of the
straightforward information provided by the BSC (Binary Shape Code),
the rainfall cumulative shape profile proposed by Terranova et al. 2011
has been used in the current study. BSC code is based on the
comparison between the SRP and the USRP (Uniform SRP) for 0.25,
0.5, 0.75 quantiles. Considering the dimensionless duration interval 0-
0.25, if the area below the USRP is larger than the area below the SRP,
the relevant code for this dimensionless duration interval would be “0”
and “1” in the reverse case. The same hold for the remaining
dimensionless duration interval. An example of application is provided in
Figure 7.8.
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Figure 7.8 MDHESs BSC types most frequently occurring within the Solofrana
river basin. Left panel represent BSC for the 19/09/2011 event. Right panel
represent BSC for the 08/10/2013 event.

To assess the return period (T) the method of the index flow has been
used:

ir (d) =K; -i,,(d) (7-25)

With:
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im(d) is the average value of annual maximum intensity of rain with
duration “d” of 10 minutes.

It derives by the regional law in four parameters of VAPI Campania
report:

- b (6-22)

m d c-D-Z
1+ —
i

Where:

i0, dc, C, D are the parameters of the law, tabulated according to
homogeneous areas (Area 2), z is the altitude of the basin (400 m.a.s.l.),
1T(d) is the intensity of rain with assigned return period corresponding to
the observed intensity and KT is probabilistic factor of growth expressed
as:

K; =-0.0373+0.517-LnT (7-26)
Reversing the equation, T can be calculated for each event.

Table 7.8 Parameters for the homogeneous areas.

Homogeneus area iy (mm/h) d.(h) C D*10°
1 77.08 0.3661 0.7995 36.077
2 83.75 0.3312 0.7031 77.381
3 116.7 0.0976  0.7360  87.300
4 78.61 0.3846 0.8100 24.874
5 231.8 0.0508 0.8351 10.800
6 87.87 0.2205 0.7265 88.476

Table 7.9 reports the main characteristics of occurred MDHE, from
1998 till current time. Prior that period, detailed rainfall records for short
time interval are indeed not available. Overall, MDHE are featured by
average duration of 510 min (£ 49 min, 5% significance level), max
intensity (10 min) of 66 mm/h (+ 4 mm/h, 5% significance level) and
cumulative rainfall of 54 mm/h (£ 4 mm, 5% significance level). BSC
type 0111 and BSC type 1111 occur with the same frequency, of about
85%, typical of thunderstorm and convective rainfalls (Terranova et al.
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2014). BSC type 0000, typical of stratiform precipitations, occurs with a
frequency of about 19%. With reference to the return period T
associated to each of the event, stratiform rainfall are generally associated
to ordinary events (T < 10 year) whereas convective and thunderstorms
could originate different event types, from ordinary to extremely severe.
The 50% of analyzed events fall into the category of ordinary events.
MDHE with T < 5 years are characterized by maximum rainfall intensity
(10 min) lower than the average maximum value of about 64 mm/h (10
min). Durations and cumulative rainfall ae also below the relevant
average values. One of nine MDHEs with T < 5 years (13/09/2012 in
Montoro) has been featured by very long duration, about 1000 min,
however with a moderate cumulative rainfall amount. Within this class of
event, the most frequent BSC is represented by type 1111, occurred with
a frequency of 43%.

The 33% of analyzed events fall into the category of moderate events.
MDHE with 5 < T < 25 years are characterized by maximum rainfall
intensity (10 min) comparable with the average maximum value of about
64 mm/h (10 min). Durations are quite variable, from a minimum of 270
min to a max of 1800 min, but there is no clear tendency between
durations and cumulative rainfall, which is however mainly above the
average value of 51 mm. Within this class of event, the most frequent
BSC is represented by type 1111, occurred with a frequency of 50%.
Respectively two and one of eighteen events (11%) and (5%) fall into the
category of severe (25 < T < 100) to extremely severe events (T > 100).
The reduced number of events makes meaningless any statistical
consideration, but it appears clear that they are featured by very large
max intensities, with an increase, compared to the average max value, of
about 150% for the 01/09/2014 event, the most severe occurred so far
within the studied basin. The analysis highlights that flooding and
landslides events occurred within the studied catchment also for rainfall
events of very moderate intensity and/or severity and low return period.
They represent the 50% of total analyzed critical situation and this
proportion is likely the expression of the fragile equilibrium and scarce
resilience of peri-urban surfaces expanded in areas unsuitable for
settlements and developments. In light of this, the SUDS techniques,
proved to be particularly effective for rainfall events with low return
period, could be successfully used in order to solve the issue of urban
flooding events in this context.
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Table 7.9 MDHESs and main rainfall characteristics.

. . . Max intensity ~ cum rainfall Return period
Date Main stream Duration [min] (10 min)[mmvh] fmmi] BSC lyears]
05/05/1998  Solofrana 1800 7.6 (60min) 936 0 10
ooz Solofrana 43 318 36 0 2
(Montoro)
Calvagnola
09/IU200L (/Lo ino) 720 636 43 111 10
2giog/p007  Solofrana 270 64.8 48 1111 10
(Montoro)
Calvagnola
280012007 /Lo ring) 300 86.4 546 1111 15
13/09/2008 Calvagnola %0 306 16 11 4
05/10/2008 Calvagnola 310 24 186 111 2
oglovz010  Solofrana 600 585 80 0 5
(Solofra)
08/01/2010 Solofrana ) ) ) ) }
(Montoro)
30-31/07/2010  Calvagnola 120 324 174 111 5
06/09/2011  Solofrana 60 1032 38 111 25
19/09/2001  S0lofrana 640 106.8 91 110 25
(Solofra)
Solofrana
19/09/2011 ; ; ; ; ;
(Montoro)
130072012 S0lofrana 990 54 56.4 111 5
(Montoro)
Calvagnola
1092012 E o) 450 64.6 738 11 10
08/10/2013  Solofrana 410 96 86 1111 2
o1/oo/2014  S0l0frana 860 8238 57.4 111 15
(Montoro)
owoo2014  Solofrana 580 166.8 140 11 >100
(Solofra)

7.3 SAR IMAGES ELABORATION

The results provided by the previous analysis don’t allow to indicate the
role played by the climate variability in the increase of the numbers of
severe events occurred within the Solofrana river basin during the last
fifteen years but perhaps the investigation of the impact of urbanization
could provide better results. ISPRA (Istituto Superiore per la Protezione
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e la Ricerca Ambientale-  National Institute for Environmental
Protection and Researc) provides a report where it shows the percentage
of soil imperviousness in time derived by monitoring network and
national map for North, South, Center of Italy (Ispra Ambiente 2017).

Table 7.10 Soil consuption Assessment (%) related to the geographical areas.
Source:ISPRA-ARPA-APPA monitoring network.

Zone 50s 1989 1996 1998 2006 2008 2013 2015
North-West 3.7% 6.2% 6.8% 7.0% 7.4% 7.6% 8.4% 8.5%
North-East 2.7% 5.3% 6.1% 6.3% 6.8% 7.0% 7.2% 7.3%

Center 2.1% 4.7% 5.6% 5.7% 6.3% 6.4% 6.6% 6.6%

South 2.5% 4.6% 5.0% 5.2% 5.8% 6.0% 6.2% 6.3%

Unfortunately, the report stops in 2015 so no indications are provided
about the current years, in addition it returns values related to macro-
areas of Italy and not site-specific information. For these reasons, in the
present study, the above said parameter has been estimated by the use
and the elaboration of SAR (Synthetic aperture radar) images of the
Sarno basin (Mobilia et al. 2018c). The process, here proposed, for the
elaboration of SAR images (Figure 7.9) of the studied basin, can be
organized in three chains: data acquisition, pre-processing and feature
extraction blocks as the following diagram shows.

-COSMO-SkyMed | IMPORT DATA | | TEMPORAL MEAN |
ERS1
DATA W) | COHERENCE
1. DATA DOWNLOAD COREGISTRATION THRESHOLD
ASSESSMENT
COHERENCE
EXTRACTION THRESHOLD
APPLICATION

2. PRE-PROCESSING
CHAIN GEOREFERENCING

3. FEATURE EXTRACTION

Figure 7.9 Process for the elaboration of SAR images.

The first step was the data download. Two sets of archive satellite images
have been used. The first set of images consists of 6 images acquired
between March and December 1995 by the ERS-1 satellite and
distributed by the European Space Agency (ESA) free of charge. The
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second dataset has been acquired by the COSMO-SkyMed sensor
between May and December 2016, and consists of 7 images distributed
free of charge by the Italian Space Agency (ASI) after the award of an
“Open Call for Science”. The two synthetic aperture radars have been
selected because they provide the oldest and the most recent images of
the considered basin. In the following, some sensor characteristics are
listed:

Table 7.11 Characteristics of the two sensors.

Characteristics COSMO-SkyMed ERS1
Pixel size 3mx3m 8m (range) x 4m (azimuth)
Spectral band X C
Frequency 9.6 GHz 5.3 GHz
Wavelength 3.1 an 5.8 an
Orbit period 97.2 minutes 100 minutes
Nominal Repeat cyde 16 days 35 days

Finally, the two sets of images are:

Table 7.12 The two sets of SAR images.

ERS1 COSMO-SkyMed
24/03/1995 03/05/2016
08/07/1995 20/06/2016
12/08/1995 06/07/2016
21/10/1995 08/09/2016
25/11/1995 24/09/2016
30/12/1995 27/11/2016

13/12/2016

The Remote Sensing Software used for the elaboration is Exelis’ ENVI
allowing to readily read and process SAR data. The pre-processing block
includes the data import, the coregistration and the coherence extraction.
Coregistration is the process shifting a slave image to match the
reference image. The image assigned as the master is the first, in
chronological order of series while the others of the set are the slave
images. In the images acquired by ERS1 and COSMO, the master images
are respectively those ones acquired on March 1995 and May 2016. The
next step of the block is the coherence extraction. Coherence is a
measure of the phase consistency in the received signal between two
SAR acquisitions (Parihar et al. 2014). So it is estimated by the cross-
correlation measurements between phase values for each pair of
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corresponding pixels in the two SAR images averaged over a small
moving window of pixel as shown in the following formulation:

L |zsl(x)z.s;(x)| 2 a2
JEIS. (0P -1, ()

Where s; and s, represent the values of phase for each couple of
corresponding pixels in the two images and S;* is the complex conjugate
of S,. In the end it highlights the wvariations in backscattering
characteristics in terms of the radar wavelenght (Lu et al. 2014). In this
work, the window size for the coherence images generation is of 3
pixels X 3 pixels. The coherence image for all interferometric pairs for
the years 1995 and 2016 has been produced using as reference image the
master image of the previous step. The coherence ranges between 0 and
1 where 0 represents irrelevant and 1 represents totally relevant. Built-up
areas have high backscattering values because of rebound signal, single
from roofs or double from the wall-ground structures and high values of
coherence in time, because of the stable scattering configuration. (Strozzi
et al. 1998; Chini et al., 2017) The feature extraction block includes the
temporal mean of the coherence consisting of averaging per year the
multi-temporal SAR images of coherence in order to reduce the speckle
but not the spatial resolution. The second activity of the block is the
coherence threshold assessment carried out using Otsu’s method (Otsu
1979). It is a binarization algorithm allowing to convert a grey level
image to monochrome (or binary) image which is particularly useful in
this study for a clear distinction between the built-up areas and the other
land cover classes. The assumption of this procedure is that the image
contains two classes of pixels falling in foreground and background
(black and white pixels) and following bimodal histogram. It iteratively
calculates among all possible threshold values, the optimum threshold of
intensity level “t” separating the two classes that minimizes the weighted
within-class variance of the black and white pixels:

min(o2 (t)) = min(W, (t) o2(t) + W, (t)- o2 (t)) > for t=min..max (7-28)

Where “min” and “max” are respectively the minimum and maximum
intensity, 6° is the intra-class variance, 6°s and 6% are the variances of
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the foreground and background classes of pixels, Wi, and W¢ are the
weights of the two classes. The resulting threshold is about 0.3 for both
series of images. After the assessment and the application of the
threshold, the images have been georeferenced and converted into
geotiff for GIS analysis. In the following (Figure 7.10), the clustering-
based thresholding images of the basin related to the year 1995 and 2016

are shown.

Figure 7.10 The clustering-based thresholding images of Sarno river basin.

Finally, the percentage of soil sealing for Sarno basin and its sub-
catchments has been deducted from the ratio between the number of
pixels of the images related to the built-up area (white pixels) and the
total number of pixels(Table 7.13).

Table 7.13 Built-up area in each sub-basin.

Basin Total area 1995 2016
Impervious Built-up Impervious  Built-up

Name Pixel ) .
area (Pixel) area (%) area (Pixel) area (%)
Sarno 736237 54494 7,40 91123 12,38
Calvagnola 71087 7105 9,99 9203 12,95
Complementary 300314 31638 10,53 55320 18,42
Solofrana 364836 15751 4,32 26600 7,29
ISPRA (South) - - 5,00 - 6,30

The percentage of soil imperviousness increases from 1995 to 2016 for
each basin. The maximum range of variation over this period, has been
reached by the complementary basin while the minimum one by
Calvagnola basin with 7.89% against 2.95%. For the Southern Italy
where the studied basin is located, ISPRA report proposed a percentage
of soil sealing of 5% in 1996 and 6.3% in 2015. These percentages are
consistent with that one found using SAR images for Solofrana basin
(4.32% in 1995 and 7.29% in 2016) while they show an overbuilding in
the rest of the catchment compared to the regional average and anyway
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they highlight a rapid increase of the sealing areas in the last decades
(Figure 7.11).
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Figure 7.11 Evolution of build-up area in time.

The results of SAR images elaboration confirm that the large number of
damaging events, and the relative increase in the last decade, is most
likely caused by the increase in sealed surfaces. Because the reason of the
increased number of flooding events within the Sarno basin is mainly
attributable to the overbuilding of the surface, the retrofitting of
buildings with green roofs could represent a valid solution.

7.4 SIMULATION AND RESULTS FOR SARNO RIVER
BASIN

The rapid urbanization occurring in Sarno river basin and its high
vulnerability also to rainfall events of very moderate intensity and/or
severity, suggest that the use of SUDs could represent a good solution
for the mitigation of hydrologic and hydraulic risk. In order to check
whether that objective can really be achieved in the Sarno catchment, an
analysis of the hydrological impact at basin scale resulting from the
widespread implementation of green roofs, has been performed. Sarno
river basin is a catchment of about 434 Km? located in Campania region,
in the South of Italy that can be inscribed within a box whose corners
have the following geographic coordinates:
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Table 7.14 Coordinates of the study area.

E N Corner
14° 27 43" 40° 53' 58" Upper left
14° 26' 29" 40° 41 30" Bottom left
14° 52! 36" 40° 40' 23" Bottom right
14° 54' 39" 40° 53' 30" Upper right

The basin has three major tributaries: Sarno, Solofrana and Cavaiola with
a length of the main courses respectively of 18.4 km, 24.8 km, 10.2 km
whose sub-basins have an area of 177 km® 216 km?, 41 km® Analisys of
Digital elevation model (DEM) within GIS software return average
watershed slope respectively of about 13%, 32%, 17%.

Figure 7.12 The area under investigation.

The catchment has a time of concentration (tc) of about 10 hours. It has
been detected according to Haktanir et al. 1990 formula that is the most
suitable for the Sarno basin because it has been calibrated for urban
basins with area between 11 and 9867 Km?:

t, =26.85- L% (7-29)
Where L (m) is length of the main course.

The name and location of each node, sub-catchment and link useful for
the modeling in SMWW are shown in the Figure 7.13:
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N -
Figure 7.13 Sub-catchments, trunks and nodes of Sarno river basin.

Finally, in SWMM, Sarno river basin can be sketched as in Figure 7.14.
The main properties of the elements like the area of sub-catchments, the
width of overland flow, the average surface slope, the elevation of
junctions, the conduit length (provided by GIS analysis of DEM with
QGIS), the percentage of impervious area (provided by SAR images),
and the conduit’s cross section geometry (Figure 7.15) provided by
Arcadis 2017 for each section where the main river joins its tributaries,
are listed in the table 7.15.
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Figure 7.14 Sarno river
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Table 7.15 The main properties of the sub-catchments, trunks and nodes of
Sarno river basin.

BASINS
AREA (mz) WIDTH (m)=A/L Slope (%) Imperviousness (%)
SUB1 20729768 5670 50,76 4,11
SUB2 7208400 3356 31,08 8,64
SUB3 12926400 3474 46,86 3,61
SUB4 86120357 38412 31,06 5,46
SUB 5 46277145 22389 36,51 7,71
SUBG 41805449 3803 42,50 13,08
SUB 7 27857817 4417 29,29 12,55
SUB 8 13999902 3551 2,46 14,01
SUB10 30484451 14139 30,89 8,24
SUBL11 38240603 32966 7,73 10,06
SUB12 12749286 3755 0,72 14,68
SUB13 38054512 19882 2,29 21,92
SUB14 44142885 7027 9,35 26,27
SUB15 13991174 3961 22,92 32,58
RIVERS
Trunk Lenght (m) Shape (-)
! 3656 Section 1
2 2148
Solofrana 3 3721
(24826 m) 4 2242 Section 2
5 2067
6 10992 Section 3
Cavaiola 7 6307 .
~ Section 4
(10250 m) 8 3943
S. Mauro
(8880 m) 9 8880 Section 5
10 2156
11 1160 Section 6
Sarno 12 3395
(18439 m) 13 1914 Section 7
14 6282 Section 8
15 3532 Section 9
NODES
Altitude (m a.s.l.)
N1 562,5
N2 300
N3 250
N4 175
N5 162,5
N6 125
N7 600
N8 100
N9 50
N10 24
N11 22
N12 20
N13 16
N14 13
N15 5
Outlet 0
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Section 1
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Figure 7.15 Conduit’s cross section geometry (in centimeters) for each section
where the main river joins its tributaries.
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Because the percentage of imperviousness in the sub-basins (from SAR
images) is at most of 32%, a CN of 61 has been set (Table 7.16).

Table 7.16 SCS Runoff Curve Numbers (Antecedent moisture condition II).
Hydrologic Soil Group

Land Use Description A B C D
Cultivated land

Without conservation treatment 72 81 88 91

With conservation treatment 62 71 78 81

Pasture or range land
Poor condition 68 79 86 89
Good condition 39 61 74 80
Meadow
Good condition 30 58 71 78

Wood or forest land

Thin stand, poor cover, no mulch 45 66 77 83

Good cover’ 25 55 70 77
Open spaces, lawns, parks, golf

courses, cemeteries, etc.

Good condition: grass cover on
39 61 74 80
75% or more of the area
Fair condition: grass cover on 50 -
49 69 79 84
75% of the area
Commercial and business areas
. . 89 92 94 95
(85% impervious)
Industrial distri
n uﬁ‘ ia 19‘ icts 81 g8 01 93
(72% impervious)
Residential’
Average lot size (% Impervious®)
1/8 ac ot less (65) 77 85 90 92
1/4 ac (38) 61 75 83 87
1/3 ac (30) 57 72 81 86
1/2 ac (25) 54 70 80 85
1 ac (20) 51 68 79 84
Paved p}arking lots, roofs, 08 08 08 08
driveways, etc.
Streets and roads
Paved with curbs and storm 08 08 08 08
sewers
Gravel 76 85 89 91
Dirt 72 82 87 89

This value is related to a surface with grass cover on 75% or more of the
area with a hydrological group B of mid-level (A,B,C,D respectively
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stand for high, moderate, slow and very slow infiltration rates) and for
antecedent moisture condition II related to average condition of
moisture of the pervious surfaces prior to the rainfall event (Table 7.17).

Table 7.17 Seasonal rainfall limits for AMC.

Total 5-day antecedent (mm)

AMC group  Dormant season Growing season

1 Less than 13 Less than 36
I 13 to 28 36 to 53
111 More than 28 More than 53

The model has concerned only the superficial drainage system because of
the lack of data related to the urban drainage system.

The study has been carried out considering a baseline scenario and a
scenario with 50% of impervious surface converted into GRs and evenly
distributed in each sub-basin. The simulations have been run with a 5
years return period design storm, rectangular distribution of the
hyetographs, and durations of 3, and 24 hours (Figure 6.7) respectively
shorter and higher than the lag time of the basin and finally 10 hours
comparable to the t.. (Figure 7.14)

Rectangular Triangular

Figure 7.16 Synthetic hyetographs for duration of 10 hours.

The analysis of the performances has concerned only the reduction of
runoff production in terms of flooding volume which has been proved
to be (Table 6.7) the major benefit the green technologies bring. The
design events cause flooding in several sections of the catchment, the use
of GRs allows a decrease of the flooding volume and a reduction of
number of sections affected by this damaging event (Table 7.18, Figure
7.17). The average reduction is about of 57% against 43% of the virtual
basin for the same return period and percentage of greening but with
different cover types and so CN (61 vs. 98) influencing the peak rate of
runoff from rainfall. In addition, as suggested by the analysis of the
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virtual basin (Table 6.7), the reduction increases for shorter events. The
percentage of flooded sections decreases more than half.

Table 7.18 Percentage of reduction of flooded sections and flooding volume
occurring for design storm events in Sarno basin.

Flooding
Duration Percentage of Greening Volume (m3) Reduction (%) Flooded sections (%)

o 0% 2188159,65 6134 31,25
@ 50% 846045,69 ” 12,50

o P
g —0 %o 8153567,05 54,00 37,50
- 50% 3742926,25 18,75

0, Q
E 0% 15080789,80 57.04 31,25
N 50% 6478548,11 6,25

Node B

Flooding
001

5000

75.00
100.00
cus

N

Figure 7.17 Flooded sections and flooding volume before (left panel) and after
(right panel) the retrofitting, occurring for design storm events

These simulations have been run with a constant and uniform spatial
distribution of rainfall over the watershed. This condition can affect both
the hydrological response and the effect of the mitigation due to GR
retrofitting. In order to avoid these situations, in the following,
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simulations have been run with an actual event also in relation to the
spatial distribution of rainfall. In the end, after the analysis with design
events, the study involves simulations with actual events occurred in the
past and causing MDHEs (Multiple Damaging Hydrological Events)
(Table 7.7).

Event analysis has been carried out with the rainfall event occurred on
13 September 2012, belonging to the collected database of the MDHEs,
as it known that during this period a real event has occurred. The event
has a return period of 5 years, a duration between 7 and 8 hours and it
has been chosen for the simulations because the GR technique is more
effective for low T (Table 6.7).

A rainfall time series, defined with Thiessen method, has been assigned
to each sub-basin. Thiessen (Voronoi) polygons identify the area of
influence around each rain gauge so that any point inside the polygon is
closer to the considered rain gauge than any of the other ones. The
construction of a polygon requires to draw the perpendicular bisectors of
the lines between all neighboring rain gauges of the set. In the table 7.19,
a list of rain gauges in the Sarno river basin is shown.

Table 7.19 List of rain gauges in the Sarno river basin.

Rain Gauge ID Longitude Latitude  Altitude (m a.s.l.)
Solofra 18933 14,855111 40,823667 534
S. pietro 12290 14,786972 40,818472 209
Setino 21746 14,844528 40,891361 327
Forino 18939 14,745806 40,860056 399
Merato S.S. 17406 14,752889 40,778417 141
Barnonissi 21774 14,766278 40,751278 226
Pellezzano 18925 14,756528 40,728806 369
Cava de' titreni 18917 14,702306 40,705972 195
Bradgliano 38443 14,711167 40,824806 349
Cetronico 15279 14,708417 40,809611 265
Ponte aamerelle 12298 14,684833 40,73425 97
S. Mauro 12294 14,632333 40,764083 29
Corbara S.Egidio 18923 14,601278 40,724833 475
Chiusura sarno 15276 14,47725 40,732028 24
Lettere 18927 14,532028 40,703556 291
S Marzano sul sarno 36887 14,573306 40,779944 14
Satno 15276 14,614139 40,8295 124
Sarno agqu. Campano 38445 14,595194 40,835194 162
Piani di Prato 15280 14,648722 40,834889 840
Totiello 15285 14,625861 40,847528 840
Quindid torte veachia 15282 14,657333 40,855083 357
Pizzolano 38977 14,786639 40,785028 244
Giffoni valle piana 18964 14,912083 40,786806 980
Castiglione del Genovesi 21778 14,848306 40,720028 512
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Figure 7.18 reports the main characteristics of the rainfall event occurred
on 13/09/2012 and recorded by the several rain gauges.
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Figure 7.18 Characteristics of the studied rainfall event.

As the Figure 7.18 has pointed out, the same event, occurred in different
locations, has different characteristics but also a different temporal
evolution (Figure 7.19) (different pre-onset, onset, peak, decay, and
post-decay). This underlines the rainfall variability in the basin, hence the
need to consider a spatial distribution of the rain using the Thiessen
method.

Event 13/09/2012
14

12 == == Solofra
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10
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!
2 AN \ﬂ
Iy / Ly
0 A= s el e e e —tt

5:00 6:00 7:00 8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00

Figure 7.19 Rainfall records from 3 rain gauge stations in Sarno basin.

For the study area, the polygons appear as in the following:
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Figure 7.20 Thiessen polygons for the basin under investigation.

Each sub-basin falls into the area of influence of two or more rain
gauges so the time series related to the single catchment is an average
series. The results show a percentage of reduction of about 60% (Table
7.20) consistent with those ones derived from the design events for
precipitation with 5 years return period and duration of 7-8 hours and a
reduction of the flooded sections from 31% to 18%.

Table 7.20 Percentage of reduction of flooded sections and flooding volume
occutring for actual event in Sarno basin.

Flooding
Duration Percentage of Greening Volume (m3) Reduction (%) Flooded sections (%)
0,
78h 0% 5930297,43 60.25 31,25
50% 2357421,61 18,75

The simulation highlights the sections where the flooding events occur.
The section N4 corresponds to the sub-basin “SUB4” (Figure 7.21)
including the municipality of Montoro where a MDHE has been
reported by local websites and by newspapers database .
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Figure 7.21 Flooded sections and flooding volume before (left panel) and after
(right panel) the retrofitting, occurring for the actual event.

In particular, the damaging event occurred in via Marconi, Preturo
district of Montoro, for this reason the analysis has been further
deepened considering a most detailed scale of modeling (Figure 7.22).
This analysis helps to take into account the interaction between the
surface hydrology because only the natural drainage system has been
considered in the simulations of Sarno tiver basin, and the urban
drainage system of the municipality of Preturo.

Figure 7.22 The utban drainage system of Preturo.
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For the study area surrounding Via Marconi (link 1,3,5,7,11,13) the
combined urban drainage network has been designed as in chapter 6 for
the virtual basin. In SWMM, the urban basin can be sketched as follows:

SUBS

CurtletD¥
¥

Figure 7.23 Urban drainage system of Preturo in SWMM.

The main properties of the elements required for the simulation, are
listed in the following table:
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Table 7.21 The main properties of the sub-catchments, trunks and nodes of
Preturo district.

BASINS
AREA (mz) WIDTH (m)=A/L _Slope (%) Imperviousness (%)
SUBI1 20512 129 1 74,97
SUB2 39368 135 1 28,45
SUB3 3090 69 1 93,50
SUB4 32123 97 1 22,11
SUB 5 3665 70 1 89,52
SUBG6 16939 101 1 55,24
SUB 7 12159 134 1 59,15
SUB 8 44409 186 1 27,23
SUB 9 7900 62 1 36,75
SUB10 7129 113 1 71,43
SUB11 16278 104 1 68,14
SUB12 76811 169 1 18,27
CONDUITS
Trunk Lenght (m) Diameter (Circular pipes)
1 159 DN400
2 291 DN400
3 45 DN600
4 330 DN400
5 52 DN600
6 168 DN400
7 91 DNB800
8 239 DN400
9 127 DN200
10 63 DN500
11 157 DNB800
12 455 DN500
13 37 DN1000
NODES
D Altitude (ma.s.l.)
N1 188
N2 188
N3 186,41
N4 188
N5 185,96
N6 188
N7 185,44
N8 188
N9 188
N10 185,61
N11 184,53
N12 188
N13 182,96
Outlet 182,59

The rainfall time series used as input in the simulation refers to rainfall
event occurred on 13/09/2012 and recorded by the rain gauges located
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in S. Pietro in whose area of influence, defined with Thiessen method, is
Preturo. In this case the comparison has been carried out between the
baseline scenario (NO GRs) and a scenario where the percentage of
GRs-conversion has been not set a priori but with an analysis of the
green roof retrofit potential of the buildings. The identification has been
performed by means of a visual inspection of the buildings using the
Google Earth, Google Map and Google Streetview softwares while the
detection of the buildings which can accommodate a retrofitted green
roof has been based mainly on 4 criteria (Wilkinson et al. 2009):

e Roof slope
The greening should be applied to roof with a minimum slope of 2%
and a maximum slope of 45%. Roofs with a slope less than 2% require
additional drainage measures in order to avoid waterlogging in the
vegetation support course. On the other hand, a sloped roof retains less
water and structural and vegetation problems could occur like the slip of
the plant layer. With Google Map the roofs of the buildings have been
observed from the close quarters and they have distinguished between
steeply pitched or flat roofs. All the buildings in the basin meet the
requirements of the slope.

e Number of stories
Taller buildings could partially or totally overshadow the adjacent lower
edifices and the shadow could affect negatively the grow of the plants
and reduce ET fluxes. Because the height of each buildings is unknown,
the number of stories has helped to achieve this purpose.
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lothals;

Figure 7.24 Buildings selected according to the number of stories.

e Orientation of the roof
In general, the sunlight contributes to the welfare of the vegetation and
in the northern hemisphere, the exposure to direct sun is higher for
south-facing buildings.
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e Number of site boundaries

If a building is attached to others on 4 sides, during the construction
of GR, the access for machinery and delivery or storage of materials
tend to be difficult just like the subsequent access for maintenance.
In view of this, the buildings bounded on 4 sides have been

discarded.

Figure 7.26 Buildings selected according to the number of site boundaries.

Finally, the buildings which contained the attributes required for green
roof adaptation occupied on average about the 7% of the area of the
whole basin. The percentages of green roof retrofit potential in each
basin are:
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Table 7.22 Percentages of green roof retrofit potential in each basin.

% Green roof
retrofit potential

sub1 7,57
sub2 2,38
sub3 12,46
sub4 2,25
sub5 8,46
sub6 8,31
sub7 9,88
sub8 403
sub9 2,30

sub10 14,28
sub11 10,90
sub12 2,00
Average % 7,07

The average percentage of conversion of about 7% returns a reduction
in flooding volume of 11% while the number of flooding section
remains unchanged.

Table 7.23 Percentage of reduction of flooded sections and flooding volume
occurring using GRs for actual event in Preturo district.

Flooding
Duration Average Percentage of Greening Volume (m3) Reduction (%) Flooded sections (%)
7.8h 0 821,35 1117 71,43
7% (GR) 729,64 71,43

In situations like this where there are few buildings which can
accommodate a retrofitted green roof or in a not highly urbanized urban
basin, an effective management of rainfall damaging events can be reach
coupling the GR technology to another SUDS technology for instance
the permeable pavements (PPs) which have been proved to be very
useful in reducing the surface runoff (Zachary Bean et al. 2007, Fassman
et al. 2010, Pratt et al. 1989). Since GRs are not alone able to fully solve
the flooding problem for the investigated basin, as also stated, for
instance, with regard to a different case study by Mentens et al. 2006
who suggested to accompany the green roofs with other tools of runoff
reduction, their ability in combination with PPs in addressing the issue
has been investigated. 'The latter technique would require further
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insights if interested in a sensitivity analysis aiming at verifying its
performances but as the final goal is the assessment of how vegetated
covers work in synergy with other sustainable urban drainage systems, in
order to overcome the restrictions associated with the GRs retrofit
potential, these information have been not required and default
parameters for PPs have been accounted for the simulations. PPs should
not been used for high speed roads, although they have been successfully
applied for low speed residential streets, parking lots and paths (Virginia
der stormwater design specification no.7 2017). The average percentage
of conversion within the city of Preturo is about 15% while a detail

report for each basin has been shown in the following table and Figure
7.24:

Table 7.24 Percentage of potential use of permeable pavements in Preturo
district.

Basin % of conversion

subl 21,66
sub2 12,81
sub3 15,53
sub4 731
sub5 18,69
sub6 9,97
sub7 23,89
sub8 6,42
sub9 2284
sub10 19,74
sub11 13,65
sub12 7,22
Average % 14,98

The context studied at a most detailed scale, is not characterized by a
high percentage of urbanization because of this condition, the effect
resulting from GRs use in term of mitigation of hydraulic risk cannot be
fully highlighted. However, it should be considered that SUDS
technology involves, by definition, the extensive implementation of
different types of techniques, in order to reach the final goal of
sustainable development. With regard to the proposed case study, by way
of example, without having conducted any impact assessment,
simulations have been run in SWMM considering the combination
between the use of green roofs and permeable pavements. With a
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combined conversion of about 7% in GRs and of about 15% in PPs, a
reduction of 60% in flooding volume and of 7% in flooded sections can
be reached. The use of PPs, in addition to GRs, allows a significant
reduction of the flooding volume, of about 50% furthermore they can be
placed on a larger area than the vegetated covers. The percentage of
flooded sections hasn’t significantly improved but this parameter is not
indicative of the flooding problem if it is not related to the volume of
runoff that actually overflows from the urban drainage system and to the
geometric characteristics of the area where the flooding event occurs.

Figure 7.27 Areas selected according for the replacement with Permeable
Pavements.

Table 7.25 Percentage of reduction of flooded sections and flooding volume
occurring using GRs and Permeable Pavements for actual event in Preturo
district.

Duration Average Percentage of Greening Volume (m3) Reduction (%) Flooded sections (%)

0% 821,35 - 71,43
7-8h 7% (GR) 729,64 11,17 71,43
15%(PP)+7% (GR) 344,328 58,08 64,29
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8 CONCLUSION

In this PhD dissertation, the problem of sustainable management of
stormwater within a Mediterranean area with evolving climate and urban
conditions and by means of SUDSs has been approached. In particular
the effectiveness of the green roof technology has been explored. The
GR hydrological behavior is generally modeled by soil water balance
approaches where evapotranspiration loss plays an important role
because it directly affects the retention effect of the eco-roofs in terms of
runoff volume reduction and the original contribution of the present
PhD dissertation to this aspect has been twofold. On one side, the
proposal for an actual evapotranspiration assessment model which
summarize the switching mechanism between energy and water limited
conditions able to simulate the ET fluxes with an error of prediction at
most of 20%. On the other side the integration of the latter in a
conceptual water balance model approach for green roof hydrological
behavior which is simply based on meteorological data but nevertheless
returns an good forecasting of the storage capacity of green roofs at daily
scale with maximum RMSE value of 15% . Besides the ability of the
water balance approach in describing the GR behavior, the tool appears,
for its peculiarities, particularly suitable for studies devoted to green-roof
installation planning in a given area and also for climate sensitivity
analysis. The research work has been further focusing on starting filling
a gap about experimental green roof behavior in Mediterranean areas.
From an experimental point of view, the contribution of the present
research lies in particular in the implementation of two green roof test
beds located in the campus of University of Salerno. The two GRs differ
for the construction type of the drainage layer (expanded clay vs
commercial drainage panel filled with expanded clay) which slightly
affects the performances of the system. Preliminary results about the
hydrological behavior have been shown in order to analyze the role
played by the climate conditions and the GR structure in the relative
behavior. The monitoring campaign confirm the effectiveness of the
eco-roofs in term of the retention capacity, within the Mediterranean
climatic at building scale. In fact, despite the prolonged drought periods
occurring during the hot seasons in this area, survival of the plants is not

134



Sustainable managment of stormwater in a changing environment

compromised and an optimal retention capacity (ranging between 35%
and 100% depending on the rainfall event) is achieved during this
particular period of the year. To conclude, a further novel contribution is
represented by the analysis of a widespread use of GR technology to
mitigate the hydrological hazard in a changing environment. The Sarno
peri-urban basin in Campania region, has been selected as it represents a
hydrogeological hazard prone system where flooding and landslide
events have occurred rather frequently, especially during the last fifteen
years. About the causes of the increase of flooding events occurrences
within the study catchment, the changing climate conditions wouldn’t
appear to play the main role. Actually, their role cannot be established
for sure because the time series patterns for the investigated stations
produce different tendencies and because the number of rain gauge
stations is rather limited. With the elaboration of SAR images acquired
over the basin at different times, the rapid urbanization has been proved
to be the main cause of the increasing urban flooding events
Subsequently, the hydrologic behavior resulting from the extensive use
of SUDS technologies at basin scale has been investigated. As no green
roof installations are placed in the study areas, the research efforts have
focused on the potential hydrological benefits of hypothetical scenarios
of rainfall and GR retrofitting. The SWMM of the US Environmental
Protection Agency has been used to predict the hydraulic performances
corresponding to the different greening and rainfall scenarios.

The results show that green roofs in urban areas can be a valuable tool
for flood risk mitigation reaching percentage of reduction of stormwater
from roofs even nearly to 100% with regard to certain rainfall
characteristics and percentage of green retrofitting. These findings can be
extended also to the case of the peculiar Italian building heritage, where
the use of SUDS techniques and the integration of the sustainable urban
drainage concept are not at all common. The results also pointed out
how, in a perspective of a retrofitting scenarios, the low percentage of
traditional roofs that can be converted into green is not alone able to
solve the issue associated with the urban runoff management and it
needs to be used in combination with other runoff reduction measures
such as permeable pavements. The undertaken research work actually
open the road for a multiplicity of future research perspectives, both on
the theoretical, practical and experimental side.

About the experimental site, the short period of monitoring was not
actually adequate to fully characterize the broad spectrum of climate
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conditions that can feature the Mediterranean climate, which is known to
be an extremely variable climate type. Long term measurement would
most likely characterize the GR behavior under climate stress conditions,
which is one of the most important concernments about the GR
applicability in semi-arid areas. Furthermore, since the analysis have
highlighted that the behavior of the experimental benches is strongly
driven by the mode of operation of the drainage layer, a wider effort
should be spent in order the improve the knowledge of the processes
occurring to identify the dependence on the GR constructive properties.
On the practical perspective, the potentiality of the Italian building
heritage to host to broad spectrum of SUDS technology has to be
analyzed in more detail. The introduction of an automated procedure
able to discern green roof (or others SUDS) retrofit potential of the
urban scale based on the use of remotely sensed areas could help to plan
where and at which extent GRs (or other SUDS) adaptation can take
place, accelerating the identification performed in the presented work by
means of a visual inspection.
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