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1 | INTRODUCTION

Low impact development (LID) practices (or Sustainable urban Drainage System—SuDS) are increasingly drawing attention as a solution for
sustainable storm water management and runoff reduction in urban watersheds (Bai et al., 2019; Li et al., 2017). Indeed, LID retrofitting of

impervious land use surfaces can mimic the pre-development hydrology of urban areas, and thus mitigate the impacts on water quality and
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Research Impact Statement

Integration of SWAT (Soil Water Assessment Tool) model with a stochastic rainfall generator to analyze runoff reduction of low im-

pact development scenarios in an urban watershed in Florence (Italy).

quantity caused by intensive urbanization (Gong et al., 2021; Hoghooghi et al., 2018; Rezaei et al., 2019). LIDs can reduce peak flow rate and
flow velocity as well as extend concentration time, restoring water balance, and improving water quality (Ahiablame et al., 2013; Roy-Poirier
et al., 2010). Recent studies have reported key findings on the effectiveness of different LIDs on water quantity treatment (e.g., peak flow
and runoff volume reduction) and quality at local scales (Ercolani et al., 2018; Zhang & Guo, 2013; Zubelzu et al., 2019). In addition, LID hy-
drological performances at different spatial scales have been assessed to support their adoption as a solution to control stormwater in urban
watersheds (Yang et al., 2020). However, the evidence of LID effectiveness at the watershed scale is limited (Andrés-Doménech et al., 2018;
Kim & Kim, 2021). Therefore, questions remain about how LID practices can individually or cumulatively affect urban watershed hydrology.

Another critical issue regards the analysis of LID performances on the long temporal scale. Indeed, most studies use hydrological modeling
and single design rainstorms with short duration characterized by key features such as the mean/maximum intensity or the total rainfall vol-
ume. Some authors pointed out that LID practices need to be evaluated as a sustainable measure for long-term functioning (Stovin et al., 2013),
thus analyzing hydrological responses under all rainstorm events that occur during multiple years possibly using data with sub-hourly tem-
poral resolution. Indeed, the effectiveness of LIDs in treating water pollutants, reducing runoff, and managing urban stormwater can vary
depending on seasons and on the alternance and timing of wet and dry periods (Caporali et al., 2021; Fatichi & Caporali, 2009) and potentially
influencing their long term cost-effectiveness (Yang et al., 2020). However, there is a lack of literature regarding long-term LIDs performance
analysis, since observed climatic data with sub-daily temporal aggregation are usually scarce (Morbidelli et al., 2020). In addition, the temporal
aggregation of rainfall and other climatic data are usually daily, even if it is too coarse for LID modeling purposes. Rainfall disaggregation from
stochastic rainfall generators may be an option to obtain fine-scale rainfall data to support long-term performance of LIDs (Andrés-Doménech
et al., 2010; Pampaloni et al., 2021). Pampaloni et al. (2021) demonstrated the potential of a temporal disaggregation methodology, based
on the stochastic rainfall generator RainSim V.3. (Burton et al., 2008, 2010), to reproduce key features of the rainfall pattern and volumetric
percentiles commonly used in the design of LIDs (Sordo-Ward et al., 2019).

However, studies that couple stochastic climatic data and hydrological models to test the effectiveness of LID at the watershed scale
are still lacking. A critical aspect is the selection of suitable tools to properly describe LID effects on watershed processes. Kaykhosravi
et al. (2018), pointed out a list of properties that LID models should have at the watershed scale: (i) representation of all natural processes
occurring in an LID; (ii) capability of simulating long-term continuous LID hydrology; (iii) representation of synergies between LIDs and urban
watershed hydrology; (iv) simulation of LID connections with existing sewers. The use of climatic data with a fine temporal resolution should
be preferred since LIDs are usually placed in urban watersheds with small size and short concentration time. Among others, Hydrus 1D/2D and
GIF-MOD models have been widely used in previous studies that focused on exploring the synergies between LID properties and their perfor-
mances (Li et al., 2018; Massoudieh et al., 2017; Turco et al., 2017). The performance of LID practices has also been evaluated under different
urban land use scenarios using the Soil and Water Assessment Tool (SWAT) (Marhaento et al., 2019; Uniyal et al., 2020) demonstrating that the
effectiveness of LID practices differs among urban land use densities (Seo et al., 2017). Likewise, Her et al. (2017) also proposed an innovative
LID computational module integrated into the sub-hourly simulation of SWAT components. The module simulates the hydrological processes
of predefined facilities, which include green roof (GR), rain garden (RG), cistern, and permeable pavements among the hydrological response
unit (HRU) where LIDs are implemented. Furthermore, the SWAT-LID module together with the sub-hourly simulation capability, allows the
SWAT model to be a viable tool for evaluating urban watershed processes in a distributed and process-based manner (Shannak, 2017).

Considering this background, this study aims at assessing how LID implementations affect watershed hydrologic responses in a highly urban-
ized area through a long-term stochastic modeling. The long-term modeling is done by coupling SWAT with a stochastic methodology to generate
sub-hourly rainfall series to assess the LIDs performance for extreme events (de Sousa et al., 2020; Huang et al., 2020; Wadzuk et al., 2017) partic-
ularly focusing on Peak Flow Reduction (PFR). Indeed, the highest return period of short-duration events can be properly assessed only if long time
series with a fine temporal resolution are considered. Nevertheless, time series with sub-hourly resolution are usually short, as they are provided
by more recent rain gauges (Morbidelli et al., 2020). The continuous modeling can describe the interaction between single storms, as each event
is influenced by the distance (inter-event time) with the previous event. This methodology allow the evaluation of the performances of different
LIDs (GRs, RGs and their combination) in reducing the peak flow for different rainfall intensities also assessing the potential of every LID scenario
in reducing the maximum peak flow (i.e., analyzing PFR for events with different return periods). The study is divided in the following sections: the
methodology and the data that have been used are shown in Section 2; Section 3 contains the results that are described and interpreted for the
different LID scenarios analyzed, while their discussion can be found in Section 4; the conclusions are in the Section 5.
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2 | MATERIALS AND METHODS

This section provides the general methodology used in the study and shows the data that are used in each step to obtain the final results. The
flow chart of the methodology is shown in Figure 1.

First, a temporal disaggregation of rainfall series was achieved based on the Neyman-Scott rectangular pulse method by the stochas-
tic rainfall generator RainSim V.3 (Pampaloni et al., 2021). An urban watershed located in Florence (Italy) was selected as a case study
and a 20-year series of observed precipitations, recorded by the Florence University rain gauge (Florence, Italy), was used to calibrate
the stochastic rainfall generator. A 500-year rainfall series with a 15 min time step was generated using the stochastic rainfall generator
RainSim V.3 to evaluate the long-term performance of the LID scenarios. The LID scenarios are compared with a baseline scenario, that
is, the watershed configuration without LIDs, which has been described in SWAT with the HRU, areas of the watershed with similar land
use, soil, and topographic data. LID scenarios are implemented by the SWAT-LID module (Her et al., 2017) within a sub-hourly SWAT
model routine.

Two LID types are joined to generate different LID combinations and, for each of them, growing retrofitting areas among the watershed
are considered. A total of 12 LID scenarios are composed by mixing three LID combinations GR, RG, GR+RG) and four percentages of im-
pervious areas where LIDs, are installed (25%, 50%, 75% and 100%), i.e. LIDs occupy different percentages of the impervious area within a
given HRU.

Flow series are extracted by the reach scale output of the LID module for the baseline and LID scenarios to evaluate the PFR between a LID
and the baseline scenarios for every flow event extracted from the 500years long-term output of the model. Second, the PFRs corresponding
to the annual maximum peak flows of every LID scenario are analyzed with the empirical return period associated with each event. Moreover,
the percentages of PFR are evaluated also considering each single storm in the generated timeseries, which are extracted considering dif-
ferent values of Minimum Inter-event Time (MIT). The PFRs are then analyzed with respect to the corresponding rainstorm event intensities
(Section 2.4). Moreover, a sensitivity analysis of the results based on MITs has been conducted. This section is further divided into four parts to
better describe the case study (Section 2.1), the SWAT model setup (Section 2.2), the identification of independent flow events (Section 2.3),
the evaluation of the PFR of the LID configurations is done by considering single storms with different rainfall intensities and annual maximum
rainfall (Section 2.4).

2.1 | Case study

The case study area is within the city of Florence, in Tuscany (central Italy). It covers about 3km? inside a highly urbanized area (Figure 2). The
topography is flat, on average 50 ma.s.l. Topographic information was obtained from the 1m LIDAR DEM distributed by the Tuscany Regional
Administration, which was used to delineate the boundaries of the watershed and to identify the drainage network. According to the LIDAR
DEM, the average slope of the study watershed is 2.1% and the length of the longest flow path is 4.3km (blue line in Figure 2). The concentra-
tion time of the urban watershed is 19 min.

[ Precipitation ]——-[ RAINSIM ]—

[ Land use }

analysis
(MIT, Return Period)

Urban HRUs
: [ Topography J

‘ LID module J

Peak flow reduction

SWAT model

FIGURE 1 Flowchart of the methodology to assess the performance of the low impact development (LID) scenarios in reducing the peak
flow in the urban watershed. HRU, hydrological response unit; MIT, Minimum Inter-event Time; SWAT, Soil and Water Assessment Tool.
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FIGURE 2 Location and land use of the study urban watershed. The blue triangle indicates the rainfall gauge location within the
municipality area of Florence.

2.2 | SWAT model set-up

SWAT model was implemented in the urban watershed using a sub hourly time interval. As reported in Brighenti et al., 2019, the sub hourly
SWAT simulation is based on the Green-Ampt Mein- Larson infiltration routine (Mein & Larson, 1973). Baseflow and evapotranspiration are
calculated on a daily basis and then equally distributed for the selected time step (Jeong et al., 2010). The routing phase is typically divided
into two main components: the Surface Flow Routing and the Channel Routing. The first one uses a modified version of the kinematic wave
method to simulate the movement of surface runoff within each sub-basin, considering factors like flow velocity and slope to estimate how
runoff travels over the land surface. The second one uses the Muskingum-Cunge method (or other suitable routing methods) to simulate the
routing of runoff through streams and rivers.

The model is chosen for LID analysis, as it is capable to: (i) represent hydrological processes from small HRU scale to large-scale water-
sheds; (ii) simulate continuous long-term watershed hydrology considering the soil moisture between storm events assessing infiltration,
evapotranspiration and percolation (Her et al., 2017), use sub-daily and sub-hourly time-step climate input to provide sub-hourly outputs
(Jeong et al., 2010; Maharjan et al., 2013); (iii) model the LID wet and dry continuous cycles over long-term modeling. In SWAT, a river basin
or an urban watershed can be divided into subbasins based on the stream network, and each of them is divided based on HRUs. An HRU, as
shown in Figure 1, is a unique combination of slope, land use, and soil type that has the same hydrological behavior regarding water runoff.

2.21 | SWAT-LID module

The SWAT-LID module offers four types of pre-set LIDs: GRs, RGs, cisterns, and permeable pavements. Each of them can be assigned with
a different percentage of impervious treated area in the HRU where the LIDs are installed (Figure 3). This percentage of impervious HRU
area is then treated according to the LID characteristics and contributes proportionally to the total HRU output. The runoff is generated in a
separated way in the impervious and in the pervious area, and once both runoff depths are calculated, the overall runoff depth of the HRU
is calculated proportionately to the areas of each part (more details can be found in Her et al., 2017). In this study, only GRs and RGs were
selected as design facilities. These two LIDs types can be conceptualized as a temporary surface or subsurface water storage connected to
other elements of the urban system and subjected to evaporation and percolation (Figure 4).
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FIGURE 3 Example of LID implementation in an urban HRU. Impervious areas of the urban HRU can be retrofitted with LID depending
on various percentages of area treated by the infrastructure.
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FIGURE 4 Storage of the three LIDs analyzed in SWAT simulation. Bypass, bypass of stormwater; ET, evapotranspiration; Excess R,
excess rainfall; INF, infiltration; IRR, irrigation; Orifice, discharge of stormwater through an orifice; PRC, percolation of soil water; Seepage,
seepage of soil water (adapted from Her et al., 2017).

A GR is a designated area in the HRU with a soil layer and vegetation. The soil layer retains rainwater and releases it through seepage.
Soil properties such as depth, field capacity, wilting point, saturated hydraulic conductivity, and porosity can be modified in the LID module
(Table 3). After soil saturation, the rainfall moves toward bypass seepage and runoff generation begins. Evapotranspiration and seepage rates
are functions of soil moisture content and vary from field capacity to wilting point of the soil.

RGs are artificial depressions in which stormwater can be retained and infiltrated. In the LID Module, a RG is set to receive surface flow
from the HRU impervious area, as well as raindrops that fall directly above it. A typical RG consists of two storage components (tanks): storage
on the surface of the garden (upper tank) and an amended soil layer (lower tank). The water stored in the surface storage infiltrates the soil
layer and then percolates into the native soil. The water pond in the upper tank can be discharged through an orifice pipe. Water stored in
the upper and lower tanks can evaporate to the air and can also percolate to the native soil in the last. The depth, field capacity, wilting point,
saturated hydraulic conductivity, and porosity of the amended soil chosen in GRs and RGs can be set in the LID Module (Table 3).

2.2.2 | Soiland land use data

Soil properties were obtained from the FAO/Unesco world soil digital map. The soil of the study area is composed of two layers of loam and
sandy loam texture, respectively. The maximum rooting depth is 1 m. According to the Corine Land Cover 2018 database, land uses are com-
posed of 29% roads/transport, 41% high-density buildings, 27% high density residential areas, and 3% green urban areas.

The percentage of impervious area associated with a land use type represents one of the most important characteristics of an HRU. In this
environment, the default Total Impervious Amount of every urban land use inside the SWAT database was updated by the 2018 Copernicus
imperviousness high resolution raster file (Lefebvre et al., 2016). After this data processing, about 94% of the study area is made up of impervi-

ous surfaces (Table 1). Since the scope of the study is to evaluate the performance of LIDs at the watershed scale, the urban basin is not further
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TABLE 1 Urban land use features of the study watershed. Effective impervious amount—EIA—of every urban land use is presented.

SWAT code Land use Area (ha) Watershed area (%) EIA (%)
URHD_roofs Residential high density (roofs) 123 41 95
URHD Residential high density 81 27 89
UTRN Transportation/roads 87 29 98

TABLE 2 LID scenarios implemented in the study watershed combining different LID types (green roof, GR and rain garden, RG) and
percentage of treated area (25%, 50%, 75%, and 100%).

LID type

GR Cistern RG
Land use SWAT code UHD_roofs UHD_roofs URHD—URTN
LID scenario Fraction of impervious area treated Watershed area percentage
Baseline 0% 0% 0% 0%
GR-25 25% 0% 0% 9.7%
GR-50 50% 0% 0% 19.4%
GR-75 75% 0% 0% 25.9%
GR-100 100% 0% 0% 38%
RG—-25 25% 0% 0% 13.1%
RG-50 50% 0% 0% 26.2%
RG—75 75% 0% 0% 34.8%
RG—-100 100% 0% 0% 52.4%
GR+RG—25 25% 0% 25% 22.8%
GR+RG—-50 50% 0% 50% 45.7%
GR+RG—75 75% 0% 75% 60.9%
GR+RG—-100 100% 0% 100% 91.4%

divided into subbasins. In SWAT, there are various criteria to select or restrict the number of HRUs considered in every sub-basin. Here, the

amount of HRUs in the watershed corresponds to the number of land use types in the basin.

2.2.3 | Climate data

Rainfall series with at least sub-hourly temporal aggregation are needed to run the sub-hourly SWAT-LID module routine. The temporal disag-
gregation of daily rainfall series and the generation of the long term time series is done in a previous study (Pampaloni et al., 2021), where all
the information can be found. The stochastic rainfall generator RainSim V.3 was calibrated with the 20-year observed rainfall series which
were aggregated at 24 h time step. The generator has been used in single-site versions, as just a rain gauge is involved. First, the analysis of the
daily observed rainfall series is used to derive some statistics that are used in the calibration of RainSim.

The rainfall statistics for each month are the mean, variance, lag-autocorrelation, dry period probability and skewness. Five parameters
were calibrated in each month: 1 (1/mean waiting time between adjacent storm origins [1/h]); # (1/mean waiting time for rain cell origins after
storm origin [1/h]);  (1/mean duration of rain cell [1/h]); v (mean number of rain cells per storm [-]); &£ (1/mean intensity of a rain cell [h/mm]).
After the calibration, RainSim has been used to generate a simulated rainfall series of 500years with a 15min time-step, which has been
analyzed to see whether it is consistent with the observed one. The simulated time series is the input of the SWAT sub-hourly routine. The
other four climatic variables (air temperature, solar radiation, wind speed, and relative humidity) were simulated with daily time step using
WGEN, the internal SWAT stochastic Weather GENerator (Neitsch et al., 2005). WGEN can be used to fill in missing weather data and simulate
weather parameters for which observed data are not available. The monthly parameters of rainfall (average, standard deviation, skewness,
sequences of wet or dry days), temperature (maximum, minimum, dew point), wind speed and solar radiation required by WGEN (Neitsch
et al., 2005) have been estimated using local available data. The climatic data (observed rainfall, air temperature, solar radiation, and relative
humidity) from a series of 20years (1998-2018) were recorded by the automatic gauge-station “Florence University” (id. TOS01001096). The
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TABLE 3 Hydrological parameters of amended soil layers of GRs and RGs used in all the LID scenarios implemented.
LID type
Hydrological parameter GRs RGs Parameter range
Depth (m) 0.8 0.5 0-1
Field capacity (mm/mm) 0.4 0.4 0-1
Wilting point (mm/mm) 0.15 0.15 0-1
Saturated hydraulic conductivity (mm/h) 350 350 0-500
Porosity (mm/mm) 0.5 0.5 0-1

gauge station is located at the School of Engineering—University of Florence (Figure 2), at an altitude of 84 m above sea level and its coordi-
nates are E 1681124, N 4852004 (EPSG 3003 Monte Mario/Italy zone 1). Observed wind speed series, from 2004 to 2018, were obtained
from the anemometric gauge ‘Amerigo Vespucci airport”, located 7 km from the studied urban watershed. All climatic data are recorded by the
regional monitoring network and stored at a 15 min-temporal resolution by the Hydrological Service—SIR. The rain gauge measurements have

a minimum resolution of 0.2mm.

2.2.4 | LID scenarios

The combination of the two LID types resulted in three LID combinations: GR, RG, and GR+ RG. For each of them, four fractions of impervious
areas where LID are installed are analyzed: 25%, 50%, 75% and 100%. Finally, 12 LID scenarios are modeled (Table 2) to assess the effective-
ness of stormwater management on a watershed scale using the LID scenarios. The scenarios corresponded to the mixing of LID combinations
and the retrofit percentages. The corresponding percentages of the watershed retrofitted area for each LID scenario are also shown in Table 2.
Each GR-XX scenario has the XX% of all the roofs converted into GRs, while RG-YY is another scenario in which the YY% of the impervious
areas that are not roofs are converted into RGs. Therefore, the GR+RG-ZZ scenario implies ZZ% of the total area becomes permeable, being
ZZ=XX+YY the percentages of roofs and other (not roofs) impervious areas converted into GRs and RGs, respectively. For instance, as can
be seen in Table 2, the 25% of all the roofs changed into GRs (GR-25) represent the 9.7% of the watershed area, while the 25% of impervious
areas suitable for RGs (RG-25) is the 13.1% of the watershed area. The changes in the scenario GR+RG-25 affect 22.8% of the area, which is
the summation in terms of area percentage of GR-25 and RG-25 (9.7% + 13.1%). Each type of LID was designed in the whole urban HRU of the
study watershed, except for green urban areas.

Table 3 shows the hydrological parameters of amended soil layers of GR and RG. The values of the design parameters are calculated as in
the SuDS manual (Woods Ballard & Construction Industry Research and Information Association, 2015). For RGs, the orifice configuration is
set as in Her et al. (2017). The height of the orifice from the bottom of the RGs is set to 0.05m.

2.3 | Identification of independent rainstorm and flow events

Rainstorm events are extracted from the long-term generated precipitation series following an approach based on MIT and a threshold value
to define not-zero rainfall (Pampaloni et al., 2021). The value of 0.2mm is chosen as a threshold because it is the minimum resolution of the
Florence University gauge station. Two nonzero rainfall records can be considered as part of the same rainstorm event only if the time be-
tween them is less than or equal to the MIT. Indeed, MIT can be defined as the no-rainfall time between two consecutive not-zero rainfall
records among the analyzed series (Behera et al., 2010).

The selection of accurate MIT values is crucial to define an independent rainstorm event in urban watershed analysis. First, if MIT is too
short, some consecutive rainfall pulses can be erroneously considered as independent events. If it is too long, a single independent event can
be erroneously composed by too many rainfall pulses that need to be separated into multiple independent events. Second, since it is designed
to identify runoff events, MIT should be longer than the response time of the urban watershed. The response time is defined as the sum of the
concentration time of the catchment and the detention time that urban runoff receives from stormwater management sewers. The response
time of the study watershed at a rainfall impulse is equal to 30 min. Finally, the alternation of wet and dry periods needs to be considered. The
goal of this study is to test the capacity of the LID combinations to reduce runoff when every facility is fully recovered; therefore, MIT must
also consider the time that every LID process (infiltration, ponding, evapotranspiration, and drainage) must be completed. In this way, if two
storm events are close, i.e. the inter-event time is less than the MIT, the LID performance is not completely recovered and the two events are
considered to be a single storm. Therefore, the second storm that is aggregated to the previous one has wet initial soil moisture conditions
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that are given by the first event. Based on the analysis of the flow hydrograph output of the SWAT model in the baseline scenario, the deple-
tion time of the watershed without LIDs is about 2h and was set as the lower MIT value. Then, MIT values of 3, 6, and 12h are selected to
discretize the long-term rainfall series (Behera et al., 2010). The extraction of flow events from the runoff series of the baseline and the 12 LID
scenarios is done by transposing the start date time of each rainstorm event by the response time of the watershed (Figure 5). Therefore, a
comparison of runoff between a given LID scenario and the others (baseline and LIDs) can be done by referring to the same chronological flow
event. Likewise, the key characteristics of each rainfall event (rainstorm total volume, duration, and mean intensity) that generate a flow event,
can be calculated, and associated to the same flow event (Figure 6). For every rainfall event, the key characteristics of the rainfall pattern are

calculated and then associated with the percentage of PFR between every LID scenario and the baseline scenario without LIDs.

2.4 | PFR of single storm event and annual maxima

The Peak Flow Reduction - PFR is analyzed with two different approaches. First, an approach based on classes of rainstorm intensity events is
proposed to analyze the performance of the LID scenario with all the storm events in the timeseries. Second, an analysis of the more extreme
events is conducted to see the performance of the LID scenarios for different return periods.

In the first approach, rainstorm intensities are grouped into different classes. Every intensity class has a width of 3mm/h. For each class
(0-3mm/h; 3-6mm/h; 6-9 mm/h; ...) a mean PFR is evaluated with all the events following in a given class. Therefore, a mean PFR percentage
of each LID scenario is associated to each class of rainfall intensity with a fitting curve, which describes the relation between mean PFR and
rainfall intensity. Moreover, the mean total volume and the PFR percentage are also normalized for the unit of impervious treated area, that
is the percentage of PFR is divided for the area covered by LIDs in each scenario, to assess the performance of unit area of LIDs in treating
urban runoff.

In the second approach, the percentage of PFR associated with the annual maximum flow is evaluated for each LID scenario and every year
of flow time series. Therefore, for every LID scenario, the return period of the annual maximum peak flow can be associated with the corre-
sponding PFR percentage. This approach represents another interesting potentiality provided by the stochastic disaggregation methodology
that allows designers to perform long-term hydrological simulations at fine temporal resolution using daily data as input and estimating the

return periods from a long time serie.

3 | RESULTS

Figure 6 shows the comparison between the exceedance probability (EP) of the generated (gen) and observed (obs) rainfall with respect to
the volume, duration and intensity of the storm events. The figure shows how the rainfall generator slightly overestimates the intensity and

the volume of the less extreme events, with a storm volume generally less than 10 mm. The difference in the EP of the rainfall intensity can

'g' Total volume = Z?:l( Py) [mm]
= Duration =6 - At [h]
'E‘ Mean intensity = ?zl(Pj) / At [mm/h]
9] d>MIT
=
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o=t | |
£ A | |
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= ‘ |
=] | | At
~ I : -
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FIGURE 5 Identification of independent rainstorms and flow events in a continuous rainfall and runoff series respectively. The
calculation of key characteristics of rainfall, based on single rain impulse j, associated with flow event 1 is shown in blue text/fonts.
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FIGURE 6 Comparison of the key characteristics of thegenerated and observed rainfall pattern calculated using a MIT of 6 h: (a) storm
volume (mm); (b) duration of the storm event (h); (c) storm mean intensity (mm/h). EP, exceedance probability.

be attributed to the resolution of the rain gauge in the observed time series. Indeed, the precision is 0.2 mm and the time resolution is 15 min.
Thus, there are a lot of rainfall events with 0.8 mm/h rainfall intensity that have been measured, while the generator reproduces the intensity
in a continuous way. Nevertheless, Rainsim is able to reproduce the EP of the rainfall intensity properly. The graphs in Figure 7 show the results
of the PFR of each LID scenario with respect to the rainfall intensity. Figure 7a,b show the runoff reduction capability of a single combination of
GRs and RGs, respectively. GRs runoff reduction (Figure 7a) depends mainly on the intensity of the rainstorm event, showing a similar behavior
across the entire range of impervious treated areas scenarios. On the contrary, Figure 7b shows that the relation between PFR and rainfall
intensity in RGs has a different behavior as the percentage of impervious treated area increases.

For smaller to medium percentages of impervious treated area (25%-50%), isolated RGs are demanded to treat water that drops directly
from surrounding impervious areas. Ponding is counteracted by soil drainage capacity and PFR efficiency increases until a higher rainstorm in-
tensity event occurs. Then, the amended soil layers reach its field capacity and ponding becomes predominant, thus, PFR capability is reduced.
This behavior is more pronounced as the intensity of the rainstorm event increases (Figure 7b).

Otherwise, when percentages of impervious treated areas are higher than 50%, synergy between every RGs and PFR increases with rain-
storm intensities.

Combinations of different LID types increase the reduction of flow peak percentage, and it increases further when LIDs area increases
(Figure 7c).

It has to be noted that the results have been reported always considering a fixed MIT, however a sensitivity analysis was carried out to
evaluate the effects of MIT variation on PFR. As shown in Figure 8, the effects of all MITs (3, 6 and 12h) on PFR are negligible when the per-
centages of impervious area treated, and LID type are fixed.

Considering the maximum percentage of PFR of the different LID types (Table 4), GRs have the lowest performance (ranging between 15%
to 44% of PFR for the GR-25 and GR-100 scenarios respectively). On the contrary, the performance of RGs configurations almost doubled for
smaller percentages of impervious treated area and remains higher than that of GRs as the treated area increases (up to 55%).

As also reported in Table 4, the maximum PFR increases when the GRs and RGs are combined in an integrated configuration.

In order to better characterize the specific performances of GRs and RGs and allow their comparison, their effects have been analyzed
considering the associated PFR capability per unit of impervious area treated, dividing the PFR percentages by the area where the LIDs are
installed (Figure 9).
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FIGURE 7 Percentages of flow peak reduction associated with classes of rainstorm event intensities calculated with a MIT of 6h. The
effects of increasing percentages of impervious treated area inside every HRU are shown for the three LID combinations analyzed: GR (a),
RG (b) as well as for their combination GR+RG (c). The mean rainstorm total volume trend for each intensity storm event class is also shown.
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FIGURE 8 MIT sensitivity analysis on RG's percentages of peak flow reduction associated with classes of rainstorm event intensities.

TABLE 4 Maximum flow peak reduction percentages associated with rainstorm intensities for each LID scenario combining different
LID types (GR and RG) and percentage of treated area (25%, 50%, 75%, and 100%), using a MIT of 6 h. Values refer to the mean peak flow
reduction (PFR) of flow events belonging to each rainstorm intensity class.

LID scenario
GR-25
GR-50
GR-75
GR—-100
RG—-25
RG—-50
RG-75
RG—100
GR+RG-25
GR+RG-50
GR+RG-75
GR+RG-100

Max P

15.3
23.6
342
44.2
30.8
379
433
559
408
55.6
74.4
87.9

FR (%)

Associated rainstorm
intensity (mm/h)
1.5
19.5
16.5
22.5
1.5
1.5
28.5
37.5
1.5
1.5
37.5
44.5
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FIGURE 9 Percentages of flow peak reduction for unit of impervious treated area, associated with classes of rainstorm event intensities
that are calculated with a MIT of 6 h. Effects of increasing percentages of impervious treated area within a HRU are shown for the studied
LID types; (a) for 25%; (b) for 50%; (c) for 75% and (d) for 100%. The mean rainstorm total volume trend with respect to the intensity of each
storm event is also shown.

Results show that, for a given rainstorm intensity, the PFR per unit of area is decreasing while the share of impervious areas treated in-
creases. This is due to the non linear relationships occurring between PFR and the extension of the area where LIDs are installed. For instance,
considering a rainstorm event of 20mm/h, GRs show a PFR of around 0.45% per hectare in the scenario with 25% of impervious area treated.
The PFR decreases to 0.34% per hectare when the impervious area treated is 100%. This reflects the behavior already shown in Figure 7a
where a variation of treated areas from 25% to 100% corresponds to an absolute PFR increase from 15% to 42%.

Moreover, results show that RGs perform better than GRs for intensities of rainstorms greater than 40 mm/h, while the GRs have better
performances with lower rainstorm events and percentages of treated areas above 50%. However, the gap between the two LID types de-
creases continuously as the percentage of treated area increases.

Finally, the PFR capabilities provided by the different LID implementation scenarios have been analyzed with an approach based on return
periods of annual maximum peak flow (Figure 10).

The results show that in GRs the PFR capability decreases as the return periods of runoff increase, i.e., with higher annual maximum peak
flows. In contrast, the single RG configuration (Figure 10b) provides a more stable peak flow treatment as the return period increases. Similarly,
the combination of GR and RG exhibits a PFR plateau for annual maximum peak flows with return periods older than 50years. Table 5 presents
the mean annual PFR for 500years and for every LID scenario. It can be argued that the best PFR capacity, with regard to annual maximum
peak flows, is provided by the GR+ RG with a mean annual PFR ranging between 22% and 80%.

4 | DISCUSSION

The proposed analysis allows the quantitative evaluation of GRs and RGs performances in reducing the peak flows, supporting the correct
implementation of the different LIDs types in a given area, as discussed in the following paragraphs.

The GR behavior can be explained since every GR unit is built independently to others, and its effect is driven by the infiltration and
evapotranspiration processes caused by the amended soil layers, thus they do not interact with hydrological processes of other GRs. In agree-
ment with Guan et al. (2015), GR practices performed better in a monthly rainstorm scenario than in a single hourly event, and PFR generally
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FIGURE 10 Percentage of flow peak reduction associated with the maximum annual runoff with different return periods. Effects of
increasing percentages of impervious treated area inside every HRU are shown for RG (a), RG (b) and their combination GR+RG (c).

TABLE 5 Mean of annual flow peak reduction percentages over the 500-years period analyzed.

LID scenario Mean annual PFR (%)
GR-25 8.4
GR—-50 15.7
GR-75 22.7
GR—-100 29.7
RG—25 14
RG—50 274
RG—-75 40.7
RG—100 54
GR+RG-25 22
GR+RG—-50 43
GR+RG-75 63.4
GR+RG—100 80

decreased during rainfall events of high magnitude. The results obtained for the maximum percentage of PFR agree with Cipolla et al. (2016)
that determine a GRs annual average runoff removal rate of 51.9%, whereas it drops from 6.4% to 50% for single rainfall events.

Concerning the RGs, their water storage and treatment capacity is influenced by: (i) high infiltration rate due to the properties of the
amended soil layer, (ii) surface ponding, (iii) orifice pipe installed in the surface storage. Once the stage of ponding water is higher than that
of an orifice installed in the surface storage, the ponding water starts to drain toward the orifice. The results of Figure 7 shows how the RG
behavior is strictly dependent on the share of impermeable treated area with ponding becoming predominant when RGs cover more than 50%
of the impervious area. Also in this case, the results obtained for the maximum percentage of PFR are in line with those identified in literature
(e.g. average PFR of 71% estimated by Schlea et al. (2014)).

It has to be noted that the results may be affected by the scarcity of data for calibration. However, since the study focuses on the analysis
of runoff differences between different LID scenarios located across the study watershed, the limitations on calibration can be overcome by
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only focusing on the relative changes induced by modification of land use in the main urban hydrological processes (Niraula et al., 2015; Pacetti
etal.,, 2020; Zubelzu et al., 2020). Another aspect to take into account is the use of a stationary stochastic rainfall generator model (as Rainsim
V.3 used in this case) to simulate sub-daily rainfall records from observed data. Indeed climate change effects or possible long-term variations
of the rainfall were not considered, and they would be included in further studies. In addition, an approach based on multiple non-stationary
stochastic rainfall generator may be an interesting future choice since global climate change may affect the urban microclimate and have im-
plications for designing stormwater and flood control measures for watershed management (Ghodsi et al., 2020; Pour et al., 2020). Therefore,
these considerations may limit the generalization of the results and conclusions.

Despite these limitations, the proposed methodology may provide a useful tool for the design of LIDs providing quantitative understand-
ing of their hydrological behavior. Moreover, the results obtained can be combined with a more detailed analysis on LID spatial planning
constraints, as already developed for the area of study by Pacetti et al. (2022), providing an integrated assessment of LID feasibility and
effectiveness.

5 | CONCLUSIONS

In this paper, a long-term analysis of LID effects was carried out at the urban watershed scale by coupling the stochastic spatial-temporal
generator RainSim V.3. and the SWAT model. The study provides a methodology to (i) implement several LID scenarios by using the SWAT-LID
module, changing the type of infrastructure and varying the percentage of retrofitted impervious area; (ii) analyze the maximum PFR of every
LID scenario both for single storm events and for an annual maxima over a 500-year hydrological simulation.

Despite the obtained results and conclusions being restricted to the selected rain gauge and urban watershed area, the study highlights
that the stochastic methodology adopted can contribute to the analysis of several LID scenarios hydrological behavior at a watershed scale
over discontinuous wet and dry periods, allowing the use of sub-daily MITs to separate independent rainstorm and flow events. The results
obtained suggest the importance of carrying out a detailed hydrological characterization of LIDs to improve the correct understanding of their
behavior at the urban watershed hydrology scale, supporting their planning and their implementation.
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