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ABSTRACT 

Alternative stormwater management approaches for urban watersheds, also called 

Sustainable urban Drainage Systems (SuDS) or Low Impact Developments (LIDs), are 

increasingly being adopted with the aims of providing flow management, flood control, 

water quality improvements and opportunities to harvest stormwater. SuDS structures 

are typically small, decentralized systems form managing stormwater runoff near the 

source. These systems interact with the urban hydrological cycle, modifying the 

evapotranspiration, runoff, and groundwater recharge fluxes. It is challenging to 

quantify these hydrological changes because of the cost and complexity of modelling 

multiple SuDS systems in larger scale urban watersheds. Nevertheless, hydrological 

design of SuDS is commonly achieved by setting rainfall volumetric percentiles from 

daily rainfall series, but due to the small scale of urban watersheds and quantities 

involved, design rainfall data at sub-hourly time step are necessary. For these reasons, 

operation of new modelling and designing tools need to be explored. The research work 

discussed here is aimed to analyze the ability of a synthetic rainfall generation process to 

improve SuDS design. Particularly, the temporal disaggregation of daily rainfall records 

using stochastic methodologies is applied to improve SuDS design parameters and to run 

a long-term hydrological model to evaluate watershed scale effects of several SuDS 

scenarios. The first part of this research is aimed to analyze: 1) the ability of the synthetic 

rainfall generation process to reproduce the main characteristics of the observed rainfall; 

2) the hydrologic parameters often used for SuDS design based on the generally available 

daily rainfall data. Other specifics objectives concern with the evaluation of Minimum 

Inter-event Time (MIT) and storm volume threshold on rainfall volumetric percentiles, 

commonly used in SuDS design. The reliability of the stochastic spatial-temporal model 

RainSim V.3 to reproduce observed key characteristics of rainfall pattern and volumetric 

percentiles, is also investigated. Observed and simulated continuous rainfall series with 
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sub-hourly time-step are used to calculate four key characteristics of rainfall and two 

types of rainfall volumetric percentiles. To separate independent rainstorm events, MIT 

values of 3, 6, 12, 24, 48 and 72 h and storm volume thresholds of 0.2, 0.5, 1 and 2 mm are 

considered. Results show that the proposed methodology improves the estimation of the 

key characteristics of the rainfall events as well as the hydrologic parameters for SuDS 

design, compared with values directly deduced from the observed rainfall series with 

daily time-step. Moreover, MITs rainfall volumetric percentiles of total number of rainfall 

events are very sensitive to MIT and threshold values, while percentiles of total volume 

of accumulated rainfall series are sensitive only to MIT values. 

In the second part of the research work discussed here, an approach based on a stochastic 

temporal disaggregation of daily rainfall data is coupled with a hydrological model 

implemented at urban watershed scale. The long-term efficiency of several LID scenarios 

on reducing runoff is tested both with independent flow events approach and with the 

annual maxima peak flows associated with some return periods over the considered 

time-period. The evaluation is done using twenty LID scenario characterized by four 

percentages of impervious area retrofitted with LIDs (25, 50, 75 and 100%), and five LID 

combinations of Green Roofs, Rain gardens and Cisterns on peak flow reduction. 

Stochastic temporal disaggregation and generation of 500 years of rainfall data with sub-

hourly time-step has been achieved using the rainfall generator RainSim V.3. and coupled 

with the LID module of the Soil and Water Assessment Tool (SWAT) hydrological model. 

Results show that combinations of different LID types generally offer higher peak flow 

reduction when more type of LIDs area is added. Hydrological performances of LID 

combinations are very sensitive to the intensity of rainfall events as well as percentages 

of area treated. Watershed scale performance of single LID types may not be proportional 

to what observed for the single infrastructure, due to synergy processes that occurs 

between multiple structures.  
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RESUMEN 

Los enfoques alternativos de gestión de aguas pluviales para cuencas hidrográficas 

urbanas, también llamados Sistemas de drenaje urbano sostenible (SuDS) o Desarrollos 

de bajo impacto (LID), se están adoptando cada vez más con el objetivo de proporcionar 

gestión de flujo, control de inundaciones, mejoras en la calidad del agua y oportunidades 

para recolectar aguas pluviales. Las estructuras SuDS suelen ser sistemas pequeños y 

descentralizados que gestionan la escorrentía de aguas pluviales cerca de la fuente. Estos 

sistemas interactúan con el ciclo hidrológico urbano, modificando los flujos de 

evapotranspiración, escorrentía y recarga de aguas subterráneas. Es un desafío 

cuantificar estos cambios hidrológicos debido al costo y la complejidad de modelar 

múltiples sistemas SuDS en cuencas urbanas de mayor escala. Sin embargo, el diseño 

hidrológico de SuDS se logra comúnmente mediante el establecimiento de percentiles 

volumétricos de lluvia a partir de series de lluvia diarias, pero debido a la pequeña escala 

de las cuencas hidrográficas urbanas y las cantidades involucradas, se necesitan datos de 

lluvia de diseño en pasos de tiempo inferiores a una hora. Por estas razones, es necesario 

explorar el funcionamiento de nuevas herramientas de modelado y diseño. El trabajo de 

investigación discutido aquí tiene como objetivo analizar la capacidad de un proceso de 

generación de lluvia sintética para mejorar el diseño de SuDS. En particular, se aplica la 

desagregación temporal de los registros de precipitaciones diarias utilizando 

metodologías estocásticas para mejorar los parámetros de diseño de SuDS y ejecutar un 

modelo hidrológico a largo plazo para evaluar los efectos a escala de la cuenca 

hidrográfica de varios escenarios de SuDS. La primera parte de esta investigación tiene 

como objetivo analizar: 1) la capacidad del proceso de generación de lluvia sintética para 

reproducir las principales características de la lluvia observada; 2) los parámetros 

hidrológicos que se utilizan a menudo para el diseño de SuDS en función de los datos de 

precipitaciones diarias generalmente disponibles. Otros objetivos específicos se 



vii 

 

relacionan con la evaluación del Tiempo Mínimo Inter-Evento (MIT) y el umbral de 

volumen de tormenta en los percentiles volumétricos de lluvia, comúnmente utilizados 

en el diseño de SuDS. También se investiga la confiabilidad del modelo espacio-temporal 

estocástico RainSim V.3 para reproducir las características clave observadas del patrón 

de lluvia y los percentiles volumétricos. Las series de precipitaciones continuas 

observadas y simuladas con intervalos de tiempo subhorarios se utilizan para calcular 

cuatro características clave de las precipitaciones y dos tipos de percentiles volumétricos 

de precipitaciones. Para separar los eventos de tormenta independientes, se consideran 

valores MIT de 3, 6, 12, 24, 48 y 72 h y umbrales de volumen de tormenta de 0,2, 0,5, 1 y 

2 mm. Los resultados muestran que la metodología propuesta mejora la estimación de 

las características clave de los eventos de lluvia, así como los parámetros hidrológicos 

para el diseño de SuDS, en comparación con los valores deducidos directamente de las 

series de lluvia observadas con paso de tiempo diario. Además, los percentiles 

volumétricos de lluvia de MIT del número total de eventos de lluvia son muy sensibles 

al MIT y los valores de umbral, mientras que los percentiles del volumen total de las 

series de lluvia acumulada son sensibles solo a los valores de MIT. 

En la segunda parte del trabajo de investigación discutido aquí, un enfoque basado en 

una desagregación temporal estocástica de datos de precipitación diaria se combina con 

un modelo hidrológico implementado a escala de cuenca urbana. La eficiencia a largo 

plazo de varios escenarios LID para reducir la escorrentía se prueba tanto con el enfoque 

de eventos de caudal independientes como con los caudales pico máximos anuales 

asociados con algunos períodos de retorno durante el período de tiempo considerado. La 

evaluación se realiza utilizando un escenario de veinte LID caracterizado por cuatro 

porcentajes de área impermeable readaptada con LID (25, 50, 75 y 100%), y cinco 

combinaciones de LID de techos verdes, jardines de lluvia y cisternas en reducción de 

flujo máximo. La desagregación temporal estocástica y la generación de 500 años de datos 
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de lluvia con pasos de tiempo sub-horarios se lograron utilizando el generador de lluvia 

RainSim V.3. y junto con el módulo LID del modelo hidrológico de la Herramienta de 

Evaluación de Suelos y Aguas (SWAT). Los resultados muestran que las combinaciones 

de diferentes tipos de LID generalmente ofrecen una mayor reducción del flujo máximo 

cuando se agrega más tipo de área de LID. Los rendimientos hidrológicos de las 

combinaciones LID son muy sensibles a la intensidad de los eventos de lluvia, así como 

a los porcentajes de área tratada. El rendimiento a escala de la cuenca hidrográfica de los 

tipos de LID únicos puede no ser proporcional a lo observado para la infraestructura 

única, debido a los procesos de sinergia que se producen entre múltiples estructuras.  
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1. INTRODUCTION 

1.1 Thesis structure 

The thesis is organized in four main chapters detailed below: 

• Introduction (chapter 1). 

• Materials and Methods (chapter 2). 

• Results and Discussion (chapter 3). 

• Conclusions and recommendations (chapter 4). 

Chapter 1 presents the main and specific objectives of the thesis, also providing a review 

of the literature concerning SuDS design. First, an overview of existing design 

parameters, hydrology of SuDS, rainfall design and use of sub-daily rainfall series is 

provided. Second, a comprehensive summary of open questions regarding watershed 

application of SuDS using long-term climatic series and hydrological models is achieved. 

Chapter 2 presents the two methodologies adopted in the thesis. First, the stochastic 

methodology used to generate a temporal disaggregation of daily rainfall records in a 

single rain gauge, is explained. The stochastic methodology is calibrated and validated, 

then simulated rainfall series are compared with the observed ones by means of the 

rainfall design parameters of SuDS. Second, the implementation of an urban-watershed 

model in SWAT, is reported. The effects of different SuDS scenarios on peak flow 

reduction are studied over a very-long term analysis. In addition, correlation of peak flow 

reduction and key rainfall characteristics, based on a flow event approach over the used 

long period, is analyzed. 

Lastly, chapter 3 and 4 discuss and then summarizes the main findings of the work and 

proposes outlooks for future studies. 
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1.2 Objectives and methodology  

The current research has two main general objectives: 

1) to develop a quantitative and stochastic approach to estimate SuDS design 

parameters, based on a temporal disaggregation methodology of daily rainfall 

data commonly available and recorded by rain gauges all over the world. In this 

context the effectiveness of the methodology on reproducing hydrological 

parameters often used for SuDS design, is tested. 

2) to quantify the runoff reduction potentiality and analyze the mutual hydrological 

interactions of different SuDS scenarios. With this aim, the analysis is carried out 

at urban watershed-scale and using a very long-term analysis based on the 

stochastic approach developed at point 1. 

Moreover, this research study has the following specific objectives: 

1a) validation of the proposed stochastic methodology to reproduce observed key 

characteristics of rainstorms among the analyzed rainfall series. 

1b) sensitivity analysis of SuDS design parameters regarding the variables used to 

identify independent rainstorm events at point 1a).  

2a) effectiveness of peak flow reduction using every SuDS scenario, analyzing 

every independent flow event extracted among the stochastic long-term model of 

the urban-watershed case study. 

2b) efficiency of the annual maximum peak flow reduction of every SuDS scenario 

based on a return period approach over the considered long-term analysis. 

To achieve the first objective, a temporal disaggregation methodology based on the 

Neyman-Scott Rectangular Pulse Method, was carried out applying the stochastic rainfall 

generator RainSim V.3 to a single rain gauge station located in Florence (Italy). The 
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stochastic model was calibrated based on sub-hourly observed rainfall data. Moving on 

the second objective, the calibrated stochastic model was used to generate a very long-

term rainfall series at sub-hourly time-step, that was used as climate input of a 

hydrological model in an urban-watershed likewise located in Florence (Italy). 

Implementation of this long-term hydrological analysis was achieved by using the Soil & 

Water Assessment Tool-SWAT hydrological model. In particular, the SWAT-LID module 

was used to represent several SuDS scenarios. 

Research questions, aims and the methodology are summarized in Table 1.1. 

Table 1.1 Summary of the main research questions aims and methodology of the carried-

out research. 

Research question Aim Methodology 

Which is the way to solve the 

lack of sub-daily rainfall records 

in SuDS engineering practice? 

To provide a temporal 

disaggregation approach of 

daily rainfall records  

Application of the stochastic 

rainfall generator RainSim V.3., 

based on the Neyman-Scott 

Rectangular Pulse Method, to a 

rain gauge case study 

Which is the reliability of the 

defined stochastic approach in 

reproducing rainfall volumetric 

percentiles often used in SuDS 

design? 

To demonstrate that the 

stochastic methodology 

provides better key features of 

rainfall patterns and volumetric 

percentiles than using daily 

observed rainfall data 

Comparison of key 

characteristics of rainfall pattern 

and rainfall volumetric 

percentiles from observed and 

simulated sub-daily rainfall 

series 

Which are the hydrological 

effects of several SuDS types 

and configurations at urban-

watershed scale? 

To test the effectiveness of 

several SuDS scenarios on 

reducing peak flows during 

single flow events and on 

annual basis 

Implementation of an urban-

watershed model using SWAT; 

implementation of the SWAT 

LID module for the definition of 

the SuDS scenarios 

How can be solved the lack of 

continuous long-term climatic 

inputs with sub-daily time step, 

in urban-watershed modeling? 

To analyze the peak flow 

reduction of SuDS scenarios at 

urban-watershed scale, during a 

very long-term modeling 

Simulation of 500 years long 

rainfall series using RainSim 

V.3. and application of a 

hundred years as input of the 

analyzed SWAT model  
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1.3 Literature Review 

1.3.1.  The hydrological impact of urbanization 

Currently, more than half of the world population lives in urban areas and a growth is 

expected [1]. Human activity on urban watersheds induces changes on the hydrological 

characteristics, such as increased runoff volume and rates, decreased runoff lag time, 

reduction of aquifer recharge [2].  

Moreover, urbanization increases stormwater runoff peaks and reduces the time delay 

between peak rainfall and peak runoff when compared to natural areas [3]. In this context 

the risk of flooding increases and major implications for water quality are underlined. 

Urban drainage infrastructures and artificial wastewater treatments are thus required to 

manage the increased stormwater runoff from urban areas. The cost of sewer systems 

and treatment plants is generally high [4] and current urban drainage systems only have 

a limited capacity to deal with flooding. Moreover, climate change will increase the risk 

of flooding because of the shortage of the sewers systems in urban areas [5,6]. 

There are several other consequences associated with urbanization. It can impact the local 

climate [7] and often leads to an over exploitation of surface water and groundwater that, 

depending on specific area, it may cause problems of seawater intrusion, subsidence, and 

depleted streams and wetlands [8]. The construction of subsurface pipe networks such as 

water-mains and sewer networks modify the natural pathways of groundwater recharge 

and discharge. Foster et al., 1994 [9] and Lerner, 1987, 1990 [10,11] have reported an 

increase of urban recharge due to leaking mains, leaking sewers, and wastewater 

disposal. Carcia Fresca et al., 2004, 2005 [12,13] have described several case studies and 

have shown that urbanization often leads to an increased groundwater recharge. 
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1.3.2.  The role of Nature Based Solutions in mitigating urbanization effects 

Conventional stormwater management practices, like surface water networks and 

combined sewerage systems, may turn out to be unsustainable. They are costly and have 

a limited ability to treat outlet contaminants, to reduce runoff volume and peak flow and 

to adapt to changes, as the expansion of urbanized areas and the increase of storm 

frequency due to climate change [14]. In recent years, alternative stormwater 

management practices i.e. Nature Based Solutions, such as Low Impact Development 

(LID) or Sustainable urban Drainage Systems (SuDS), have been adopted to address these 

issues as they offer different characteristics that potentially make these facilities attractive 

to developers and local administrations [15,16]. 

 

Figure 1.1 Examples of SuDS installed over the world. (a) Green roof at British Horse 

Society sedum blanket, Birmingham (UK). (b) Rainwater Cistern in St. Antonio, Texas 

(USA). (c) Rain garden in Malmö (Sweden). (d) Permeable pavement in Wanda 

Metropolitano Stadium, Madrid (Spain). 
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Nowadays, the Nature Based Solutions are among the systems used for sustainable storm 

water management and runoff reduction in urban watersheds [17,18].  

The hydrological situation in urban areas before urbanization, can be mimicked by LID 

retrofitting of impervious land-use surfaces, as LIDs are able to mitigate the impacts on 

water quality and quantity caused by intensive urbanization [19,20,21]. LIDs can restore 

processes of infiltration and evapotranspiration in urban watersheds; they reduce peak 

flow rate and flow velocity as well as they extent the concentration time, restore water 

balance and improve water quality [22,23]. 

Among the Nature Based Solutions, SuDS are blue-green structures which work 

reinstating natural elements of urban catchment with the aim of retaining rainfall, 

retarding its movement through the surface network, restore infiltration and 

evapotranspiration through natural or seminatural processes, among others [24-26]. 

Water and pollutants in urban landscapes may be retained by a combination of 

conventional methods supported by SuDS structures, like pervious pavements, 

infiltration trenches, swales, filter strips, filter drains for the streetscape, soakaways, 

infiltration and detention basins, bioretention areas, ponds and wetlands, trees for open 

spaces, green roofs, and attenuation tanks for special uses, among others [24,27-29].  

 

Figure 1.2 Representation of some of the main hydrological processes involved in the 

urbanization process. (a) Pre-development conditions. (b) Urbanization with a 

conventional stormwater management approach. (c) Example of retrofitting green roofs. 

ET: evapotranspiration; INF: infiltration. 
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From the standpoint of engineering modelling practice, hydrological and hydraulic 

design parameters for SuDS follow its geometrical discretization: i) vegetation and 

volume fraction, surface slope, surface roughness and storage depth for surface layer; ii) 

thickness, porosity, field capacity, hydraulic conductivity and suction head for soil layer 

; iii) thickness, permeability and impervious fraction for pavement layer if present; ; iv) 

thickness and void ratio for storage layer if present; v) flow coefficient, control volume 

and flow capacity for drain layer if present [30].  

 

1.3.3.  Rainfall design parameters of SuDS and rainfall disaggregation approach 

As highlighted by many authors, the analysis of rainfall spectrum and its consequences 

represents a key component of the design of urban drainage systems. Historical data 

collected by a rain gauge can be considered as a sequence of rainstorm events composed 

by very frequent, common, heavy, and extreme ones [31,32]. Although extreme events 

are responsible to pluvial floods of higher intensities, small and moderate rainstorm 

events are responsible for most of the runoff and mass pollutant discharges, representing 

in many cases the most important storms for SuDS characterization [33,34]. Some authors 

state that urban flood management should be addressed with a holistic and long-term 

vision to achieve a resilient and cost-effective solution [28,35]. Fratini et al., 2012 [35] 

propose the use of the 3 Point Approach (3PA), developed by Geldof and Kluck, 2008 

[36], as a tool for decision making process in urban flood management. Smit Andersen et 

al., 2016 [31] followed the qualitative approach proposed by Fratini et al., 2012 [35] to 

select the representative storms for analyzing the design and functioning of a SuDS. They 

showed that SuDS may not be efficient on mitigating extreme events. SuDS perform 

better in the field of Small Storm Hydrology of urban environments [37].  
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Hydrological design of SuDS is, therefore, usually based on rainfall percentiles to be 

managed. The formulation and selection of these rainfall percentiles can be made 

following different criteria, as the number of rainstorm events or the accumulated volume 

of the rainfall series to be managed [24,38–40]. In small urban watersheds there are two 

different ways of using rainfall-runoff hydrological models. By one side, the design storm 

approach relates the concept of return period and various severity grades of extreme 

rainfall forcing that can be applied to the facility under design. On the other hand, the 

approach consists of achieving continuous streamflow series from the numerical model 

using historical or synthetic rainfall records as input data [41,42].  

The most accurate rainfall data can be obtained from rain gauges located in the urban 

watershed, with typical temporal aggregation between 5 min and 1 h, due to the small 

size of the urban catchments and short time of concentration occurred [43]. This high-

resolution type of data is required for SuDS planning and designing. However, in 

general, only rainfall data with daily temporal aggregation is available [44,45]. Rainfall 

disaggregation produced by stochastic rainfall generators can be an attractive option to 

overcome this fine scale rainfall data requirement. Different types of stochastic models 

exist to generate n-years series of point (or areal) rainfall at sub-hourly resolutions. First 

type of methods is based on Markov Chain modelling [46], that use a miscellaneous of 

rainfall probability distribution functions (e.g., Exponential, Gamma, Weibull, 

Generalized Pareto—GPD, etc.) to describe the characteristics of rainfall ranging from 

low to high intensities. The second type is represented by the Rectangular Pulse model, 

as proposed in Neyman-Scott [47] and Barlett-Lewis [48], both schematizing storms as 

clusters of rain cells by means of rectangular pulses. Storm occurrences are described by 

means of Poisson processes: cell rainfall arrivals are random in time with exponential 

interarrival times, which are independent each other. A combined approach between a 

Semi–Markov Chain based model and the Neyman–Scott rectangular pulse stochastic 
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generator was introduced by some authors to consider atmospheric indices, as in the 

Markov Chain models, as a condition to the combined model [49,50].  

Nevertheless, applications of these different disaggregation stochastic methodologies to 

SuDS design are not fully developed [51]. Occurrence of rainstorm events can be 

characterized by some statistical parameters like number of rainfall events, storm 

durations, intensities, and cumulated depths as well as inter-event times [52]. To analyze 

key properties of rainstorm events, separation of time series of point rainfall records into 

individual and independent rainfall events is needed. Several methods are reported in 

the literature to identify independent rainstorm events, like autocorrelation method [53], 

rank correlation method [54] and exponential method [55]. Alternatively, some authors 

suggest that key statistical properties of rainstorms can vary significantly depending on: 

(a) the minimum temporal resolution timestep of rainfall series; (b) the minimum 

antecedent dry weather period to be used in separating independent rainstorm events; 

(c) the storm volume threshold, i.e. the minimum precipitation volume that must be 

exceeded to consider a storm occurrence as an event [56,57].  

For SuDS design, both (b) and (c) depend on the specific facility to be designed. Despite 

the numerous studies related to storm characterization, the correct definition of (b) and 

(c) values for each type of urban drainage design are vague and arbitrary [42].  

 

1.3.4.  Hydrological modeling of LIDs 

Recent studies have reported key findings about effectiveness of different LIDs on water 

quantity treatment (e.g. peak flow and runoff volume reduction) and quality at local 

scales [58,59,60]. Moreover, some of them have explored LID hydrological performances 

and responses at different spatial scales that support their uptake as a solution to control 

stormwater in urban watersheds [61]. However, the evidence of LID effectiveness at 
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watershed scale is limited [62,63] and questions remain on how LID practices can 

individually or cumulatively affect urban watershed hydrology.  

Another critical issue concerns the analysis of LID effects on the simulation time-length 

at watershed scale. Most of studies focus the attention on hydrological modeling under a 

single design rainstorm characterized by key features such as: mean or maximum 

intensity, total rainfall volume and short duration, depending on the goal of LIDs 

treatment design, i.e. management of small, moderate, and frequent rainstorms or 

extreme events [64,65,66]. Some authors have pointed out that LID practices need to be 

evaluated as a sustainable measure for long-term functioning [67], thus, analyzing 

hydrological responses under all rainstorm events that occur during multiple years of 

study, i.e. hundreds of years of simulations, possibly using data with sub-hourly 

temporal resolution. These authors base on that effectiveness of LIDs to treat water 

pollutant, to reduce runoff and to manage urban stormwater variation that depends on 

seasons as well as alternance of wet and dry periods [68,69]. Nevertheless, the cost-

effectiveness of LIDs changes with time and needs to be evaluated in the long term, due 

to maintenance and operative costs [70]. In this regard, there is a lack in literature 

regarding very long-term LIDs performances analysis since observed climatic data, with 

sub-daily temporal aggregation, are usually provided only for a few years and they need 

to be corrected to characterize LIDs hydrology. In addition, another issue concerns the 

temporal aggregation of rainfall and other climatic data which is usually done daily, and 

it is too coarse for LIDs modeling purposes. Rainfall disaggregation from stochastic 

rainfall generators can be an option to overcome this fine-scale rainfall data requirement 

and long-term rainfall series generation in LIDs analysis [71,72]. Pampaloni et al. 2021 

[71] have demonstrated the potential of a temporal disaggregation methodology, based 

on the stochastic rainfall generator RainSim V.3. [73,74], to reproduce key features of 

rainfall pattern and volumetric percentiles commonly used in LIDs design [75].  



12 

 

Nonetheless, studies on the coupling of stochastic climatic data, generated in short and 

long-term, and hydrological models to test LID effectiveness at the watershed scale are 

still lacking. A critical aspect for that process is the selection of suitable tools to explore 

LID effects on watershed processes, i.e. process-based hydrological models, which 

reproduce hydrological processes and outputs at watershed scale. Kaykhosravi et al., 

2018 [76], point out a list of properties that LID models should have at watershed scale: 

i) representation of all natural processes occurring in a LID; ii) capability of simulating 

long-term continuous LIDs hydrology; iii) representation of synergies between LIDs and 

urban watershed hydrology; iv) simulation of LID connections with existing sewers 

network. Hydrological models able to represent LIDs of small size and short time of 

concentration in urban watershed, as well as to use sub-hourly temporal resolution, 

should be preferred. Among others, Hydrus 1D/2D and GIF-MOD models have been 

widely used in previous studies that focused on exploring the synergies between LIDs 

properties and their performances [77,78,79]. The performance of LID practices has also 

been evaluated under different urban land use densities with the Soil and Water 

Assessment Tool (SWAT) [80,81] and, has been demonstrated that the effectiveness of 

LID practices differs among the urban land use densities [82]. Likewise, Her et al., 2017 

[83] have 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, rain garden, cistern, and 

permeable pavement among the whole Hydrological Response Unit - HRU where LIDs 

are implemented. An interesting outcome of this work is the assessment of the 

effectiveness on twenty-six LID scenarios in treat runoff at urban-watershed scale and it 

represents a suitable option to assess the effects of several LID combinations into the 

whole watershed. Moreover SWAT-LID module together with sub-hourly simulation 

capability, enables SWAT model as a viable tool in assessing LIDs urban watershed 

processes in a distributed and process-based manner [84,85]. 
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2. MATERIALS AND METHODS 

This section is divided in two parts, as already mentioned in section 1.1. In the first part 

(sub-section 2.1), a quantitative and probabilistic method to estimate SuDS design 

parameters is developed. Specifically, a temporal disaggregation methodology based on 

the Neyman-Scott Rectangular Pulse Method is proposed and applied in a single site, by 

using the stochastic rainfall generator model Rain-Sim V.3 [49]. The model application is 

carried out with reference to the Florence University rain gauge located in Florence 

(Tuscany, Italy). A 20–year long series of observed precipitation volumes, recorded every 

15 min, is available and was used to define the current scenario. The main objective of the 

first part is to analyze the ability of the proposed methodology to estimate hydrologic 

parameters often used for SuDS design and by using the generally available daily rainfall 

data. Another two specific objectives are achieved: to verify the ability of the stochastic 

generator to reproduce observed key properties of storm events and to analyze the 

dependence of SuDS design parameters with the minimum antecedent dry weather 

period and the storm volume threshold considered. 

The following steps schematizes the methodology applied (Figure 2.1): 

1. Aggregation of observed 15-min rainfall into a time-step of 24 h. Consequently, 

two observed rainfall series with different time aggregation were obtained. This 

process was done to manage the rainfall field information commonly available. 

Nevertheless, the use of sub-hourly series is crucial to verify the results of 

disaggregation stochastic methodology. 

2. Calibration of the stochastic rainfall generator based on the 24 h observed rainfall 

series. Once the model was calibrated, 100 rainfall series, each of 20 years of 

continuous data with 15 min time-step, were generated. 
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3. Independent storm events were extracted from each, observed, and stochastically 

generated, rainfall series. We considered different values for the minimum 

antecedent dry weather period (MIT, Minimum Inter-event Time) and different 

thresholds of storm event total volume. Then, for every MIT and threshold value, 

key characteristics were calculated for all rainfall event patterns. The comparison 

of these characteristics was done for the observed and the median of simulated 

series to verify the ability of the stochastic rainfall generator to reproduce the 

observed rainfall properties. 

4. Determination of hydrological design parameters of SuDS associated to the storms 

extracted, considering the different values of MIT and threshold, from each 

observed and simulated rainfall series. These parameters are usually based on 

percentiles of rainfall to be managed. These percentiles may be formulated in 

terms of the number of rainfall events to be managed, Nx or the accumulated 

volume of the rainfall series to be managed, Vx. Sub-index x refers to the 

percentage (number or volume) to be managed, commonly used in the practice. 

5. Two distinct sensitivity analysis were applied to the values of Nx and Vx. Effects 

of (a) different MIT values and (b) different storm total volume thresholds, on the 

rainfall volumetric percentiles values were analyzed. 
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Figure 2.1 Flow chart of the stochastic temporal disaggregation approach and 

elaborations on independent storm events used to estimate SuDS design parameters. 

 

The second part (sub-section 2.2) assesses how LID implementations affect watershed 

hydrologic responses in a highly urbanized area during a very long-term stochastic 

modeling, i.e. hundreds or thousands of years at sub-hourly time step. It proposes: i) a 

quantification of the potential peak flow reduction-PFR on twenty spatial LID 

configurations set at watershed scale, which are modeled using SWAT together with its 

LID module tool [83]; ii) a stochastic methodology to generate sub-hourly rainfall series 

with arbitrary high length (in this case 500 years at 15 minutes time-step), used as input 

for the SWAT urban hydrological model. Additional two specific objectives are achieved: 

(1) to analyze the capability of every LID scenario to reduce the peak flow corresponding 

to every rainstorm and flow event among the entire rainfall stochastic spectrum, from 

frequent to extreme events; (2) to explore the potentiality of every LID scenario to reduce 

the annual maximum peak flow over the entire long-term period, analyzing peak flow 

reduction of events with different return period. 



17 

 

The methodology’s steps of the second part of the thesis are as follows (Figure 2.2): 

1. A SWAT model was prepared to simulate the dynamic runoff hydrographs in the 

study watershed. Green-Ampt Mein-Larson (GAML) equation [86], and Penman-

Monteith method were used to evaluate infiltration and potential 

evapotranspiration rates, respectively. A rainfall series of 500 years with 15 min 

time step was generated using the stochastic rainfall generator RainSim V.3, and 

then used as SWAT rainfall input data. LID scenarios were implemented by the 

SWAT-LID Module [83] within a sub-hourly SWAT model routine. 

2. A total of 20 LID scenarios were composed by mixing five LID combinations 

(Green Roof - GR, Rain Garden - RG, Green Roof and Cisterns - GR+CS, Green 

Roof and Rain Garden - GR+RG, all the LID together GR+CS+RG) and four 

growing ratio of impervious areas where LIDs are installed (25%, 50%, 75% and 

100%) within the respective Hydrological Response Unit (HRU). The scenario 

outputs were compared to the actual baseline scenario, i.e., the watershed 

configuration without LIDs.  

3. Independent rainstorm events were extracted from the stochastically generated 

rainfall series and different values of minimum antecedent dry weather period 

(MIT, Minimum Inter-event Time) were considered. Then, for the baseline and 

LIDs scenarios, flow series were extracted by the reach scale outputs of LID 

module, which depends on starting and ending dates of every rainstorm event 

previously identified. The PFR percentages between the baseline scenario and the 

20 LID scenarios were calculated for each flow event extracted among the 500 

years. 

4. The percentages of PFR for every flow event were extracted considering different 

values of MIT and calculated based on the corresponding rainstorm event 

intensities. First, a sensitivity analysis of results, based on MITs, was conducted. 
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Then, it was studying the effect of impervious different fractions treated at the 

same LID combination, and of different LID combinations with the same 

percentage of impervious treated area. 

5. The PFR percentage of the annual maximum flow peak was calculated for each 

event within the 500-years and every LID scenario. 

6. For every LID combination, the PFR of annual maximum flow peak was analyzed 

based on the corresponding empirical return period  Tr. Likewise, the effects of 

different fractions of impervious areas treated on PFR were also analyzed. 

 

 

Figure 2.2 Flow chart of the long-term modeling phase using the Soil and Water 

Assessment Tool- LID module, coupled with a stochastic generation of rainfall series 

using RainSim V.3. 
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2.1 Stochastic procedure for temporal disaggregation of daily rainfall data in suds 

design 

This sub-section is structured as follow. First, a description of the case study, consisting 

of 20 years rainfall data of the Florence University gauge station, is presented. Then, a 

full description of the methodology adopted is provided. The stochastic rainfall generator 

RainSim V.3 is described, after that, the procedure to identify independent rainstorm 

events using minimum antecedent dry weather period and storm volume threshold as 

variables of the process is described in addition with calculation of key characteristics of 

rainfall patterns. Lastly, SuDS design parameters calculation are explained, describing 

the double approach based on percentiles of total number of rainfall events and of the 

total volume of accumulated rainfall series.  

 

2.1.1. Case study 

The automatic rain-gauge “Florence University” (id. TOS01001096) was selected as case 

study (Figure 2.3). The rain gauge is located at School of Engineering—University of 

Florence (Tuscany, Italy), at an altitude of 84 m a.s.l. Its coordinates are E 1681124, N 

4852004 (EPSG 3003 Monte Mario/Italy zone 1). Observed rainfall data of 20 years, from 

1998 to 2018, with temporal aggregation 15 min, were collected and subsequently 

aggregated with time-step 24 h. The pluviography measurements have a minimum 

resolution of 0.2 mm. All rainfall data are recorded by the regional monitoring network 

and archived by the Hydrological Service of Tuscany Region—SIR. Florence experiences 

a humid subtropical climate characterized by hot sunny, moderately dry summers and 

mildly cool, rainy winters. The average annual precipitation is 864 mm. 
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Figure 2.3 Location of the study case on a Digital Terrain Model (DTM) with a grid 

resolution of 10 m. The red dot indicates the rainfall gauge location within the 

Metropolitan Area of Florence. 

 

2.1.2. Generation of Stochastic Rainfall Series 

The RainSim V.3 model is a robust and well tested stochastic rainfall generator. This 

model has already been applied in South-European basins [87]. This model facilitates the 

generation of continuous stochastic rainfall series using a Spatial Temporal Neyman-

Scott Rectangular Pulses process (NSRP). A detailed description of RainSim V.3 can be 

found in Burton et al., 2008, 2010 [49,88]. Rainstorm events occurs as a temporal stationary 

Poisson process, while the distribution of the intensities is Exponential. The generator can 

be used in single or multi-site versions, depending on the number of rain gauges 
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involved. NSRP processes can capture the main observed rainfall time-series statistical 

characteristics: (i) mean waiting time between adjacent storm origins [hours]; (ii) mean 

waiting time for rain cell origins after storm origin [hours]; (iii) mean duration of rain cell 

[hours]; (iv)mean intensity of a single rain cell [mm/h]. RainSim operates in three modes: 

analysis, fitting, and simulation. The procedure applied is composed by four steps: 

1. Analysis to derive statistics from observed rainfall series with 24 h temporal 

aggregation. 

2. Fitting/Model calibration. The single-site version of the model is calibrated by 

applying the log-parameter Shuffled Complex Evolution (InSCE) [89] algorithm 

with a convergence criterion. This numerical optimization allows to identify the 

model parameters such that the simulation best corresponds to a selected set of 

rainfall statistics for each month: mean (24 h), variance (24 and 48 h), lag-

autocorrelation (24 h), dry period probability (24 h with a threshold of 1 mm) and 

skewness (24 and 48 h). For a single site application of RainSim V.3., five 

parameters usually adopted in NSRP simulators, were calibrated for every 

calendar month: λ (1/mean waiting time between adjacent storm origins [1/h]); β 

(1/mean waiting time for rain cell origins after storm origin [1/h]); η (1/mean 

duration of rain cell [1/h]); ν (mean number of rain cells per storm [-]); 𝑥𝑖 (1/mean 

intensity of a rainfall cell [h/mm]); 

3. Simulation, that is, generation of 100 rainfall series of continuous data. Each series 

is composed by 20 years, with a length equal to that of the observed period (1998–

2018), of rainfall data with 15 min time-step. 

4. Analysis to check whether the simulated time series are consistent with the 

observed one. 
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2.1.3. Identification of Independent Rainstorm Events and Key Characteristics of Rainfall Patterns 

Different approaches to extract storm events from a continuous rainfall series can be 

found in technical literature [55,90]. In this part, we applied an approach based on dry 

inter event time and a threshold value to define non-zero rainfall. The minimum 

resolution value of the considered rain gauge (Florence University) is 0.2 mm. Thus, this 

value was used to set the rainfall threshold. First, by applying this approach, 

homogeneity among observed and simulated series was achieved. Second, independent 

rainfall events were extracted from observed and simulated series using the minimum 

antecedent dry weather period approach (MIT, Minimum Inter-event Time). Antecedent 

dry weather period can be defined as the time of no-rainfall record in the continuous 

series, that is, the dry period observed between two consecutive non-zero rainfall records 

[56,57]. As showed in Figure 2.4, not-zero rainfall pulses belong to the same storm event 

only if the durations of the antecedent dry weather periods within it are less of an 

appropriate value, that is the MIT. Otherwise, the antecedent dry weather period 

represents the variable to separate the end of previous storm event 1 from the start of the 

successive 2. Different MIT values have been reported in literature, depending on the 

field of application [90-92]. Here, six values of MIT were selected: 3, 6, 12, 24, 48 and 72 

h. These sub-daily MIT values were used only for the rainfall series with 15 min temporal 

aggregation. For observed series with time-step 24 h, only 24 h multiples were applied. 

As the daily rainfall is the most commonly available rainfall data, consequently, it is 

relevant to analyze MIT values equal to 24 h and multiples [44,45,54]. Starting from values 

of rainfall punctual records within every independent rainstorm event, four key 

characteristics of the rainstorm event pattern were calculated [39]: (a) total volume, that 

is, total rainfall depth [mm]; (b) duration of the event [hours]; (c) mean intensity [mm/h]; 

(d) maximum intensity [mm/h]. Afterwards, storm total volume thresholds were applied 

systematically to the independent rainstorm events previously individuated. This 
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variable corresponds to the minimum precipitation volume that should be exceeded to 

have a storm relevant for analysis purposes [93].  

A selection of four thresholds for the minimum cumulated rainfall volume of every event 

were used: 0.2, 0.5, 1 and 2 mm [39,94]. A threshold value equal to 0.2 mm leads to 

consider the entire rainfall information collected within every rainstorm event. Finally, 

the extraction of independent rainstorm events from observed and simulated series was 

conducted. These storm series were characterized by the four mentioned key variables of 

rainfall and their associated exceedance probability values. This process was done for the 

different volume thresholds. 

 

 

Figure 2.4. Identification of independent rainstorm events in a continuous rainfall series. 

As an example, the calculation of key characteristics of rainfall is showed for storm event 

2, composed by five values of single rainfall impulse j. 
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2.1.4. Calculation of Rainfall Volumetric Percentiles for SuDS Design 

Design of SuDS can be achieved based on rainstorm volumetric percentiles extracted 

from the analyzed series, observed, and simulated. There are various approaches to 

calculate these percentiles [24,38,40]. Here, hydrological design of SuDS was conducted 

based on two parameters: (a) those that manage a percentage of the total number of 

rainfall events, Nx; (b) those that manage a percentage of the total volume of accumulated 

rainfall series, Vx. Common rainfall percentiles to be managed, to which sub-index x 

refers, are 80%, 85%, 90%, 95% [24,40]. Rainstorm total volumes were firstly sorted by 

descending order for both procedures. After that, both procedures differ. In one hand, to 

find Nx values, the exceedance probabilities of every sorted storm event were determined 

and referred to the respective storm rainfall volume. In this case, Nx represents the total 

volume of a storm event such that it exceeds the (100−x) % of the total number of rainfall 

events (Figure 2.5a) [40]. On the other hand, to find Vx values, different total volumes of 

storm events were progressively selected from the highest to the lowest and compared to 

a threshold y. 

The selected SuDS facility would be able to manage a maximum volume y in every 

rainstorm (Figure 3.3b, sum of red ordinates). Storm total volumes more than the value y 

would not be treated by the facility (Figure 2.5b, sum of blue ordinates). Vx is the 

threshold value such that the cumulative value of depths processed by the facility is the 

x% of total rainfall depth. By using these two different approaches, N80, N85, N90 and N95 

values (same for Nx) were calculated for observed and simulated rainfall series, regarding 

the six MIT and four storm volume thresholds values. 
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Figure 2.5. Rainfall percentiles calculated using: (a) the number of rainfall events to be 

managed, Nx. Black point represents the rainstorm event volume that ensures a treatment 

of the x% of the number of storm events. (b) the accumulated volume of the rainfall series 

to be managed, Vx. Sum of red vertical values represents the x% of the total cumulated 

precipitation of the series, which the Sustainable urban Drainage Systems (SuDS) facility 

will be able to fully manage. Sum of blue line vertical values represents the total 

cumulated precipitation unmanaged by the facility. 

 

2.1.5. Evaluation of the Stochastic Model Performance 

To evaluate the effectiveness of the proposed temporal disaggregation methodology, the 

simulated key characteristics of rainfall were compared with the observed counterparts 

with 15 min time-step. A comparison between observed key characteristics of rainfall 

with 24 h and 15 min time-step, was also conducted. The evaluations of errors were done 

through the calculation of three statistical indices: mean absolute error (MAE), root mean 

square error-observations standard deviation ratio (RSR) [95] and Percent Bias (PBIAS) 

[96]. 
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where n is the number of coupled points used for the evaluations, xi
sim and xi

obs are the 

simulated and observed punctual key characteristics of rainfall, RMSE is the root mean 

square error and STDEVobs is the standard deviation of the observed data. xobs,mean is the 

mean of the observed values. 

 

2.1.6. Limitations of the Methodology 

The main limitations of this part lie in the use: (i) of a single rain gauge and dataset; (ii) 

of a dataset with relatively short length and only valid for very frequent and common 

rainstorm events, not for heavy and extreme ones; (iii) of a unique stochastic rainfall 

generator model to simulate sub-daily rainfall records starting from observed data; (iv) 

of rainfall volumetric percentiles (Nx and Vx) that are suitable for hydrological design of 

some type of SuDS facilities but not for others. Nevertheless, the effects of temporal 

disaggregation models as well as different MIT and storm volume threshold values on 

SuDS types that need different hydrological design parameters, are not considered in the 

analysis. These points may limit generalizations of the results and conclusions. Moreover, 

the methodology did not consider climate change effects or possible long-term variations 

of the rainfall, that is, the rainfall series generated with the stochastic model do not 

account for non-stationarity [97]. Despite these limitations, the proposed methodology 

may provide a useful tool for hydrological design of SuDS. Additionally, SuDS are 
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usually designed for frequent storms, as in the case studied here but not for extreme 

events. 

 

2.2 Long-Term effects of Low Impact Development of watershed hydrology in an 

urban system 

 

In this part, the PFR potential was analyzed on three LID types (green roofs, rain gardens 

and cisterns) at urban watershed scale for 500 years (stochastic long-term analysis). 

Temporal disaggregation of rainfall series was achieved based on the Neyman-Scott 

Rectangular Pulse Method by the stochastic rainfall generator RainSim V.3. An urban 

watershed located in Florence (Italy) was selected as case study. Likewise, a 20-year series 

of observed precipitations, recorded by the Florence University rain gauge (Florence, 

Italy), was used to calibrate the stochastic rainfall generator. Three LID types were jointed 

to generate different LID combinations and for each of them, growing retrofitting areas 

among the watershed were considered. The planimetric scheme and the hydrology of 

every LID scenario was modeled using the SWAT-LID module.  

 

2.2.1. Case study 

The case study area is within the Metropolitan city of Florence, in Tuscany (Italy). It 

covers about 3 km² inside a highly urbanized area, i.e. a portion of the city in which the 

mapped impervious area exceeds 50% [98] (Figure 2.6). The topography is flat on average 

50 m a.s.l. The time of concentration of the urban watershed is 19 min. Soil properties 

were obtained from the FAO/Unesco world soil digital map. The soil of the study area is 

composed by two layers of loam and sandy loam texture, respectively. The maximum 

rooting depth is one m.  



28 

 

According to the Corine Land Cover 2018 database, the land uses are composed by 29% 

roads/transportation, 41% high density buildings, 27% high density residential areas and 

3% green urban areas. Topographic information was obtained from 1 m LIDAR DEM 

created by Tuscany Regional Administration, which was used to delineate the watershed 

boundaries 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 

4.3 km (blue line in Figure 2.6). 

 

 

Figure 2.6. Location and land use of the study urban watershed. The blue triangle 

indicates the rainfall gauge location within the Municipality area of Florence. 

 

2.2.2. SWAT model set-up 

A SWAT model was implemented on the study urban watershed. It was chosen as 

hydrological model for LID analysis, as it is capable to: i) represent hydrological 

processes from small HRU scale to large-scale watersheds; ii) simulate continuous long-

term watershed hydrology by accounting soil water taking into consideration: 
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infiltration, evapotranspiration and percolation between storm events [83], use sub-daily 

and sub-hourly time step climate input to provide sub-hourly outputs [86,99]; iv) model 

the LID wet and dry continuous cycles over long-term modeling. In SWAT, a river basin 

or an urban watershed can be divided in a chosen number of sub-basins based on the 

stream network, and each of them is divided based on Hydrological Response Units-

HRUs. An HRU is a unique combination between one slope, one land use and soil type 

which have the same hydrological behavior regarding water runoff.  

 

SWAT-LID module 

The SWAT-LID module offers four types of pre-set LIDs: green roofs, rain gardens, 

cisterns, and permeable pavements. Each of them can be assigned with different 

percentage of impervious treated area in the HRU where the LIDs are installed (Figure 

2.7). This percentage of impervious HRU area is then treated depending on the LID 

characteristics and contributes proportionally to the whole HRU’s output. Except for 

green roofs and cisterns, that are suggested to be coupled [83], only one LID type can be 

assigned for every land use, i.e., for every HRU. In this part, green roofs, rain gardens 

and cisterns were selected as design facilities. Every LID type can be conceptualized as a 

storage connected to other elements by hydrological process and corresponds to a 

temporary storage before evaporating or percolating to other storage (Figure 2.8). 

A Green roof is a designated area in HRU with a soil layer and vegetated. The soil layer 

retains rainwater and release it through seepage. Soil properties such as: depth, field 

capacity, wilting point, saturated hydraulic conductivity, and porosity can be modified 

in LID Module (Table 2.3). After soil saturation, rainfall moves toward the bypass seepage 

and runoff generation starts. The evapotranspiration and seepage rates are functions of 

soil moisture content and varied from field capacity to wilting point of the soil.  
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Figure 2.7. Example of LID implementation in an urban HRU. Impervious area of the 

urban HRU can be retrofitted with LID depending on various percentages of area treated 

by the infrastructure. 

 

 

Figure 2.8. Storage of the three LIDs analyzed in SWAT simulation. (ET: 

evapotranspiration, INF: infiltration, Excess R: excess rainfall, Seepage: seepage of soil 

water, Bypass: bypass of stormwater, Orifice: discharge of stormwater through an orifice, 

PRC: percolation of soil water, IRR: irrigation [83].  

 

Rain gardens (RG) are artificial depressions where stormwater can be retained and 

infiltrated. In LID Module, a Rain Garden is set to receive surface flow from the HRU 

impervious area, as well as raindrop that fall directly above it. A typical rain garden 

consists of two storage components (tanks): storage on the garden surface (upper tank) 

and an amended soil layer (lower tank). Water stored in the surface storage infiltrates 

into the soil layer and then percolates into the native soil. The water ponding at the upper 

tank can be discharged through an orifice pipe. Water stored in the upper and the lower 

tanks can evaporate to the air and can also percolate to native soil in the last. The depth, 

field capacity, wilting point, saturated hydraulic conductivity, and porosity of the 
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amended soil choose in Green Roofs and Rain Garden can be set in LID Module (Table 

2.3).  

A cistern (CS) can be set to receive a certain volume of water from the coupled Green 

Roof located in the same HRU. Once rainwater fills up the cistern, the water excess will 

bypass and will drain. The harvested water will neither infiltrate nor evaporate, but it can 

be used for irrigation and can maintain the HRU’s soil moisture content.  

 

Land use data 

The impervious area percentage associated with a land use type represents one of the 

most important features in an HRU. In this part, the default Total Impervious Amount - 

TIA of every urban land use inside the SWAT database was updated by the 2018 

Copernicus imperviousness high resolution raster file [99]. According to Sutherland, R. 

C. 1995 [98], the Effective Impervious Amount – EIA of every urban land use was 

calculated from TIA that is directly connected to the drainage system, and then replaced 

instead of TIA in the SWAT database for land use, therefore for every HRU. After this 

data-processing, about 94% of the study area is composed by impervious surfaces (Table 

2.1). 

Since the scope of the sub-section aimed at evaluating overall LID performance in the 

entire study area, the watershed was not further divided into subbasins. In SWAT, there 

are various criteria to select or limiting the number of HRUs considered in every sub-

basin. Here, the total amount of HRUs in the watershed was considered based on the 

number of land use type in the basin.  
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Table 2.1. 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 0.95 

URHD Residential High density 81 27 0.89 

UTRN Transportation/roads 87 29 0.98 

 

 

 

Climate data  

To run the sub-hourly SWAT-LID module routine, rainfall series with at least sub-hourly 

temporal aggregation is needed. Followed the methodology applied by Pampaloni et al., 

2021 [71], the stochastic rainfall generator RainSim V.3 was calibrated with the 20 years 

observed rainfall series which were aggregated at 24 h time step. Once the stochastic 

model was calibrated, a continuous series of 500 years rainfall data, with 15 min time-

step, was generated and used as 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. This option overcome the lack of long-term observed climatic data to run 

hundred years simulations in SWAT. WGEN can be calibrated using observed statistics 

of the five climatic variables. The climatic data (observed rainfall, air temperature, solar 

radiation, and relative humidity) from a series of 20 years (1998 to 2018) were logged by 

the automatic gauge-station “Florence University” (id. TOS01001096). The gauge station 

is located at School of Engineering—University of Florence (Figure 2.6), at an altitude of 

84 m a.s.l. and its coordinates are E 1681124, N 4852004 (EPSG 3003 Monte Mario/Italy 
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zone 1). Observed wind speed series, from 2004 to 2018, were obtained from the 

anemometric gauge “Amerigo Vespucci airport”, located 7 km away from the study 

urban watershed. All climatic data are recorded by the regional monitoring network and 

stored at 15-min temporal resolution by the Hydrological Service of Tuscany Region—

SIR. The pluviography measurements have a minimum resolution of 0.2 mm.  

 

LID scenarios 

The combination of the three LID types resulted in five LID combinations: GR, RG, 

GR+CS, GR+RG and GR+CS+RG. For each of them, four fractions of impervious areas, 

where LID are installed, were analyzed: 25%, 50%, 75% and 100%. Finally, twenty LID 

scenarios were modeled (Table 2.2) to assess the watershed-scale effectiveness of 

stormwater management using the LID scenarios.  The scenarios corresponded to the 

mixing LID combinations and retrofitting percentages.  

Each LID type was designed in the whole urban HRU among the study watershed, but 

green urban areas were not implemented by any LID. The corresponding percentages of 

watershed retrofitted area by every LID scenario are also shown in Table 2.2. 

Table 2.3 shows the design hydrological parameters of amended GR and RG soil layers. 

The values of the design parameters were calculated as in the Woods and Ballard (2015) 

[100] guide. For rain gardens, the orifice configuration was set as in Her et al., (2017) [83]. 

The height of the orifice from the bottom of the storage and the orifice pipe’s diameter 

were set as 0.05 m. For cisterns, 100% of impervious areas draining water to the cisterns 

was set in every scenario (Table 2.3). It means that a cistern receives all runoff from the 

corresponding green roof. 
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Table 2.2. LID scenarios implemented in the study watershed.  

 
LID type 

Watershed 

Area  

Percentage 

Green Roof  Cistern  Rain Garden  

Land use SWAT 

CODE 

UHD_roofs UHD_roofs URHD - URTN 

LID SCENARIO Fraction of impervious area treated 

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+CS - 25 25% 100% 0% 9.7% 

GR+CS – 50 50% 100% 0% 19.4% 

GR+CS – 75 75% 100% 0% 25.9% 

GR+CS – 100 100% 100% 0% 38% 

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% 

GR+CS+RG – 25 25% 100% 25% 22.8% 

GR+CS+RG – 50 50% 100% 50% 45.7% 

GR+CS+RG – 75 75% 100% 75% 60.9% 

GR+CS+RG – 100 100% 100% 100% 91.4% 
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Table 2.3. Hydrological parameters of amended soil layers of Green Roofs and Rain 

Gardens used in all the LID scenarios implemented. 

 LID type  

Hydrological parameter 
Green 

Roofs 

Rain 

Gardens 

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 

 

 

2.2.3. Identification of Independent Rainstorm and Flow Events 

Chronological rainstorm events from the long-term stochastic precipitation series were 

extracted following an approach based on Minimum Inter event Time, MIT, and a 

threshold value to define not-zero rainfall [71]. The value of 0.2 mm was chosen as 

threshold, and it is the minimum resolution of the pluviometer at the Florence University 

gauge station. Two non-zero rainfall records can be considered as part of the same 

rainstorm event only if the time between them is less 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 [101].  

The selection of accurate MIT values is crucial to define independent rainstorm event in 

urban watersheds 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 rainfall pulses that needs to be separated in 
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multiple independent events. Second, since it is aimed at identifying runoff events, MIT 

should be longer than the response time of the study urban watershed. This time is 

defined as the sum of the time of concentration 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. Lastly, alternance of LIDs 

wet and dry periods needs to be considered. The goal of this part is to test the capacity of 

every LID combination 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) needs to be completed. Based on the analysis of the 

flow hydrograph output of the SWAT model in the baseline scenario, the depletion time 

of the watershed without LIDs is about 2 h and it was set as the lower MIT value. Then, 

MIT values of 3, 6 and 12 h were selected for discretizing the long-term precipitation 

[101].  The extraction of flow events from runoff series of the baseline in the 20 LID 

scenarios was done by transposing the start date time of each rainstorm event by the 

response time of the watershed (Figure 2.9). The same flow events can be then extracted 

from all the scenarios (baseline and LIDs) by applying this approach. Therefore, the 

comparison of runoff between a given LID scenario and the others (baseline and LIDs) 

can be done referring to the same chronological flow event. Likewise, the key 

characteristics of every 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 2.10). For every rainfall event, the key characteristics of rainfall pattern were 

calculated and then associated to the percentage of PFR among every of the twenty LID 

scenarios and the baseline scenario without LIDs. Here, an approach based on classes of 

rainstorm event intensities is proposed. Rainstorm event intensities were sorted in 

ascending order and a PFR percentage was associated to corresponding sorted rainstorm 

event for every of the twenty LID scenarios. Rainstorm event intensities will be then 

grouped into different classes. For each class of rainstorm intensity, the following 
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quantities were calculated: (i) mean percentage of PFR from every flow event; (b) mean 

rainstorm total volume; (c) the PFR percentage normalized for unit of impervious treated 

area, calculated by fraction of mean PFR percentage and the HRUs area where every LID 

type is designed. 

 

 
Figure 2.9. Identification of independent rainstorm 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 showed in blue text/fonts. 
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Figure 2.10. Key characteristics of stochastically generated rainfall pattern calculated 

using a MIT of 6 hours: (a) rainstorm total volume [mm]; (b) duration of the rainstorm 

event [hours]; (c) rainstorm mean intensity [mm/h]. 

 

 

2.2.4. Annual analysis of Peak Flow Reduction 

The percentage of PFR associated to the annual maximum flow, can be calculated for 

every LID scenario and every of the 500 years of rainfall stochastically generated with 

RainSim V.3. Then, for every LID scenario among the entire period analyzed, the return 

period of every annual maximum flow peak can be associated with corresponding PFR 

percentage. This approach represents another interesting potentiality provided by the 

proposed stochastic disaggregation methodology, that allow designers to perform long-

term hydrological simulations at fine resolution and then to associate sampling return 
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periods to the annual maximum peak flow. This permits also to overcome the use of 

traditional approaches based on few decades of observed data and statistical inference, 

i.e., fitting of probability distribution functions like Gumbel or GEV.  
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3. RESULTS AND DISCUSSION 

3.1 Stochastic procedure for temporal disaggregation of daily rainfall data in suds 

design 

Here, the results of RainSim V.3 validation by calculating and comparing key 

characteristics of rainfall patterns (Sub-Section 3.1.1) are presented. Second, the ability of 

the stochastic rainfall generator to reproduce rainfall volumetric percentiles commonly 

used in SuDS design (Sub-Section 3.1.2) is tested. Third, the sensitivity analysis of SuDS 

rainfall volumetric percentiles is achieved both for observed and simulated series, using 

different minimum antecedent dry weather periods and storm volume thresholds as 

variables of the process (Sub-Section 3.1.3).  

3.1.1. Key Characteristics of Rainfall Series 

The ability of the stochastic model to reproduce observed rainfall series with n-minutes 

temporal aggregation was analyzed by comparing key characteristics of the precipitation. 

The results are shown in Figure 3.1, which compares the key characteristics derived from 

three rainfall sources: (i) observed series with 15 min time-step (red lines); (ii) observed 

series constructed by aggregating observed 15 min time-step to 24 h aggregation time 

(magenta lines); (iii) 100 stochastic simulated rainfall series and its median value (light 

blue and dashed blue lines correspondingly). These series were generated at 15 min time 

step from the model calibrated with observed series aggregated to 24-h time step. The 

rainfall characteristics analyzed in Figure 3.1 are: (a) storm total volume [mm], Figure 

3.1a; (b) storm event duration [hours], Figure 3.1b; (c) storm mean intensity [mm/h], 

Figure 3.1c; and (d) storm maximum intensity [mm/h], Figure 3.1d. Since one objective of 

this section is to demonstrate the ability of RainSim V.3 to produce better key 

characteristics of sub-daily rainfall than observed rainfall series with daily time-step, a 24 

h MIT value was chosen. Indeed, daily data are the most common data available all over 
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the world. It should be noted that MIT and storm volume threshold values used during 

calculation of independent rainstorm events, also depend on the type of SuDS, according 

on their geometry, vegetation percentage and treatment purposes [56]. In addition, Table 

3.1 presents the total amount of rainfall volume, along the entire series (20 years), that is 

neglected by selecting different MIT and thresholds. It could be seen that influence of the 

threshold and MIT selected on the total volume considered for the analysis is negligible. 

Table 3.1. Percentage of not considered total cumulated rainfall of observed series with 

15 min temporal aggregation, depending on Minimum Inter-event Time (MIT) and storm 

volume thresholds used during the identification of independent rainstorm events. 

Storm Volume Threshold 

0.5 mm 

Storm Volume Threshold 1 

mm 

Storm Volume Threshold 2 

mm 

MIT 

[hours] 

Observed Data 15 

min Time-Step 

MIT 

[hours]  

Observed Data 15 

min Time-Step 

MIT 

[hours] 

Observed Data 15 

min Time-Step 

3 1.52% 3 2.65% 3 6.02% 

6 0.93% 6 1.63% 6 3.96% 

12 0.58% 12 1.01% 12 2.52% 

24 0.33% 24 0.57% 24 1.63% 

48 0.17% 48 0.29% 48 0.85% 

72 0.11% 72 0.2% 72 0.59% 

 

In this analysis, we assumed 0.5 mm as storm volume threshold value. Furthermore, by 

applying Restrepo-Posada and Eagleson, 1982 [55] methodology and using a storm 

volume threshold of 0.5 mm, an MIT equal to 22 h was obtained. This result strengthens 

the selection of 24 h for the MIT. Table 3.2 shows results of MAE, RSR and PBIAS 

statistical indices, calculated applying equations 2.1, 2.2 and 2.3, using errors between key 

characteristics of median simulated data and observed data with 15 min time-step, as 

well as errors between key characteristics of observed daily data and observed 15 min 
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data. Using a MIT equal to 24 h and a storm volume threshold of 0.5 mm, it can be noticed 

that the median of simulated data improves the values of every statistical index and every 

key characteristic of rainfall, compared with observed data with 24 h time-step. Except 

for storm total volume, where a small decrease of simulated indices is detected, the other 

simulated MAE and RSR values show a substantial decrease in terms of mean errors. 

Therefore, the stochastic approach improves the values of key characteristics of rainfall 

compared with observed ones with 24 h time-step. In addition, to adjust the simulated 

and observed key characteristics of the rainfall series, we modified the MIT to different 

intra-day values. It should be noted that, in the professional practice, where only daily 

rainfall data are available, SuDS design considering MITs smaller than daily time-step is 

not possible. Thus, the use of a stochastic rainfall generator enables the use and analysis 

of sub-daily MIT. Moreover, different sub-daily MIT values were explored to analyze if 

simulated key characteristics became closer to the ones obtained from the observed series. 

Figure 3.2 shows the key characteristics of the rainfall series by considering MIT equal to 

12 h. In addition, in Table 3.2, the three statistical indices were also calculated using a 

storm volume threshold of 0.5 mm and a MIT equal to 12 h. Results show that this 

procedure (MIT 12 h, threshold 0.5 mm) improves the values of the statistical indices 

compared with MIT of 24 h, except for the storm mean intensity. 
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Figure 3.1. Key Characteristics of rainfall pattern calculated using a MIT of 24 h and a 

storm volume threshold of 0.5 mm: (a) storm total volume [mm]; (b) duration of the storm 

event [hours]; (c) storm mean intensity [mm/h]; (d) storm maximum intensity [mm/h]. 
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Table 3.2. Mean absolute error (MAE), root mean square error-observations standard 

deviation ratio (RSR) and Percent bias (PBIAS) calculated between key characteristics of 

observed rainfall with 15 min time-step, observed daily (24 h) rainfall and simulated 

rainfall with 15 min time-step. MIT are fixed to 24 and 12 h. 

 
MAE 

[mm] 

RSR 

[-] 

PBIAS 

[-] 

Storm Total Volume    

(MIT 24 h) Observed data 24 h time-step 2.81 0.19 −16.95 

(MIT 24 h) Median of simulated data 15 min time-step 2.75 0.16 −15.95 

(MIT 12 h) Median of simulated data 15 min time-step 0.44 0.09 −0.57 

Storm Duration    

(MIT 24 h) Observed data 24 h time-step 36.28 1.22 −125.64 

(MIT 24 h) Median of simulated data 15 min time-step 4.36 0.16 −14.33 

(MIT 12 h) Median of simulated data 15 min time-step 1.33 0.15 0.19 

Storm Mean Intensity    

(MIT 24 h) Observed data 24 h time-step 0.86 0.96 74.72 

(MIT 24 h) Median of simulated data 15 min time-step 0.35 0.59 −30.71 

(MIT 12 h) Median of simulated data 15 min time-step 0.85 0.95 −60.26 

Storm Maximum Intensity    

(MIT 24 h) Observed data 24 h time-step 9.66 4.12 −361.90 

(MIT 24 h) Median of simulated data 15 min time-step 0.67 0.34 −23.67 

(MIT 12 h) Median of simulated data 15 min time-step 0.48 0.29 −20.27 
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Figure 3.2. Key Characteristics of rainfall pattern calculated using a MIT of 12 h and a 

storm volume threshold of 0.5 mm: (a) storm total volume [mm]; (b) duration of the storm 

event [hours]; (c) storm mean intensity [mm/h]; (d) storm maximum intensity [mm/h]. 

 

We calculated the number of rainstorm events associated with a fixed storm volume 

threshold of 0.5 mm and different MIT values for simulated and observed series. Results 

of this procedure are reported in Table 3.3. Simulated series of rainfall in the range of 12 

h produced similar number of rainstorm events compared with observed ones using 15 

min rainfall time step. 
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Table 3.3. Number of independent rainstorm events calculated using 0.5 mm fixed Storm 

Volume Threshold and different MIT values. 

Storm Volume Threshold 

0.5 mm 

MIT [hours] 

3 6 12 24 48 72 

Median of simulated data 2690 1904 1242 828 586 486 

Observed data 15 min. time-step 2149 1718 1324 1009 724 558 

Observed data 24 h time-step - - - 663 633 520 

 

3.1.2. Stochastic Representation of Rainfall Volumetric Percentiles for SuDS Design 

Figure 3.3 presents the results in terms of relative frequencies of N80, N85, N90 and N95 

calculated for MIT 24 h and 0.5 mm storm volume threshold. To create histograms of 

relative frequencies, values of rainfall percentiles were calculated for each of the 100 

simulated rainfall series with 15 min time-step and then grouped in 8 statistical bins 

according with the Sturges’ rule [102]. Red and magenta lines represent respectively 

rainfall percentiles of observed series with time-step 15 min and 24 h. As can be seen, the 

25th and the 75th percentiles of the distribution of simulated volumetric percentiles are 

systematically closer to the volumetric percentiles calculated using observed rainfall 

series with 15 min time-step than to those using observed values with 24 h time-step. For 

instance, considering the N80 percentiles of Figure 3.3, the 15-min observed value is 27.9 

mm, the 25th and 75th simulated values are 29.4 mm and 31.1 mm respectively (median 

30.3 mm), while the observed value with 24 h time-step is 33.6 mm. Moreover, the median 

values are always greater than values of percentiles of observed series with 15 min time-

step, being the hydrological design on the safe side. Therefore, for the Florence rain gauge 

in the period under analysis, the stochastic rainfall generation of sub-hourly rainfall series 

by using observed daily rainfall, produce design parameters for SuDS more reliable than 
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using directly observed 24 h data. Similar results and considerations were obtained when 

calculating the relative frequencies of V80, V85, V90 and V95 (Figure 3.4). 

 

 

Figure 3.3. Relative frequency of volumetric percentiles that treat a percentage of the total 

number of rainfall events, for MIT 24 h and storm volume threshold 0.5 mm. Red and 

magenta lines represent respectively observed rainfall series with time-step 15 min and 

24-h. Black dashed, dotted and dash-dotted lines represents respectively the median, 25th 

and 75th percentiles of simulated data (light cyan histograms). 
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Figure 3.4. Relative frequency of volumetric percentiles that treat a percentage of the total 

volume of accumulated rainfall series, for MIT 24 h and storm volume threshold 0.5 mm. 

Red and magenta lines represent respectively observed rainfall series with time-step 15 

min and 24-h. Black dashed, dotted and dash-dotted lines represents respectively the 

median, 25th and 75th percentiles of simulated data (light cyan bars). 

 

3.1.3. Sensitivity Analysis of Hydrologic Design Parameters by Considering Different MIT and 

Threshold Values 

The proposed stochastic disaggregation methodology permits to perform analyses at fine 

time resolution. Consequently, sub-daily and sub-hourly MIT values can be considered. 

Therefore, we tested the sensitivity of the calculation of SuDS design parameters based 

on stochastic rainfall simulation by using different MIT values (assuming a storm volume 

threshold of 0.5 mm): 3, 6, 12, 24, 48 and 72 h. In addition, we also performed a sensitivity 
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analysis by considering different threshold values (fixing MIT at 24 h): 0.2, 0.5, 1 and 2 

mm. To assess the sensitivity of Nx (Figure 3.5) and Vx (Figure 3.6) to MIT and storm 

threshold values variation, boxplots were presented for simulated rainfall series. Figures 

3.5 and 3.6 show the effect of different MIT values on Nx and Vx volumetric percentiles. 

Both Nx and Vx values are highly sensitive to MIT values. Median values of simulated Nx 

and Vx percentiles follow a growing trend as the MIT value is increased from 3 to 72 h. 

The absolute differences among median values of simulated volumetric percentiles when 

varying MIT from 3 to 72 h are: 42, 49, 59 and 77 mm from N80 to N95, respectively; 

analogously, 37, 43, 53 and 65 mm ranging from V80 to V95. Considering volumetric 

percentiles calculated using observed rainfall series with 15 min time-step, the same 

differences are 37.5, 41.2, 48.8 and 66.4 mm ranging from N80 to N95 and 42.1, 51.6, 69.2 

and 102.5 from V80 to V95. It can be also noted that when MIT varies from 3 to 72 h, 

simulated median values increase by 81%, 82% and 83% when moving respectively from 

N80 to N95. These results are higher compared with Vx ones, that are respectively 68%, 71% 

and 72%. For both design parameters, Nx and Vx, larger dispersion is obtained for higher 

MIT values. In general, this is especially significant for MIT ≥ 24 h. However, this effect 

is more pronounced for Nx. Regarding these results, Nx provides higher values than Vx 

and shows higher sensitivity to MIT. 
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Figure 3.5. Effect of different MITs on values of volumetric percentiles that treat a 

percentage of the total number of rainfall events, for simulated rainfall series and a fixed 

0.5 mm value of storm volume threshold. 

 

Figure 3.6. Effect of different MITs on volumetric percentiles that treat a percentage of 

the total volume of accumulated rainfall series, for simulated rainfall series and a fixed 

0.5 mm value of storm volume threshold. 
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The high sensitivity of Nx and Vx to MIT is to be expected, since the required time to 

consider two events as independent clearly affects the distribution of relevant storm 

characteristics, like number of storms or storm depth. This indetermination on the proper 

value for design parameters may be resolved in two ways. First, we could apply objective 

criteria to establish the proper MIT value based on the statistical independence of 

sequential storm events, such as the procedure proposed by Restrepo-Posada and 

Eagleson, 1982 [55]. This would lead to an intrinsic design parameter, independent from 

the element to be designed. The alternative procedure would be based on the expected 

performance of the element under design. Under this approach, the MIT value chosen for 

the computation of the design parameter should be, at least, equal to the time required 

by the element to recover fully operational capability after the previous storm event. For 

instance, in elements designed to temporarily store a given volume of water, MIT should 

be at least equal to the time required to empty the water reservoir. This would lead to an 

element-specific design parameter and the MIT would be established by functional 

requirements of such element. In accordance with Sordo Ward et al., 2019 [39] (rainfall 

series of Retiro rain gauge located in Madrid, Spain), simulated values of Nx percentiles 

are conditioned by the storm volume threshold considered (Figure 3.7), while Vx 

percentiles are more stable (Figure 3.8). The median values of simulated Nx percentiles 

show a growing trend when threshold is altered from 0.2 to 2 mm, while median values 

of Vx percentiles remain almost constant. As an example, median values of simulated 

percentile N80 are 29.3, 30.3, 31.5 and 32.9, while V80 values are 32.5, 32.6, 32.6 and 32.7 

mm moving from threshold 0.2 mm to 2 mm. The variations of differences between the 

highest and the lowest values of simulated Nx percentiles in the boxplots are negligible 

when storm volume threshold increase. Nevertheless, same differences for simulated Vx 

remain constant. Therefore, simulated median values of Nx percentiles are less sensitive 

regarding storm volume thresholds than MITs, while simulated median values of Vx 

percentiles are very sensitive regarding MITs but not sensitive regarding storm volume 
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thresholds. In the case of storm volume threshold, the proper value for design parameters 

could be based on climate characteristics. The threshold should be set to a value of rainfall 

depth that is directly evaporated from vegetation or the soil surface, without entering the 

drainage facilities. With this criterion, humid climates with low potential 

evapotranspiration would require lower threshold values than dryer climates with high 

evapotranspiration. 

 

 

Figure 3.7. Effect of different storm volume thresholds on values of volumetric 

percentiles that treat a percentage of the total number of rainfall events, for simulated 

rainfall series and a fixed 24 h MIT value. 
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Figure 3.8. Effect of different storm volume thresholds on values of volumetric 

percentiles that treat a percentage of the total volume of accumulated rainfall series, for 

simulated rainfall series and a fixed 24 h MIT value. 
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3.2 Long-Term effects of Low Impact Development of watershed hydrology in an 

urban system 

3.2.1. Peak Flow Reduction by flow and rainstorm events analysis 

The potential PFR of every LID scenario was quantified based on flow events and 

corresponding rainstorm events which were identified from the LID module outputs and 

stochastic rainfall series, respectively. Figure 3.10 presents the PFR effects depending on 

different percentages of impervious area treated when LID types and MITs are fixed. It 

shows only the results for MIT 6 hours. Nevertheless, as can be seen in Figure 3.9, the 

effects of every MIT (3, 6 and 12 h) on PFR are negligible when percentages of impervious 

area treated, and LID type are fixed. Results reported in Figure 3.9 concern the rain 

garden, but results of MIT sensitivity analysis on the other three LID type show the same 

behavior. The behavior of PFR with respect to the rainstorm event intensities is the same 

for every percentage of area treated as MIT varies. Therefore, curves representing 

different MITs are strictly closed together. The graphs in Figure 3.10 were generated by 

fitting the mean peak reduction percentage and the total rainstorm volume, calculated in 

each rainstorm intensity class, to a polynomial curve. Every intensity class has a range of 

3 mm/h. Figures 3.10a and 3.10b show runoff reduction capability of single GR and RG 

combination, respectively. It can be noticed that, when green roofs are used without 

cisterns, the trend of runoff reduction, which depends on rainstorm event intensity, is 

similar from lower to higher percentages of impervious treated area. 
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Figure 3.9. MIT sensitivity analysis on rain garden’s percentages of flow peak reduction 

associated with classes of rainstorm event intensities.  

 

This can be explained since every GR unit is built independently to others, and water 

treatment is governed by slowly infiltration and quickly evapotranspiration caused by 

the amended soil layers thus they do not interact with hydrological processes of other 

GRs. In agreement with Guan et al., 2015 [103], GR practices performed better in a 

monthly rainstorm scenario than a single hourly event, and PFR generally diminished 

during rainfall events of high magnitude. On the contrary, Figure 3.10b shows that the 

relation between PFR and rainfall intensity in RG has a different behavior as the 

percentage of impervious treated area increases. In a single RG unit, storage and 

treatment of water occurred by: (i) high infiltration rate due to the amended soil layer 

properties, (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.  

Two or more connected RG units can work synergically resulting in more treats rainfall 

volume and less ponding and flow excess across adjacent areas. Nevertheless, the water 

excess from adjacent RG units can be treated by the neighboring RGs. Therefore, for 

smaller to medium percentages of impervious treated area (25% - 50%), isolated RGs are 
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demanded to treat water that directly drops from surrounding impervious areas. 

Likewise, ponding is counteracted and PFR efficiency increases until a higher rainstorm 

intensities event occurs. After that, the amended soil layers reach again field capacity and 

ponding becomes predominant. In this case, water ponding excess and a slow infiltration 

are frequently observed thus, PFR capability reduces. This behavior is more pronounced 

as rainstorm event intensities increases; its effect in an impervious treated area is less 

pronounced in 50% than 25% (Figure 3.10b).  

 

 

 

Figure 3.10. Percentages of Flow Peak Reduction associated with classes of rainstorm 

event intensities calculated with a MIT of 6 hours. The effects of increasing percentages 

of impervious treated area inside every HRU are shown for the five LID combinations 

analyzed. The mean rainstorm total volume trend of every intensity of storm event class 

is also shown. 
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Otherwise, when percentages of impervious treated areas are higher than 50%, synergy 

between every RGs and PFR increases with rainstorm intensities. 

If a cistern is connected to a green roof, it works retaining water from the building until 

the maximum storage capacity is reached. As shown in Figure 3.10c, peak flow treatment 

and storage increase proportionally to the percentages of impervious treated area and 

moves from smaller to higher rainstorm intensities, until a given rainfall intensity is 

reached. In the one hand, for smaller rainstorm intensities, the higher the number of 

cisterns coupled with GRs, the higher storage capacity. For the value of rainfall intensity, 

the maximum PFR capability is achieved (~44%) which is the same value for every 

percentage of impervious treated area. On the other hand, for higher rainstorm 

intensities, the performances reduced. Indeed, the higher the percentage of impervious 

treated area with GRs and cisterns, the lesser the PFR effect, since cisterns reach the 

maximum storage capacity, and the water excess increases the bypass and drained water. 

The performance of single LID types at watershed scale may not be proportional to what 

it was observed for the single infrastructure, due to hydrological processes on HRUs. 

Combinations of different LID types increases the reduction of flow peak percentage, and 

it increases further when LIDs area increases (Figure 3.10d, 3.10e). As can also be noticed 

in Table 3.4, for high percentages of impervious treated area, the GR+RG and GR+RG+CS 

configurations produce the same treatment capacity. For smaller percentages of treated 

area, the effect of CS highly increases the overall capacity of LID combinations from 40.8% 

to 59.6%. As can be also seen in Table 3.4, the maximum PFR increases since the number 

of LID types are added in a configuration. Considering the maximum PFR percentage of 

single LID type combinations, the potential of GR configurations is the worst (15% to 44% 

and moves from GR-25 scenario to GR-100 scenario). This agrees with Cipolla et al., 2016 

[104], that GRs can have an annual average runoff removal rate of 51.9%, whereas it drops 

from 6.4% to 50% for single rainfall events. On the contrary, RG configurations  
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Table 3.4. Maximum flow peak reduction percentages associated with rainstorm 

intensities for every LID scenario analyzed, using MIT 6 hours. Values refer to the mean 

peak flow reduction of flow events belonging to each rainstorm intensity class. 

 

LID SCENARIO 

MAX PEAK 

FLOW 

REDUCTION 

[%] 

ASSOCIATED 

RAINSTORM 

INTENSITY 

[mm/h] 

GR – 25 15.3 1.5 

GR – 50 23.6 19.5 

GR – 75 34.2 16.5 

GR – 100 44.2 22.5 

RG – 25 30.8 1.5 

RG – 50 37.9 1.5 

RG – 75 43.3 28.5 

RG – 100 55.9 37.5 

GR+CS – 25 43.3 52 

GR+CS – 50 43 47.5 

GR+CS – 75 42.7 35.5 

GR+CS – 100 42 28.2 

GR +RG – 25 40.8 1.5 

GR+RG – 50 55.6 1.5 

GR+RG – 75 74.4 37.5 

GR+RG – 100 87.9 44.5 

GR+CS+RG – 25 59.6 28.5 

GR+CS+RG – 50 72.2 37.5 

GR+CS+RG – 75 82.2 37.5 

GR+CS+RG – 100 88.1 64.5 
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performance almost doubled for smaller percentages of impervious treated area and 

remains higher than GR as the treated area increases (up to 55%). 

In Figure 3.11, a sensitivity analysis of PFR percentages to LID types was showed, again 

for a MIT of 6 hours and percentages of impervious treated area. A comparison between 

LID scenarios must be performed to highlights which LID combination provide the best 

performance. In this case, the comparison was achieved by analyzing the PFR capability 

for unit of impervious treated area. The results in Figure 3.11 were shown only for one 

single LID type at time (GR and RG), except for the scenario GR+CS. The runoff reduction 

of multiple LID combinations (GR+RG, and GR+CS+RG) cannot be compared because 

single LID types are installed in different land uses and refer to different HRU areas. 

Indeed, SWAT-LID module allows to assign only one LID type in a single HRU at a time, 

i.e. in a single land use type. Only GRs and CS can refer to the same land use area but 

with different design elevations.  

Therefore, only the combination of GR, RG, and GR+CS can be considered, and the PFR 

percentages of every scenario need to be divided over the whole impervious area where 

the LID combinations install. First, the PFR percentages per unit of HRU area decreases 

in every graph as the percentage of impervious treated area increases. The maximum PFR 

is 1.3% for the GR+CS configuration if the 25% of the impervious is treated (Figure 3.11a). 

The maximum PFR reduces to 0.35% in Figure 3.11d, where the GR+CS combination is 

introduced on the 100% of the impervious area. The PRF reduces because, as similar 

rainstorm intensity, the increasing percentages of impervious area within the treated 

HRU plays a bigger role than increasing the PFR capability. Second, up to 50% of 

impervious area treated (Figure 3.11a, 3.11b), the GR + CS scenario produces higher PFR 

effects than RG and GR used alone. 



61 

 

 

 

Figure 3.11. Percentages of flow peak reduction for unit of impervious HRU treated area, 

associated with classes of rainstorm event intensities that were calculated with a MIT of 

6 hours. Effects of increasing percentages of impervious treated area within an HRU are 

shown for the studied LID types. The mean rainstorm total volume trend with respect to 

the intensity of each storm event is also shown. 

 

Moreover, RG works better than GR for all rainstorm intensities. Third, the treatment gap 

between every LID combination decreases continuously as the percentage of treated area 

increases. For percentages of treated area above 50%, the PFRs for unit of treated area are 

higher in GR than RG for small rainstorm event intensities, and the way around. Again, 

as cistern storage areas are progressive filling, the GR+CS curve of PFR become closer to 

the one of a single GR configuration. Likewise, between 75% and 100% or impervious 

treated area, GR, and GR + CS combinations show similar effect on runoff reduction 

(Figure 3.11d). 



62 

 

3.2.2. Peak Flow Reduction by return period analysis 

This part analyzes the long-term PFR capabilities provided by different LID scenarios, 

with an approach based on return periods of annual maximum peak flow. Figure 3.12 

shows the results from the approach followed in this study by fixing every LID 

combination and making a sensitivity analysis regarding the percentages of impervious 

treated area.  

 

Figure 3.12. Percentage of Flow Peak Reduction associated to the maximum annual 

runoff with different Return Periods. Effects of increasing percentages of impervious 

treated area inside every HRU are shown for the five LID combinations.  

 

The results show that in GR the PFR capability decreases as the return periods of runoff 

increases, i.e., with higher annual maximum peak flows. The runoff treatment capacity 

increases when the fraction of impervious treated area increases except for the GR+CS 

configuration (Figure 3.12c), in which the opposite occurs. This can be explained as in 

Sub-section 3.1 for Figure 3.10c: the hydrological processes in this configuration during 
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runoff treatment, for peak flow associated with higher rainfall intensities like the annual 

maximum here analyzed, decreases the potential of PFR as the HRU fraction treated 

increases. On the contrary, the single RG configuration (Figure 3.12b) provides peak flow 

treatment more stable as the return period increases.  Likewise, every LID combination 

exhibits a PFR plateau for annual maximum peak flows with return periods above 50 

years. Table 3.5 presents the mean annual peak flow reduction for 500 years and for every 

LID scenario. This calculation was performed since hydrological efficiency uses single 

short-term design storms and does not reproduce the average performances during the 

long-term analysis. It can be argued that the best PFR capacity, regarding annual 

maximum peak flows, is provided by the GR+RG and GR+CS+RG configurations. For 

example, when 100% of impervious area is treated, the PFR of annual maximum peak 

flows ranges from 98% to 65% as the return period moves from 1 to 500 years, and the 

mean PFR reduction of annual maximum peak flows is 80%.  

 

Table 3.5. Mean of annual Flow Peak Reduction percentages over the 500-years period 

analyzed. 

 

LID SCENARIO 

MEAN 

ANNUAL 

PEAK FLOW 

REDUCTION 

[%] 

GR – 25 8.4 

GR – 50 15.7 

GR – 75 22.7 

GR – 100 29.7 

RG – 25 14 

RG – 50 27.4 
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RG – 75 40.7 

RG – 100 54 

GR+CS – 25 39.3 

GR+CS – 50 36.2 

GR+CS – 75 32.9 

GR+CS – 100 29.7 

GR +RG – 25 22 

GR+RG – 50 43 

GR+RG – 75 63.4 

GR+RG – 100 80 

GR+CS+RG – 25 53.5 

GR+CS+RG – 50 63.7 

GR+CS+RG – 75 73 

GR+CS+RG – 100 82 

 

 

 

3.2.3. Limitations and future developments 

This section used a not-calibrated SWAT model. In the study area, only observed data 

collected by two sewer gauge stations were available for three pluvial flood events 

occurred in 2014 but they cannot be used to calibrate the model. Calibration processes 

would be needed to ensure the suitability of the assumptions and they must be 

incorporated if available. Nevertheless, since the study focuses on the analysis of runoff 

differences between different LID scenarios located across the study watershed the 

baseline scenario can be set as the referring state of every LID combination output and 

thus, the no-calibration issues can be overcome. In addition, the SWAT model does not 

need flow calibration to determine relative changes induced by land use modification on 

the main urban hydrological processes [105,106,107]. Despite these limitations, the 
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proposed methodology may provide a useful tool for hydrological LIDs design. This 

study bases on a unique stochastic rainfall generator model to simulate sub-daily rainfall 

records from observed data. Nevertheless, RainSim V.3. is a stationary stochastic model, 

therefore 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 not-stationary stochastic rainfall generator may be an interesting 

future choice since global climate change may affect the urban micro-climate and have 

implications for designing stormwater and flood control measures for watershed 

management [108,109]. Therefore, these considerations may limit the generalization of 

the results and conclusions. 
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4. CONCLUSIONS 

In sub-section 3.1, a temporal disaggregation methodology of daily rainfall records was 

proposed by using the stochastic spatial-temporal model RainSim V.3. The study 

provides a methodology to calculate volumetric percentiles Nx and Vx based on definition 

of independent rainstorm events according to different minimum inter-storm time (MIT) 

and storm volume threshold values. The ability of the stochastic disaggregation 

methodology to estimate rainfall volumetric percentiles commonly used in hydrological 

design of SuDS, was analyzed. The effect of different MIT and storm volume threshold 

values on simulated rainfall volumetric percentiles was also investigated. The stochastic 

model was validated based on key characteristics of sub-hourly observed rainfall patterns 

using three quantitative indices for objective comparison. Despite the obtained results 

and conclusions are restricted to the selected rain gauge, the study clearly highlights that: 

• Using a MIT and a storm volume threshold equal to 24 h and 0.5 mm respectively, 

simulated sub-hourly rainfall series show better performance than observed daily 

rainfall for the Florence dataset. Results are compared in terms of key 

characteristics of rainfall patterns and rainfall volumetric percentiles. 

• The stochastic disaggregation model allows the use of sub-hourly MIT values in 

the process. Therefore, the issue of being able to consider only MIT values equal 

to 24 h multiples in engineering practice can be overcome. By using a MIT equal 

to 12 h and a storm volume threshold of 0.5 mm, results in terms of key 

characteristics of rainfall series and number of rainstorm events, improve 

comparing with the observed ones obtained with 24 h MIT. 

• Nx simulated percentiles are very sensitive to MIT and storm volume threshold 

values. Consequently, these parameters should be carefully selected to ensure the 

representativeness of the study. Nevertheless, Vx simulated percentiles show 

dependence regarding MIT values but not regarding storm volume threshold. 
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These outcomes can be used in the hydrological design of different types of SuDS 

facilities that deals with different water treatment purposes. 

• The proposed methodology produces a probability distribution of design 

parameters rather than one single deterministic value. This opens the field for 

doing probabilistic design (for instance, based on percentiles of the design 

parameters) and for doing uncertainty analysis (by exploring the sensitivity of the 

design to different values in the probability distribution of the design parameters). 

The study of influence of different climates on results using a considerable amount of 

rain gauge stations, should be the subject of a specific study. Nevertheless, non-

stationarity in stochastic generation of rainfall series, considering effects of global 

warming and climate change, should be considered for future developments. 

 

In sub-section 3.2, a long-term analysis of LID effects at urban watershed scale was 

carried out by coupling the stochastic spatial-temporal model RainSim V.3. and the Soil 

and Water Assessment Tool (SWAT). The study provides a methodology to i) implement 

several LIDs scenarios by using the SWAT-LID module, changing the type of facilities, 

and varying the percentage of impervious area retrofitted; ii) analyze the maximum peak 

flow reduction of every LID scenario both using a flow event and an annual approach 

over a 500-year hydrological simulation. In the flow event analysis, the peak flow 

reduction percentages of every LID combination were associated with corresponding 

rainstorm event intensity classes. The capability of LID scenarios to reduce the annual 

peak flow was analyzed using a return period approach of annual maximum flow events. 

The stochastic model used to generate the long-term rainfall data input was validated 

based on key characteristics of sub-hourly observed rainfall patterns. Independent 

rainstorm and flow events were extracted according to different minimum inter-storm 

time (MIT). In addition, a sensitivity analysis of peak flow reduction to different LID 
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types and percentages of impervious area treated was explored. Despite the obtained 

results and conclusions are restricted to the selected rain gauge and urban watershed 

area, the study clearly highlights that: 

- The stochastic methodology allows to use sub-daily MITs to separate independent 

rainstorm and flow events. Nevertheless, for every LID type analyzed, the curves 

of peak flow reduction associated with rainstorm event intensity classes are not 

sensitive to different sub-daily MIT values when percentages of impervious area 

treated changes.  

- Hydrological benefits of LIDs at watershed-scale can be proportional or not to 

what observed for single facilities, depending on several synergically physical 

process that occurs in multiple LIDs joined together. For rainstorm events of small 

and medium intensity: (i) single LID configurations GR and RG offers lower peak 

flow reduction capacity compared with combinations of LIDs, and the treatment 

capacity increase with number of LIDs added; (ii) the configurations GR+RG and 

GR+RG+CS produce comparable peak flow reduction capacity when higher 

percentages of impervious area treated are reached. Otherwise, for rainstorm 

events of higher intensities: (a) the RG scenarios offer better performances 

compared with GR; (b) performances of the configuration GR+CS drops down; (c) 

configuration GR+RG and GR+RG+CS produce comparable treatment capacity for 

higher percentage of area treated.  

- The proposed methodology allows also to associate the sampling return period of 

every annual maximum flow peak event among the entire long series analyzed, 

with corresponding peak flow reduction percentage. For every LID combination, 

peak flow reduction percentages decrease moving from lower to higher return 

periods. Higher percentages of impervious area treated exhibits growing peak 

flow reduction except for the GR+CS combination.  
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These outcomes can be used to overcome short-term rainfall data input issue in the 

hydrological design of different LID types that deals with peak flow reduction. The 

stochastic methodology proposed can offer then a contribution to the analysis of several 

LID scenarios hydrological behavior in watershed-scale over hundred years of 

discontinuous wet and dry periods. Nevertheless, for future development it is necessary 

to consider non-stationarity in the stochastic generation of sub-hourly rainfall series to 

take into consideration climate change effect. 

 

To conclude, the results achieved in the first part of the thesis demonstrate that the 

proposed stochastic temporal disaggregation methodology generates key characteristics 

of rainfall patterns and rainfall numeric and volumetric percentiles Nx and Vx, statistically 

closer to the ones calculated with observed sub-hourly rainfall series than using directly 

daily observed rainfall data. The potentiality of the proposed methodology to use sub-

daily MIT (Minimum Inter-event Time) values during the independent rainfall events 

extraction from rainfall series was also demonstrated and tested by a sensitivity analysis 

of Nx and Vx to several MIT and storm volume threshold values.  

Moreover, in the second part of the thesis the stochastic disaggregation approach 

achieved during the first part was coupled to the urban hydrological model SWAT to 

simulate SUDs impact on urban hydrological processes. The thesis quantified the 

hydrological performance of 20 LID scenarios, composed as combinations of different 

LID types (green roofs, cisterns, and rain gardens) and percentages of impervious area 

retrofitted.  Moreover, the peak flow reduction of every single flow event, as well as the 

peak flow reduction of annual maximum flow event extracted from the long-term 

stochastic analysis, were analyzed for every scenario. A method to quantify them was 

shown based on statistical analysis of long-term continuous simulations.  
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Results showed that, during a 500-years long hydrological simulation of various LID 

scenarios, spatial effects of green infrastructures on peak flow reduction are not 

directly related to the ones obtained with at site single LID application. This is due to 

synergies and hydrological connections that occurs between multiple facilities when 

the percentage of impervious area treated increase. Nevertheless, the correct 

representation of several dry and wet period during the 500-year long simulation 

plays of a big role in hydrological connection of increasing retrofitted area.  

This works gives a novelty contribution on using a downscaling methodology in 

SUDs design and investigation of hydrological behavior in long-term analysis.  

This thesis has shown that SUDs are useful technologies for controlling urban 

stormwater and runoff. However careful design is necessary if optimal results are to 

be achieved and good engineering design is critical when unexpected outcomes such 

as increased groundwater flooding should be avoided. 
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