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• Developed equations can be used to es-
timate the average runoff and its 
probability. 

• The study examines the influence of the 
model parameters on the results. 

• The analysis considers the pre-filling of 
the storage volume from previous 
events. 

• System performance depends closely on 
the infiltration rate into the soil. 

• The thickness of the storage layer in-
fluences the probability of runoff.  
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A B S T R A C T   

One of the most current and urgent challenges is making cities sustainable and resilient to climate change. From 
this perspective, Nature-Based Solutions (NBSs) are well-recognized strategies for stormwater control and water 
cycle restoration. Urban trees are an example of NBS. However, the high degree of soil sealing typically found in 
urban environments limits natural processes such as infiltration and hinders the water and nutrient supply for 
proper root development, which weakens tree stability. Permeable pavements at the base of urban trees, on the 
one hand, facilitate infiltration, which helps runoff control, and on the other hand, improve stormwater retention 
and soil humidity, which enhance root feeding. 

This paper proposes an analytical-probabilistic approach to estimate the contribution of permeable pavements 
to stormwater management. The equations developed in this study relate the runoff probability to the storage 
volume, the infiltration rate into the underlying soil, and the average values of the hydrological variables in the 
input. The model allows us to select different runoff thresholds and considers the possibility that residual volume 
from previous rainfall events prefills the storage capacity. 

An application to a case study in Sao Paulo (Brazil) has been presented. It investigates the influence of the 
different parameters used in the model on the results. The comparison of the outcomes obtained using the 
developed equations with those obtained from the continuous simulation of measured data confirmed the 
effectiveness of the proposed analytical-probabilistic approach and the suitability of using permeable pavements 
at the base of urban trees for improving stormwater retention.  

* Corresponding author. 
E-mail addresses: anita.raimondi@polimi.it (A. Raimondi), giacomo.marrazzo@polimi.it (G. Marrazzo), umberto.sanfilippo@polimi.it (U. Sanfilippo), gianfranco. 

becciu@polimi.it (G. Becciu).  

Contents lists available at ScienceDirect 

Science of the Total Environment 

journal homepage: www.elsevier.com/locate/scitotenv 

https://doi.org/10.1016/j.scitotenv.2023.167196 
Received 9 May 2023; Received in revised form 15 September 2023; Accepted 16 September 2023   

mailto:anita.raimondi@polimi.it
mailto:giacomo.marrazzo@polimi.it
mailto:umberto.sanfilippo@polimi.it
mailto:gianfranco.becciu@polimi.it
mailto:gianfranco.becciu@polimi.it
www.sciencedirect.com/science/journal/00489697
https://www.elsevier.com/locate/scitotenv
https://doi.org/10.1016/j.scitotenv.2023.167196
https://doi.org/10.1016/j.scitotenv.2023.167196
https://doi.org/10.1016/j.scitotenv.2023.167196
http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2023.167196&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Science of the Total Environment 905 (2023) 167196

2

Acronyms and symbols1 

SDGs Sustainable Development Goals 
NBS Nature-Based Solution 
GI Green Infrastructures 
SUDS Sustainable Urban Drainage Systems 
LID Low Impact Development 
IETD Inter Event Time Definition 
PDF Probability Density Functions 
i position index of the generic rainfall in the continuous series 

of events 
wi water content in the storage volume at the end of the generic 

rainfall event*1 

wmax storage volume of the gravel aggregate* 
p porosity of the gravel aggregate 
hmax thickness of the gravel aggregate 
vi runoff at the end of the generic rainfall event 
v̄ runoff threshold 
q infiltration rate 
N number of chained rainfall events 
IA Initial Abstraction 
h rainfall depth 
d interevent time 
θ rainfall duration 
μθ average rainfall event duration 
μh average rainfall event depth 
μd average interevent time 
σh standard deviation of rainfall depth 
σd standard deviation of interevent time 
σθ standard deviation of rainfall duration 
Vh coefficient of variation of rainfall depth 
Vd coefficient of variation of interevent time 
Vθ coefficient of variation of rainfall duration 
ρh,θ correlation index between rainfall depth and duration 
ρh,d correlation index between rainfall depth and interevent time 
ρd,θ correlation index between interevent time and rainfall 

duration 
X number of rainfall events 
E expected number of events exceeding the runoff threshold 
vTOT total runoff volume* 
vm average runoff volume* 
p(v) runoff probability density function 
P(v) runoff cumulative distribution function 
r area ratio 
A catchment area 
AI infiltration area 
φ runoff coefficient 
T return period 
η performance of the system on stormwater runoff control 

1. Introduction 

Urban areas must adapt to the critical issues posed by climate 
change, population growth, and a lack of sustainability. These include 
water supply during drought periods, stress on drainage systems during 
heavy rainfall, and the vulnerability of water resources to pollution. 
Sustainable stormwater management and control and environmental 
protection are among the seventeen Sustainable Development Goals 
(SDGs) of the United Nations Agenda 2030 (Goal 6, “Clean water and 
sanitation”, Goal 11, “Sustainable cities and communities”, and Goal 13, 
“Climate action”). The International Union for Conservation of Nature 
(IUCN) points to NBSs as the leading solutions since their actions, 

inspired by nature and supported by modern technologies, promote 
environmental, social, and economic benefits to build resilient systems. 
Urban trees are an effective NBS, providing several advantages such as 
heat island reduction, noise and pollution control, biodiversity increase, 
and landscape improvement (Livesley and McPherson, 2016; Nowak 
et al., 2014). For example, New York has promoted the “1 million Tree 
Initiative” (Campbell, 2014); Beijing realized peri-urban parks for a 
surface equal to 90 times the Olympic Village (Yao et al., 2019); and 
London aims to reduce the PM10 concentration by about 10 % through 
urban green areas (Tiwary et al., 2009). Moreover, urban trees facilitate 
stormwater runoff control and water cycle restoration (Berland et al., 
2017; Ruangpan et al., 2020). These beneficial effects are well-known 
and studied in the literature (Alivio and Bezak, 2023; Konijnendijk 
et al., 2006). Tree leaves, branches, and trunk surfaces provide inter-
ception; their contribution varies sharply within species, tree size, leaf 
area, leaf smoothness, and bark thickness and roughness (Xiao and 
McPherson, 2016; Van Stan et al., 2015; Xiao et al., 2000). Roots 
withdraw water from the soil, which is then released through transpi-
ration by the pores or stomata on the leaf surface. Their growth and 
decomposition processes also increase the soil infiltration capacity and 
rate, thus facilitating preferential flow and aquifer recharge (Bartens 
et al., 2008; Alivio and Bezak, 2023). Despite these recognized benefits, 
urban trees can be a source of risk due to unstable root anchoring; the 
soil sealing, typical of the urban environment, limits water and nutrient 
supply, preventing proper root development (Blunt, 2008). Another 
critical issue about urban trees is street pavement damage when tree 
roots raise in search of humidity (Brady and Weil, 2014; Barone and 
Ferreira, 2019). 

The use of permeable pavements at the base of urban trees increases 
stormwater infiltration, thus helping root development and control of 
runoff (Mullaney et al., 2015; Ishimatsu et al., 2017). They provide 
stormwater storage, positively influence soil humidity, and favor 
groundwater recharge (Scholz and Uzomah, 2013; Johnson, 2015). 
Permeable pavements are among the most used Low Impact Develop-
ment (LID) systems since they are part of the street furniture, such as 
sidewalks, etc., and do not require any additional space (Wang et al., 
2019). The positive effect of permeable pavements at the base of urban 
trees has been well documented by many authors in the literature. 
Mullaney et al. (2015) concluded that the underlying base layers are 
essential for tree growth when permeable pavements are on poorly 
draining soils, as they positively affect soil moisture and temperature 
and leaf nutrients status. Results of a study by Fini et al. (2017) high-
lighted that all types of pavements altered the water cycle compared to 
unpaved soil and that the beneficial effects also depended on the planted 
species. Morgenroth and Visser (2011) found that porous pavements 
increased stem height, diameter, and biomass due to their permeability 
to air and water. Results of experimental measurements by Volder et al. 
(2009) underlined that lots treated with permeable concrete had higher 
soil water content than lots with standard concrete in the deeper soil 
layers in some seasons. Lucke et al. (2011) and Lucke and Beecham 
(2019) quantified the long-term performance of permeable pavements 
in reducing stormwater flows and pollution loads, reducing the inci-
dence of structural damage to pavements by tree roots, and favouring 
healthier and faster-growing trees under typical Australian conditions. 
They concluded that gravel layers encouraged tree roots to travel deeper 
into the underlying subgrade soil, and this positive effect increases as the 
layer thickness increases. A study by Medina Camarena et al. (2022) 
highlighted that runoff control provided by permeable pavements varies 
according to soil compaction, infiltration rate, soil type, and system 
configuration. To maximize the performance of the system, regular 
maintenance must be provided to ensure full storage capacity and avoid 
clogging (Winston et al., 2016). 

The design of permeable pavements is often based on standard pro-
cedures or simplified methods (Weiss et al., 2019). Several methods 
have been proposed in the literature to model runoff from permeable 
pavements, among them the Curve Number Method (Leming et al., 1 *Volumes are intended for unit of area (water depth). 
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2007; Madrazo-Uribeetxebarria et al., 2022), numerical models (Eck 
et al., 2011; Huang et al., 2015), simulation models (Zhang and Guo, 
2015; Arjenaki et al., 2021), and experimental studies (Alsubih et al., 
2017). 

This paper investigates the reduction of stormwater runoff provided 
using permeable pavements by an analytical-probabilistic approach. 
The developed equations relate the probability of runoff to the retention 
volume provided by the permeable pavement, the hydrological input 
variables, and the infiltration rate into the underlying soil. The method 
combines the ease of implementation of design storm methods with the 
reliability of continuous simulation, with no need for long series of 
recorded data. The analytical-probabilistic approach for the modeling of 
urban drainage systems was first proposed in the 1990s (Adams and 
Papa, 2000; Guo and Adams, 1998). In recent years, it has been applied 
to Sustainable Urban Drainage Systems (Raimondi et al., 2022; Aldrees 
and Danazumi, 2023), such as green roofs (Zhang and Guo, 2013; Rai-
mondi and Becciu, 2021; Raimondi et al., 2021), permeable pavements 
(Guo et al., 2018; Cao et al., 2023b), and rainwater harvesting systems 
(Becciu et al., 2018; Di Chiano et al., 2023). This enabled testing the 
method under different climatic regimes and outflow rate scenarios. 

Very often, most of the analytical-probabilistic approaches presented 
in the literature consider only partially the possibility of residual volume 
from previous events pre-filling the storage capacity or even neglect this 
possibility (Guo and Adams, 1998; Chen and Barry, 2007). When a low 
outflow rate occurs, as in the case of NBSs, discharged by slow-release 
processes such as infiltration and/or evapotranspiration, the pre-filling 
of the retention volume can be due to a chain of previous N rainfall 
events. 

The equations developed in this study keep into account the possi-
bility of pre-filling from previous rainfall events, allow the setting of a 
runoff threshold to estimate the exceeding probability, and incorporate 
in the formulation the stormwater runoff from contributing areas. They 
enable the estimation of the average and cumulative runoff volumes 
over a chosen period and the evaluation of the performance of the sys-
tem. Some existing analytical probabilistic models present some of these 
functions, but in this case, they are combined and included in a 
comprehensive formulation, making the assessment of the permeable 
pavement performance more complete. The proposed equations can be 
used to assess the performance of permeable pavements on stormwater 
runoff control and the influence of the main parameters influencing the 
process. They can also be used for the design to identify the required 

thickness of the gravel aggregate once an acceptable probability of 
runoff and the porosity of the filling material have been defined. The 
application to a case study in Sao Paulo (Brazil) and the comparison of 
results obtained by the application of the developed equations with 
those obtained by the continuous simulation using a series of recorded 
data has confirmed that the proposed method is robust and accurate for 
the modeling of the runoff from permeable pavements. 

2. Material and methods 

A scheme of permeable pavement integrated at the base of an urban 
tree was presented in Fig. 1. 

The main layers composing a permeable pavement are the surface 
paving, the permeable layer, and the gravel aggregate. Since the goal of 
this paper is the probabilistic estimation of stormwater runoff control, 
the focus is on the gravel aggregate, which is the layer that provides the 
retention capacity (Marchioni et al., 2021; Leming et al., 2007; Smith, 
2011). The thickness of the gravel aggregate (hmax) to ensure a storage 
volume is linked to the porosity (p) of the material constituting the layer 
by the following relation: 

wmax = hmax • p (1) 

The stormwater retained by the surface paving is then evaporated; 
the model enables us to consider this component as an Initial Abstraction 
(IA). The influence of the groundwater table has been neglected; this is 
because the water balance refers to the first 1–2 m below the ground 
level, and when considering infiltration, the minimum aquifer level 
should be at least 1 m below the deeper layer of the system. The 
assumption is suitable for permeable pavements below urban trees since, 
in the soil profile, 90–99 % of the total root length is in the upper 1 m of 
soil (Gasson and Cutler, 1990). 

Depending on the infiltration rate into the underlying soil the infil-
tration can be full or partial (Muttuvelu and Kjems, 2021). In Fig. 1, the 
case of full infiltration was considered. In the case study, different values 
of the parameter will be considered to evaluate the suitability of this 
solution. 

To estimate the probability of runoff from permeable pavements at 
the base of urban trees, the analytical equation of the runoff volume at 
the end of a generic rainfall event (vi) was at first defined: 

vi =

⎧
⎪⎪⎨

⎪⎪⎩

wi− 1 − q • di− 1 + hi + r⋅hi − IA − q • θi − wmax Case 1
hi + r⋅hi − IA − q • θi − wmax Case 2;Case 3
hi + r⋅hi − IA − q • di− 1 − q • θi Case 4
0 Otherwise

(2)  

Case 1 : wi− 1 ≤ wmax;wi− 1 > q • di− 1;wi− 1 − q • di− 1 + hi + r⋅hi − IA − q • θi

> wmax  

Case 2 : wi− 1 ≤ wmax;wi− 1 ≤ q • di− 1; hi + r⋅hi − IA − q • θi > wmax  

Case 3 : wi− 1 > wmax;wmax ≤ q • di− 1; hi + r⋅hi − IA − q • θi > wmax  

Case 4 : wi− 1 > wmax;wmax > q • di− 1;wmax − q • di− 1 + hi + r⋅hi − IA − q • θi

> wmax 

In Eq. (2), the subscript i is the position index of a generic event in the 
series, wi-1 is the water volume stored at the end of a generic event i-1, di- 

1 is the dry time between the event i-1 and the event i, θi is the rainfall 
duration of the event i, and r is the ratio between the catchment area A 
and the infiltration area AI (r= A/AI). 

Case 1 is the condition of no overflow by event i-1 and prefilling of 
the storage capacity at the beginning of event i. Case 2 is the condition of 
no overflow by event i-1 and no prefilling of the storage capacity at the 
beginning of event i. Case 3 is the condition of overflow by event i-1 and 

Fig. 1. Permeable pavement integrated at the base of an urban tree; focus on 
the main layers (h: rainfall depth; v: runoff; q: infiltration rate; wmax: storage 
volume of the gravel aggregate layer). 
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no prefilling of the storage capacity at the beginning of event i. Case 4 is 
the condition of overflow by event i-1 and prefilling of the storage ca-
pacity at the beginning of event i. 

The stormwater volume stored in the permeable pavement at the end 
of the generic event wi is: 

wi =

⎧
⎪⎪⎨

⎪⎪⎩

wi− 1 − q • di− 1 + hi + r⋅hi − IA − q • θi Case 5
hi + r⋅hi − IA − q • θi Case 6
wmax Case 7,Case 8
0 Otherwise

(3)  

Case 5 : wi− 1 − q • di− 1 > 0; 0 < wi− 1 − q • di− 1 + hi + r⋅hi − IA − q • θi

< wmax  

Case 6 : wi− 1 − q • di− 1 ≤ 0; 0 < hi + r⋅hi − IA − q • θi < wmax  

Case 7 : wi− 1 − q • di− 1 ≤ 0;hi + r⋅hi − IA − q • θi ≥ wmax  

Case 8 : wi− 1 − q • di− 1 > 0;wi− 1 − q • di− 1 +hi + r⋅hi − IA − q • θi ≥ wmax 

Case 5 is the condition of storage volume prefilling the at the 
beginning of event i and no overflow by event i. Case 6 is the condition of 
no prefilling of the storage capacity at the beginning of event i and no 
overflow by event i. Case 7 is the condition of no prefilling at the 
beginning of event i and overflow by event i. Case 8 is the condition of 
prefilling at the beginning of event i and overflowing by the end of event 
i. Fig. 2 shows the two scenarios of no residual volume rather than some 
residual volume remaining from previous rainfall events at the begin-
ning of the next one. In the first case, of course, the time to discharge the 
stored volume is shorter than the inter-event time. In the second one, the 
time to discharge the stored volume is longer than the interevent time, 
and therefore the storage volume is pre-filled from the previous event at 
the beginning of the new rainfall. 

The model considers rectangular rainfall events and constant outflow 
rates. This last parameter was assumed to be equal to the infiltration rate 
at saturation in favor of safety when considering runoff from permeable 
pavements. The model can be applied theoretically at any spatial scale 
(single building, urban centre, or even large basin). The simplifying 
assumption of neglecting the effects of peak flow reduction due to 
catchment routing is suitable for small contribution areas, characterized 
by negligible concentration time. The hypothesis can be cautiously 
extended to larger catchments, involving an overestimation of the 
storage volume. In this study, the catchment is the area of permeable 
pavement at the base of urban trees. The model also includes the con-
tributions of the neighbouring areas. The terrain slope has not been 

considered since it is negligible in the slow or flat areas, which are 
typical for the installation of permeable pavements. 

From the continuous chain of rainfalls, independent events were 
identified by the definition of a Minimum InterEvent Time (MIET), often 
called Inter Event Time Definition (IETD) in literature; if the interevent 
time between two consecutive rainfall events was lower than IETD, then 
these two events have been joint. The compound event has depth equal 
to the sum of the two single depths and a duration equal to the sum of the 
two durations plus the dry time between the two events. On the con-
trary, when the interevent time between two consecutive rainfall events 
was higher than IETD, the two events were considered separate. 

Fig. 2. Consecutive rainfall events without and with prefilling of the storage capacity from previous events.  

Fig. 3. Flow chart of the analytical probabilistic model developed for the 
estimation of the runoff probability from permeable pavements. 
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The input hydrological variables to the model rainfall depth h, 
rainfall duration θ, and interevent time d, were considered exponentially 
distributed: 

fh = ξ • e− ξ•h (4)  

fθ = λ • e− λ•θ (5)  

fh = ψ • e− ψ•(d− IETD) (6) 

With: = 1/μθ, ξ = 1/μh, and ψ = 1/(μd − IETD). 
μθ, μh and μd are respectively the average rainfall depth, average 

duration and interevent time. 
Although, depending on the rainfall regime, other PDFs, such as the 

Weibull, double-exponential, and Gamma, were demonstrated to be 
suitable for fitting the series of recorded data (Balistrocchi and Bacchi, 
2011), this hypothesis proved not to affect the reliability of results 
(Becciu and Raimondi, 2012). In addition, the exponential PDF is easy to 
derive and only requires knowledge of the average value of the input 
variables. 

Another assumption of this method is that it considers the hydro-
logical variables independent. While both the correlation between 
interevent time and rainfall duration and the correlation between 
interevent time and rainfall depth are often negligible, the correlation 
between rainfall depth and duration can be significant. In literature, the 
copula functions overcome this limit by considering bivariate variables 
(Salvadori and De Michele, 2007; Zhang and Singh, 2007). Previous 
applications of the analytical-probabilistic approach showed that the 
assumption of independence among rainfall variables did not influence 
the goodness of results (Raimondi and Becciu, 2015). 

In the modeling, two conditions were distinguished:  

- wmax/q ≤ IETD: the time needed to empty the storage volume is 
lower than IETD, so the retention capacity is fully available at the 
beginning of each rainfall event; the model considers a single event 
(N = 1) isolated from the rainfall series.  

- wmax/q > IETD: the time needed to empty the storage volume is 
higher than IETD, so there is the possibility that the storage volume is 
partially pre-filled from previous rainfall events (N > 1). 

This second condition is typical of systems with low outflow rates or/ 
and short interevent time. For wmax/q ≤ IETD, the probability that 
runoff exceeds a fixed threshold (v̄) is: 

Pv1 = Prob(v > v̄) =
∫ ∞

h=wmax+v̄+IA+q•θ
1+r

fhdh •

∫ ∞

θ=0
fθ dθ = γ • e−

ξ
1+r•(wmax+v̄ + IA)

(7)  

with γ =
λ•(1+r)

λ•(1+r)+q•ξ. 
For wmax/q > IETD, the probability that runoff exceeds a fixed 

threshold (v̄) is: 

(8) 

with βn = − 1
q•ξ•(n− 1)+n•ψ•(1+r) and β*

n = 1
q•ξ•(n− 2)+ψ•(n− 1)•(1+r). 

For N = 2, Eq. (8) results: 

Pv2 = γ •
{(

1 − β′
2

)
•
[
e−

ξ
2•(1+r)•(q•IETD+v̄

+ wmax + IA)
]
+ β′

2

• eψ•IETD− (v̄ + wmax + IA) •
(

ψ
q
+

ξ
1 + r

)}
(8’)  

with β′
2 =

ξ•q
q•ξ+2•ψ•(1+r). 

Each term in the sum of Eq. (8) is related to the condition explained 
by Case 5, Case 6, and Case 7 and Case 8 of Eq. (3). The details of the 
procedure to derive Eqs. (7) and (8) are presented in the Appendix 
section. 

The runoff threshold v̄ enables us to verify if the runoff volume is 
acceptable for the drainage capacity of the downstream network and to 
evaluate the potential effects of flooding. Fig. 3 summarizes the flow 
chart of the main steps of the proposed analytical-probabilistic approach 
for the estimation of the probability of runoff from permeable pave-
ments. The proposed equations can be used to assess the performance of 
existing systems or for the design of the retention volume. 

If X is the average number of rainfall events occurring in the 
considered period, the expected number of events E above the fixed 
threshold can be estimated by: 

E = X • P(v̄) (9) 

The mean value of the runoff volume (vm) is: 

vm =

∫

v̄

∞v • p(v)dv (10)  

being p(v) = dP(v)/dv the PDF of P(v). 
Considering X events, the total runoff volume (vTOT) is: 

vTOT = X⋅vm = X⋅
∫

v̄

∞v • p(v)dv (11) 

The ratio between the runoff and the rainfall depth allows us to 
evaluate the performance η of the system on stormwater runoff control: 

η = 1 −
v
h

(12) 

where η can range between 0 and 1. For η=1 a total stormwater 
runoff control occurs. Eq. (12) can be used for both a single event and for 
a series of events during a given period of time. 

3. Case study 

The proposed approach was applied to the city of Sao Paulo (Brazil). 
The municipality of Sao Paulo counts 646,310 trees planted along the 
road system (17,800 km) of its 32 boroughs (Sao Paulo Cidade, 2015). 
Soil sealing limits stormwater infiltration and prevents proper root 
feeding and development. The unsteady anchor is one of the main causes 
of trees falling (Jim, 2017). In the Municipality of Sao Paulo, this issue is 
of great concern; in the period 2014–2020, 18,194 trees fell and 776 fell 
in the summer of 2021 alone (Marchioni et al., 2022a, 2022b). Rosa 
et al. (2018) concluded that between 2016 and 2018 in Sé Sub-
prefecture, 68 % of trees fell for root rupture. Decree number 52.903/12 
of Sao Paulo Municipality established that public sidewalks must have a 
minimum width of 1.20 m free of obstacles for pedestrians. Decree 
number 49.904/05 established that when present, the service lane 
intended for urban furniture and vegetation must be at least 70 cm wide. 
Thus, trees are planted only on sidewalks with a minimum width of 1.90 
m. Integrating infiltration systems, such as permeable pavements at the 
base of urban trees, as alternatives to impervious pavements can 
improve urban tree well-being and help to control runoff and restore the 
water cycle. When adequate soil humidity is guaranteed, tree roots can 
better develop, reducing the risk of falling. 

According to Köppen and Geiger (Kottek et al., 2006), the climate in 
the city of Sao Paulo is classified as CFA (warm and temperate). The 
average annual rainfall (P) is about 1356 mm, with significant 
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pluviometry variations throughout the year: the driest month is August, 
with an average rainfall of 40 mm; the most rainfall concentrates in 
January, with an average rainfall depth of 228 mm and a mean of 17 
rainy days. The average annual temperature (T) is 19.5 ◦C, with an 
average temperature of 22.5 ◦C in February, the warmest month of the 
year, and an average temperature of 16.2 ◦C in July, the coldest month. 
The relative humidity (U) is over 70 %. The lowest measured value is 
74.15 % (in August), while the highest is 83.95 % (in March). Table 1 
summarizes data about the climate in Sao Paulo in the 1991–2021 
period. 

The city of Sao Paulo is affected by climate change and suffers 
increased temperatures. The results of a study by Gozzo et al. (2019) 
have foreseen an increase in temperature from 1 to 2 ◦C for the 
2010–2030 period, from 2 to 3 ◦C for the 2040–2050 period, and of 4 ◦C 
for the 2080–2090 period. The increase in temperatures is often asso-
ciated with an increase in high-intensity rainfall events and drought 
periods (WMO, 2021). Schardong and Srivastav (2014) expected 
extreme events to increase by >30 % (100-years return periods) in the 
city of Sao Paulo. In this study, the rainfall data are those provided by 
the Fundação Centro Tecnológico de Hidráulica recorded at rainfall 
station number 273 (located at the mouth of the Pirajuçara stream). 
Data were recorded from May 2007 to October 2017, with a time step of 
10 min and a resolution of 0.2 mm. 

A monthly scale was used for the analysis. It resulted in the most 
suitable solution since it allows us to consider the variability of the 
rainfall and climatic variables (Raimondi et al., 2023). The application 
focused on January, the rainiest month of the year and therefore the 
most interesting one in terms of stormwater runoff. The average values 
of rainfall depth, duration, and interevent time of rainfall events were 
used as input into the model. To identify independent rainfall events, 
four values of IETD (1–6–12-24 h) were considered in line with the 
literature (Cao et al., 2023a; Lee and Kim, 2018). Two different values of 
Initial Abstraction were used in the calculation (IA = 2 mm and IA = 4 
mm). They were suitable to ensure the reliability of the analysis and to 
consider the losses due to the evapotranspiration of stormwater stored in 
the surface paving (Garofalo et al., 2016). 

Table 2 shows the average values of rainfall variables (rainfall depth 
h, rainfall duration θ, and interevent time d), the mean number of events 
(X), the coefficients of variation (V), and the correlation indexes be-
tween (ρ) for each IETD. 

In the following, IETD = 24 h, which involved few average rainfall 
events and was not coherent with the records of the periods considered, 
was excluded. IETD = 6 h is the most suitable value to satisfy the as-
sumptions of exponential distribution and independence of the input 
hydrological variables to the model, V ≈ 1 and ρ ≈ 0 (see Table 2). 

To compare the effectiveness of the permeable pavement with 
different underlying soils, the analyses considered three values of the 
infiltration rate: q = 0.036–0.36-3.6 mm/h, corresponding respectively 
to 10− 6 m/s (fine sands), 10− 7 m/s (clayey silts), and 10− 8 m/s (mixtures 
of sand, silt, and clay). These values were defined according to the 
typical range of infiltration rates found in the literature (Terzaghi et al., 
1996). The storage volume wmax was varied between 0 and 100 mm. This 
range corresponds to the typical thickness of the gravel aggregate layer 
used in practice and found in the literature (Weiss et al., 2019). Two 
runoff thresholds (v̄=0 mm and v̄=5 mm) were considered in the 
calculation. The first corresponds to the possibility of runoff and the 
value of 5 mm, corresponds to the so-called first flush, generally 

considered by law and regulations (Todeschini et al., 2019). 
The proposed approach was used to test the performance of a 

permeable pavement designed using the “design storm approach”, with 
the following parameters of the depth-duration-frequency curve: a = 61 
mm/hn, n = 0.21, corresponding to a return period T = 10 years 
(Marchioni et al., 2022a, 2022b): 

wmax = θw •
(
φ • a • θn− 1

w • r − fc
)

(13)  

with: θw =
(

fc
φ•a•n•r

)
1

n− 1; φ is the runoff coefficient (set equal to 1). 

The contributing area was neglected in the calculation (r = 0). 
The results obtained by the application of Eqs. (7) and (8) were also 

compared with the frequency probability function estimated by the 
continuous simulation using the series of recorded data (Eq. (2)). In this 
study, the analysis was performed using MATLAB. However, it could be 
performed by other simulation software. 

4. Results and discussion 

Fig. 4 shows the influence of different values of IETD (1 h, 6 h, and 
12 h) on the runoff probability (Pv), for q = 0.036 mm/h (Fig. 4a), q =
0.36 mm/h (Fig. 4b), and q = 3.6 mm/h (Fig. 4c), varying the storage 
volume wmax. The Initial Abstraction and the runoff threshold have been 
set, respectively, equal to IA = 2 mm and v̄ = 0 mm. 

The probability of runoff is comparable for IETD = 6 h and IETD =
12 h, while it is underestimated for IETD = 1 h. The probability of runoff 
decreases as the storage volume of the gravel aggregate grows. When the 
infiltration rate is q = 3.6 mm/h, the runoff probability remains low for 
the whole range of storage volumes selected in the analysis and becomes 
negligible for values higher than 40 mm. For an infiltration rate of q =
0.036 mm/h, the runoff probability remains high for all values of storage 
volume and only slightly decreases as the infiltration rate increases. In 
this case, it is suitable to equip the permeable pavement with a drainage 
pipe to avoid flooding and guarantee a suitable emptying time 
(Marchioni et al., 2022a, 2022b). This can be omitted when the average 
and total runoff volumes are acceptable for the downstream drainage 
network. Furthermore, since the sidewalk is not subject to vehicular 
traffic and one of the aims of integrating permeable pavements at the 
base of urban trees is to maintain soil humidity, there is no need to check 
the emptying time (48 h is generally acceptable for infiltration systems, 
although in Sao Paulo rainfall events are frequent in January). When the 
infiltration rate is q = 0.36 mm/h, the runoff probability is considerably 
influenced by the storage volume in the gravel aggregate. It can signif-
icantly decrease, increasing the thickness of the gravel aggregate layer 
(related by the porosity to the storage capacity, see Eq. (1)). The infil-
tration rate is the parameter that most affects not only the runoff 
probability but also the number of chained events. For q = 3.6 mm/h, 
the retention capacity can be empty during the interevent time, and 
there is no pre-filling of the retention volume from previous rainfall 
events (N = 1). For q ≈ 0.36 mm/h, the prefilling of the storage capacity 
is not negligible and must be considered when modeling the runoff 
probability. In the specific case IETD = 6 h, the number of chained 
rainfalls is N = 4. For q = 0.036 mm/h the number of chained rainfall 
events is very high. It means that the storage capacity of the gravel 
aggregate cannot be emptied after each storm event. In this case, a 
drainage pipe should be included to limit the risk of flooding. 

The results of the same analysis as in Fig. 4, performed considering 

Table 1 
Average monthly climate variables measured in Sao Paulo in the 1991–2021 period (https://it.climate-data.org).   

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

T [◦C]  22.3  22.5  21.6  20.2  17.5  16.7  16.2  17.2  18.6  19.8  20.1  21.6 
P [mm]  228  167  150  69  64  46  56  40  92  117  152  175 
U [%]  83  83  84  82  80  78  76  74  76  80  83  83 
N◦ of rainy days  17  14  15  8  6  4  4  4  8  11  13  15  
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IA = 4 mm instead of IA = 2 mm, are presented in the Appendix section 
(Fig. A1). Fig. A2 (always in the Appendix section) visualizes a com-
parison between the results obtained considering the two different 
values of initial abstraction considered in the analysis (IA = 2 mm and 
IA = 4 mm). 

Fig. 5 shows the comparison between the probability of runoff (Pv), 
obtained by the application of Eqs. (7) and (8), and the runoff frequency 

(Fv), obtained from the continuous simulation (Eq. (2)) using the series 
of the observed data. IETD = 6 h, q = 0.36 mm/h, and ̄v=0 mm (Fig. 5a) 
and v̄= 5 mm (Fig. 5b) have been considered in the analysis. The same 
analysis, considering q = 0.036 mm/h and q = 0.36 mm/h was reported 
in the Appendix (Fig. A3). 

The number of chained rainfall events has been estimated through 
the least square method, selecting the best fit between the results 

Table 2 
Average values of number of events (X), rainfall depth (μh), duration (μθ), and interevent time (μd), coefficients of variation (V), and correlation indexes (ρ) among 
rainfall variables for different IETD, January (2007–2017).  

IETD [h] X [− ] μh [mm] μθ [h] μd [h] Vh [mm] Vd [h] Vθ [h] ρh,d [− ] ρθ,h [− ] ρd,θ [− ]  

1  17  11.7  4.3  36.2  1.15  1.17  0.76  − 0.10  0.44  − 0.10  
6  14  16.4  11.0  42.9  1.04  1.02  1.06  − 0.14  0.62  − 0.12  
12  11  21.5  20.5  48.0  1.19  0.92  1.06  − 0.16  0.74  − 0.18  
24  6  40.1  57.5  66.3  1.50  0.66  1.14  − 0.18  0.90  − 0.11  

Fig. 4. Probability of runoff (Pv) varying the storage volume of the gravel aggregate (wmax) for IETD = 1–6-12 h and q = 0.036 mm/h (a), q = 0.36 mm/h (b), and q =
3.6 mm/h (c). IA = 2 mm and v̄=0 mm. 

Fig. 5. Runoff probability (Pv) and frequency (Fv) varying the retention volume (wmax) of the gravel aggregate, considering two different runoff thresholds v̄=0 mm 
(a) and v̄=5 mm (b). For IETD = 6 h, q = 0.36 mm/h, and IA = 2 mm. 
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obtained by the application of the proposed equations and the frequency 
distribution function of the results obtained by the application of the Eq. 
(2) using the series of observed data. 

When the storage volume is null (wmax = 0), the runoff probability is 
higher than 80 %; since the average number of rainfall events (X) 
recorded in January for the 2007–2017 period is 14, the rainfall events 
that produced runoff were about 11. The probability reduces to 60 %, 
considering a runoff volume threshold of 5 mm. In this case, 8 events out 
of 11 produce runoffs. A permeable pavement with a storage volume of 
about 50 mm reduces the probability of stormwater runoff to 20 % 
considering a runoff threshold of 0 mm and to 15 % considering a runoff 
threshold of 5 mm. This means that in the first case, only 3 events out of 
11 produce runoffs, while in the second case, the events producing 
runoff are only 2 out of 11. This offers a meaningful example of the 
contribution of permeable pavements to stormwater runoff control. 

Fig. 6 shows the average runoff volume (vm) estimated by Eq. (10) as 
a function of the storage volume (wmax), for the two runoff thresholds 
considered in the analysis (v̄=0 mm and ̄v=5 mm) for an infiltration rate 
equal to q = 0.36 mm/h (Fig. 6a) and 3.6 mm/h (Fig. 6b). 

Considering an infiltration rate of 3.6 mm/h, the stormwater runoff 
is null with a storage volume higher than 6 cm (the performance of the 
systems on the stormwater runoff control is η = 1), while it is maximum 
(vm = 5 mm) when the retention storage is null (η = 0.7). For an infil-
tration rate of 0.36 mm/h, without retention volume (wmax = 0 mm), the 
average runoff volume is higher than 10 cm (η < 0.4). This value can be 
greatly reduced by considering permeable pavement. Considering a 
storage volume of the gravel aggregate equal to wmax = 50 mm, the 
average runoff volume falls to 2 cm. This example again highlights the 
crucial role of permeable pavements in stormwater runoff control. 
Considering the “design storm approach” (Eq. (13)), the storage volume 
for a design return period T = 10 years and q = 0.036 mm/h, resulted 
equal to 124 mm; this agrees with the results obtained with the proposed 
equations. As presented in Fig. 5a, for q = 0.036 mm/h, a probability of 
runoff Pv = 0.1 corresponds to a storage capacity of the gravel aggregate 
slightly higher than 10 cm. 

5. Conclusions 

Permeable pavements, integrated at the base of urban trees, help to 
control stormwater runoff by facilitating infiltration and stormwater 
retention. The proposed analytical probabilistic model allows us to es-
timate the probability of runoff from a permeable pavement by relating 
it to the design variables. The runoff probability strictly depends on the 
infiltration rate into the underlying soil. For some kinds of soils, infil-
tration is not suitable, and a drainage pipe must be added; for others, a 
careful sizing of the storage volume is fundamental to achieving a good 
level of stormwater runoff control. Comparing the results obtained by 
the developed equations with those obtained by the continuous 

simulation of recorded data and the application of the “design storm 
approach”, has confirmed the goodness and accuracy of the method. 
Taking into account the residual volume from previous rainfall events is 
fundamental for the reliability of results, since when the infiltration rate 
is low, the probability of the storage volume pre-filling is not negligible. 
The proposed method can be helpful for designers to assess the perfor-
mance of permeable pavements in reducing stormwater runoff in 
different conditions. It also enables the calculation of the average and 
total runoff volumes to estimate the risk of flooding from the drainage 
system. The analytical probabilistic approach can be applied to different 
climate regimes and soils. It has been applied considering the whole 
stochastic process (average values of the hydrological variables of all 
rainfall events in the considered period). Further development will aim 
to evaluate its suitability using extreme events, and its application to 
rainfall series considering the climate. The role of NBSs, such as 
permeable pavements at the base of urban trees, may appear to be 
limited when the catchment area is small. However, big cities have 
dozens of thousands of kilometers of roads, and permeable pavements 
along the tree-lined sidewalks would significantly reduce runoff vol-
umes, considerably helping to manage stormwater. Further analysis will 
also focus on the evaluation of the combined effects of permeable 
pavements and urban trees on water cycle restoration, in particular how 
tree roots improve the infiltration rate into the underlying soil. 
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Appendix A. The procedure to derive Eqs. (7) and (8) is detailed below 

For N = 1, single rainfall, the runoff at the end of the event is: 

v1 =

{
h1 + r⋅h1 − IA − q • θ1 − wmax h1 + r⋅h1 − IA − q • θ1 > wmax
0 Otherwise 

The condition v1 > v̄ results: h1 + r⋅h1 − IA − q • θ1 − wmax > v̄, that is: h1 >
IA+q•θ1+wmax+v̄

1+r . 
Assuming, h = h1 and θ = θ1, the probability that runoff exceeds the selected threshold is: 

Pv1 = Prob(v > v̄) =
∫ ∞

h=wmax+v̄+IA+q•θ
1+r

fhdh •

∫ ∞

θ=0
fθ dθ = γ • e−

ξ
1+r•(wmax+v̄)

For N = 2, a couple of events, the runoff at the end of the second rainfall is: 

v2 =

⎧
⎪⎪⎨

⎪⎪⎩

h1 + r⋅h1 − IA − q • θ1 − q • d1 + h2 + r⋅h2 − IA − q • θ2 − wmax Case 1
h2 + r⋅h2 − IA − q • θ2 − wmax Case 2;Case 3
h2 + r⋅h2 − IA − q • d1 − q • θ2 Case 4
0 Otherwise  

Case 1 : h1 + r⋅h1 − IA − q • θ1 ≤ wmax; h1 + r⋅h1 − IA − q • θ1 − q • d1 > 0; h1 + r⋅h1 − IA − q • θ1 − q • d1 + h2 + r⋅h2 − IA − q • θ2 > wmax  

Case 2 : h1 + r⋅h1 − IA − q • θ1 ≤ wmax; h1 + r⋅h1 − IA − q • θ1 − q • d1 ≤ 0; h2 + r⋅h2 − IA − q • θ2 > wmax  

Case 3 : h1 + r⋅h1 − IA − q • θ1 > wmax;wmax − q • d1 ≤ 0; h2 + r⋅h2 − IA − q • θ2 > wmax  

Case 4 : h1 + r⋅h1 − IA − q • θ1 > wmax;wmax − q • d1 > 0;wmax − q • d1 + h2 + r⋅h2 − IA − q • θ2 > wmax 

In the following, it has been assumed that h = h1 = h2, θ = θ1 = θ2, d = d1. 
Rearranging the conditions expressed by Case 1 and assuming it results: 

h ≤
IA + q • θ + wmax

1 + r
; h >

IA + q • θ + q • d
1 + r

; h >
q • d

2 • (1 + r)
+ IA+ q • θ+wmax 

Rearranging the conditions expressed by Case 2 and assuming it results: 

h ≤
IA + q • θ + wmax

1 + r
; h ≤

IA + q • θ + q • d
1 + r

; h >
IA + q • θ + wmax

1 + r 

Rearranging the conditions expressed by Case 3 and assuming it results: 

h >
IA + q • θ + wmax

1 + r
; d ≥

wmax

q
;

Rearranging the conditions expressed by Case 4 and assuming it results: 

h >
IA + q • θ + wmax

1 + r
; d <

wmax

q
; h >

q • d + IA + q • θ
2 • (1 + r)

.

The condition v2 > v̄ results: 

h >
q • θ + IA + wmax + v̄

1 + r
; h >

q • θ
1 + r

+
wmax + IA + v̄ + q • d

2 • (1 + r)
; h <

q • θ + wmax + IA
1 + r

; d <
wmax

q
.

The probability that runoff exceeds the selected threshold is: 

Pv2 = P(v > v̄) =
∫ ∞

h=q•θ+IA+wmax+v̄
1+r

fh • dh •

∫ ∞

θ=0
fθ • dθ+

+

∫

h=q•θ
1+r+

wmax+IA+v̄+q•d
2•(1+r)

q•θ
1+r+

wmax+IA
(1+r) fh • dh •

∫ wmax
q

d=IETD
fd • dd •

∫ ∞

θ=0
fθ • dθ =

= γ •
{(

1 − β′
2

)
•
[
e−

ξ
2•(1+r)•(q•IETD+v̄

+ wmax + IA)
]
+ β′

2 • eψ•IETD− (v̄ + wmax + IA) •
(

ψ
q
+

ξ
1 + r

)}

with β′
2 =

ξ•q
q•ξ+2•ψ•(1+r). 

The same procedure has been developed for N > 2. 
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Fig. A1. Probability of runoff (Pv) varying the storage volume (wmax) for IETD=1-6-12 h and q=0.036 mm/h (Fig. A1.1), q=0.36 mm/h (Fig. A1.2), and q=3.6 mm/h 
(Fig. A1.3). IA=4 mm.  
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IETD=6 h.  
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Fig. A3. Runoff probability (Pv) and frequency (Fv) varying the retention volume (wmax) considering two different runoff thresholds ̄v=0 mm and ̄v=5 mm (IETD = 6 
h, q = 0.036 mm/h). 
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