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São Paulo City, Brazil, a densely urbanized area in a tropical climate region, is
facing increasing challenges from flooding. However, a promising solution has
emerged in the form of Nature-Based Solutions (NBS) infrastructure, surpassing
traditional grey technology in flood mitigation. This article examines the
effectiveness of green roofs in reducing flood risks and highlights their
superiority over conventional approaches. We analyzed the direct impacts of
surface permeabilization in public areas (sidewalks, streets, and squares) and
private areas (urban lots, subdivisions) on runoff volume and peak flow in the
Aricanduva River basin in São Paulo city. We used a thoroughly validated
hydrological model to compare the interference in the land use of the
watershed between a green infrastructure type called Green Roof (GR) and a
gray technology called Permeable Pavement (PP), in terms of hydrological
efficiency in mitigating floods. The flow and water level simulations for varying
areas with GR or PP covered a wide range, allowing for situations above or below
the canal overflow level, which provided a good distinction of the impact of
boundary conditions. Overall, we observed a positive hydrological response, with
a reduction in peak flow and runoff volume proportional to the increase in
permeable area, and consequently, proportional to the increase in GR or PP
surface within the contributing area. As the main contribution, the hydrological
performance calculated with the variation of GR was remarkably superior to the
variation of PP in terms of requiring a smaller coverage area with interference to
prevent overflow or achieve equivalent efficiency. It is worth noting that the
substitution of approximately 24% of the gray roof area with GR prevented canal
overflow, which is notably lower than the required substitution of approximately
40% for PP interference. We reinforce the relevance of green roofs as an option to
mitigate intense hydrological effects in urban areas and, more importantly, paves
the way for other NBS with the same hydrological principles and environmental
co-benefits to work individually or in combination.
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1 Introduction

Urbanized areas represent a small fraction, up to 5%, of the
planet’s occupied surface, but they concentrate some of the major
sustainability challenges due to population density (Seto et al., 2010).
Between 1950 and 2020, the global population in urbanized areas
grew from 30% to 56%, while in Brazil, the increase was much
greater, from 36% to 87%, exemplified by the São Paulo
Metropolitan Region (RMSP), which experienced a growth of
approximately 11 times, from 2 to 22 million inhabitants, while
Brazil’s population only grew 4 times (from 54 to 214 million
inhabitants) during the same period (IBGE, 2022; UN, 2022).

In developing countries, this rapid urban growth has brought
problems for basic social services (Semadeni-Davies et al., 2008; Seto
et al., 2010), and especially due to changes in land use management,
it has affected the environment, health, and wellbeing of the
population. For example, it has resulted in reduced thermal
comfort, increased air, water, and soil pollution, and an increase
in flooding events (Oleson et al., 2015; Liang et al., 2019).

The irregular growth of urban areas, especially in large cities, can
alter the formation, intensity, trajectory, and duration of
precipitation events (Xiaomeng et al., 2021). For instance, the
increase in convective precipitation during the summer in
Beijing, China, stimulated by the urban heat island effect and

increased surface roughness, intensified by the convergence of
atmospheric moisture transport in the urban boundary layer
(Ganeshan et al., 2013; Dou et al., 2015).

The climate change, this has led to an increase in the frequency
and magnitude of intense rainfall, consequently increasing runoff
volume and peak flow in urban areas (Nobre et al., 2011; Silva Dias
et al., 2013; Pathak and Eastaff, 2014).

Between 1995 and 2015, a total of 7,130 natural disaster cases
were recorded globally, with 43% attributed to floods, resulting in
157,000 casualties and over $662 billion in damages. In South
America, for example, an average of 560,000 people were affected
by floods each year between 1995 and 2004, reaching 2.2 million
people between 2005 and 2014 (UNISDR, 2015). The increasing
impermeability of urban areas mainly contributes to increased
surface runoff and peak flow, and it is possible to project
potential hydrological impacts through simulations (Arnold and
Gibbon, 1996). These impacts directly affect individuals, public and
private properties, and the local, regional, and national economy
(Hallegatte et al., 2013; Haddad and Teixeira, 2015; Klomp, 2015).

Dealing with present challenges is difficult due to past structural
solutions of engineering that have resulted in socio-environmental
degradation (Brink et al., 2016). To address these issues in urban
areas, a combination of structural and non-structural measures can
be implemented for stormwater management. These measures are

FIGURE 1
(A) Location of Aricanduva River Basin; (B)Digital Elevation Model of the basin using LiDAR3D data. The blue lines show the drainage pattern; (C) land
use. Source: GeoSampa (2020).
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based on sustainable low-impact development practices and aim to
mitigate the negative impacts of floods on society and the economy
(Culligan, 2019; Liu et al., 2020a; Liu et al., 2020b). Cities with good
governance practices often face social, environmental, and economic
problems with innovative and multifunctional nature-inspired
solutions (Allaire, 2018; Yildirim and Demir, 2019; Ghafouri and
Weber, 2020; Miyahara et al., 2022). This includes the assessment of
flood risks and the proposal of efficient mitigation actions
(Cummings et al., 2012; Tate et al., 2015; Alabbad and Demir, 2022).

Among current stormwater management practices, gray
infrastructure solutions include precipitation retention reservoirs

used in São Paulo (DAEE, 2013), as well as other yet-to-be-
implemented options like permeable pavement (PP). Green
infrastructure options include green roofs (GR), which are accepted
by public officials and users as a technical solution for rainwater reuse
(Bianchini and Hewage, 2012), as well as the revegetation of sidewalks
and open residential spaces (Culligan, 2019; Liu et al., 2020a).

Conventional roofs of the paved public and private areas
significantly contribute to the volume of water in the micro and
macro drainage network. Although it is known that intensive GRs,
with a substrate depth >15 cm, provide greater stormwater
mitigation, most studies focus on extensive GRs with relatively

TABLE 1 Classification of homogeneous urban land occupation and land use units, area, and fraction of land use and occupation in the Aricanduva River Basin.

Classification Feature Area
(km2)

Fraction
(%)

Building area Areas of intensive use, with buildings and road systems, predominantly artificial surfaces used for residential,
commercial, and service purposes

62.68 62.29

Commercial and Services
area

Commercial buildings and non-industrial areas, such as shopping, commercial areas with warehouses, and
others

15.81 15.71

Forest Vegetation formations include riparian forests, seasonal semi-deciduous forests, dense ombrophilous forests,
mixed ombrophilous forests, as well as cerrado, mangrove, and restinga areas when of larger size, and planted
forests

10.11 10.05

Scrub/Shrub Grasses or legumes, whose height can vary from a few centimeters to several meters 6.06 6.02

Urban green space Vegetation formation in elements of parks, squares, streets, and other public green spaces 3.31 3.29

Exposed soil Anthropogenic interventions such as embankments or ploughing, areas in transition of land use or in an
intermediate phase of the same use, or areas where erosive processes have exposed the soil

1.81 1.80

Bare Land Terraced areas within the main urban area, buildings under construction or intended for future urban
occupation

0.72 0.72

Water Inland waters, such as watercourses, canals, regulated natural lakes, and artificial reservoirs for irrigation,
flood control, water supply, and hydroelectric power generation

0.12 0.12

Basin area 100.62 100.00

Source: EPC (2020), Available at: http://s.ambiente.sp.gov.br/cpla/Ficha_Tecnica_UHCT.pdf (Accessed September 2022); GeoSampa, (2020). Available at: http://geosampa.prefeitura.sp.gov.br/

PaginasPublicas/_SBC.aspx (Accessed September 2020).

The bold values are merely used for emphasis.

FIGURE 2
Digital Elevation Model (DEM) of the Aricanduva River Basin. Red circles indicate the position of rainfall and water level gauges (P1–P4). Orange areas
are buffering reservoirs (piscinões) R1–R5 upstream of the gauge P2. Source: GeoSampa (2020).
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shallow substrates (<15 cm). The use of intensive GRs in large-scale
projects is limited due to their high weight (approximately 300 kg/
m2) and high initial construction and maintenance costs. As a result,
extensive GRs are more commonly employed in these projects, given
their lower weight (around 70 kg/m2) and more accessible
installation and maintenance expenses (Zheng et al., 2021). GRs
retain an average of 67% of rainfall, with the retention percentage
varying based on the precipitation event volume (Berndtsson, 2010;
Muhammad et al., 2018; Joshi and Teller, 2021). Notably, for rainfall
events of less than 10 mm, GRs can retain about 100% of the rain
(Zheng et al., 2021).

Permeable pavement (PP) is used in commerce and residences,
providing hydrological benefits. It increases infiltration rates from
40 mm/h up to 110 mm/h (Bateni et al., 2021). Commercially, PP is
available in five categories: permeable asphalt, permeable concrete,
permeable interlocking concrete pavement, and concrete or plastic
grid pavements filled with grass, sand, and gravel. The hydrological
performance of all types of permeable pavement (PP) reduces peak
flow by 50%–90% and can achieve a variety of rainwater volume
reduction from 50% to 100% (Collins et al., 2008; Gomez-Ullate
et al., 2011; Bateni et al., 2021). The degree of reduction depends on
factors such as construction design, material quality, and regular
maintenance (Lin et al., 2014; Barszcz, 2015; Weiss et al., 2015).

The complexity of an urban flooding event favors the use of
hydrological modeling, which deals with extreme precipitation
events and evaluates channel flow volume, flood level, and
duration, under a detailed prescription of boundary conditions
involving permeability and water retention parameters.

Numerical simulations allow for the assessment of flood impacts,
alert procedures, population evacuation, and assist in land use
planning to improve human wellbeing, reducing material losses
and human lives (Rangari et al., 2021; Teague et al., 2021; Alabbad
and Demir, 2022).

The city of São Paulo is a typical location with recurrent flooding
problems (Escobar-Silva et al., 2023), for example, in the urban basin
of the Aricanduva River, where challenges are frequent and severe,
including disruptions in mobility, property damage, loss of lives,
injuries, property devaluation, loss of working and leisure hours,
health problems, and mental stress (Santos and Haddad, 2014;
Haddad and Teixeira, 2015; Simas, 2017).

Driven by the recognition of knowledge gaps related to strategic
issues of urban water security and contemporary technological
alternatives that employ Nature-Based Solutions (NBS), our study
aims to deepen the hydrological response of a highly urbanized
watershed within São Paulo. We seek to assess the effectiveness of
green infrastructure, such as green roofs, and permeable pavement
technologies, in enhancing hydrological efficiency for flood
mitigation during periods of extreme weather events.

2 Materials and methods

2.1 Climate and land use characteristics

The study area is in the Aricanduva River basin, a left-bank
tributary of the Tietê River, which is highly urbanized. It is situated

TABLE 2 Measurement locations (P1 to P4) with data at a 10-min resolution for precipitation, runoff, and water level. WSE: Aricanduva River overflow level.

Gauge Code (place) WSE - extravasation (m asl) Measure Latitude Longitude

P1 1000843 (PMSP/SM-02) 753.89 Precipitation/water level −23.594199 −46.465567

P2 1000858 (Rio Aricanduva—Shopping) 737.04 Precipitation/flow/water level −23.563309 −46.508798

P3 11 (Rio Aricanduva—Av. Itaquera) 735.30 Precipitation/water level −23.556304 −46.516414

P4 157 (Rio Aricanduva—Foz) 729.33 Precipitation/water level −23.537221 −46.547165

Source: GeoSampa (2020). Available in: http://geosampa.prefeitura.sp.gov.br/PaginasPublicas/_SBC.aspx.

FIGURE 3
Spatial distribution of daily precipitation for the event on 16/02/2019.
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in the eastern zone of the city of São Paulo and is part of a cluster of
39 municipalities that make up the urban conurbation of the São
Paulo metropolitan region (Figure 1A). The basin stretches for
approximately 20 km in the SSE-NNW direction and covers an
area of 100.62 km2. The elevation ranges from 994 m above sea level
(asl) upstream to 718 m downstream (Figure 1B). The climate in the
study area is characterized by a humid summer from October to
March and a dry winter from May to August. Precipitation levels
vary seasonally, with a climatological average of 211 mm in February
during the high wet season, and 38 mm in August during the dry
season (EM, 2020).

The classification of land use and land cover, based on physical
aspects, shape, and surface texture, obtained using high spatial
resolution satellite images (SPOT 2.5 m, Rapid Eye 5 m) and
orthophotos (1 m) (Rossini-Penteado et al., 2007; Rossini-
Penteado and Gilberti, 2008), resulting in eight distinct classes
(Table 1).

The Aricanduva River basin is occupied by approximately 62%
of small residential, commercial, and service buildings, as well as
streets and sidewalks. It is occupied by 16% of large commercial
buildings such as malls, commercial warehouses, and others.
Vegetation covers 19% of the area, including urban forests,
shrubs, grasslands, and trees in public spaces. Approximately 3%
of the area consists of exposed soil without buildings or vegetation,
transitioning into urban development (Table 1; Figure 1C).

2.2 Conditions for hydrological modelling

The boundary conditions and meteorological forcing for the
hydrological modelling were defined using a database containing
topographic, geological available at: http://geosampa.prefeitura.sp.
gov.br/PaginasPublicas/_SBC.aspx, meteorological and hydrological
information available at: https://www.saisp.br/estaticos/sitenovo/
home.html.

These following conditions are essential to set up the model
simulations in the study area:

i) Topography and soils: Digital elevation model with 0.1 m
resolution using LiDAR 3D data in the urban area (Figure 2),
and soil classes used to estimate the Curve Number (CN) of the
basin for the HEC-HMS model, obtained from GEOSAMPA/
Secretaria Municipal de Urbanismo e Licenciamento (SMUL) of
the city of São Paulo.

ii) Precipitation and streamflow: 10-min resolution data measured
at 4 gauges in the telemetric network of the São Paulo Flood
Alert System (SAISP/FCTH) (Table 2).

iii) Retention volume, stage-storage relation, and stage-discharge
relation of the 8 detention reservoirs (piscinões) in the
Aricanduva River basin, provided by the Department of
Water and Electric Energy of São Paulo State. Reservoirs
1–4 are gravity-controlled for drainage, while Reservoir 5 is
pumped for drainage (Figure 2).

The flow and water level data observed at 10-min intervals
during flood events underwent quality control procedures, including
the application of filters to identify faults, sensor malfunctions,
spurious records, and extreme values. Consistency checks wereTA
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performed in three stages, following Feng et al. (2004) and Tomaz
(2016): 1) Removal of values outside prescribed thresholds for
maximum and minimum values; 2) Analysis of data from the
previous and subsequent days for each event in the station series
to detect inconsistent sequences; 3) Exclusion of inconsistent data by
comparison with nearby stations and 4) Gap filling of missing flow
and level data using Simple Linear Regression, constrained by strong
correlation with one or more nearby stations (Bertoni and Tucci,
2020).

The spatial distribution of precipitation in the basin was
determined using data from the four rain gauges (Figure 3;
Table 3) calculated with the Thiessen Polygons method using
the Analysis Tools—Proximity tool in ArcGIS, which provides
the percentage of precipitation for the centroids of the sub-basins
(Pokojski and Pokojska, 2018). For the hydrological modelling
case studies, seven intense precipitation events were selected
from a time series of 236 events between years 2010 and 2020.
The events were chosen accordingly to classification of
emergency or overflow conditions (Table 3), that were
predominantly in the range of 45–115 mm (Figure 4). The
measured rainfall was spatially distributed within the
contributing area at a 10 min resolution.

2.3 Hydrological modelling

Our study involved three main steps in the calculations: 1) a
comprehensive dataset of boundary conditions and
hydrometeorological forcings was prescribed to configure the
hydrological contributing area with high-resolution and quality
control. This dataset was then used to run the computational
codes of the HEC-HMS and HEC-RAS 2D models; 2) the model
was calibrated and validated using multiple case studies of flood
events, with significant statistical performance and sensitivity
analysis, and 3) hypothetical scenarios were built to evaluate the
impact of introducing Green Roofs (GR), or permeable pavement

(PP), on runoff and peak flow during a flood event. These scenarios
involved replacing impermeable surfaces with permeable
alternatives of GR or PP. The analysis focused on evaluating the
changes in runoff and peak flow resulting from the implementation
of those infrastructure.

The HEC-HMS (Hydrologic Engineering Center—Hydrologic
Modelling System) version 4.10 was chosen to simulate the rainfall-
runoff processes in our urban basin to quantify the flow during
rapidly changing water level events. The computational code is
integrated with database information and geoprocessing tools,
resulting in various outputs of soil moisture and flow (Rouf,
2015; USACE, 2016a). This integration occurs through a database
management platform known as HEC-DSS, designed to store and
retrieve time series and paired data generated in hydraulic projects
within the HEC family. HEC-DSS was built to standardize data
transfer between the programs. All communication between the
HEC-HMS and HEC-RAS models is conducted through these DSS-
format files. Technical information on database generation can be
accessed online at https://www.hec.usace.army.mil/confluence/
dssdocs/dssvueum/introduction/overview-of-the-hec-data-storage-
system.

The basin was defined by seven hydrological elements: 1)
Subbasins: the physical subdivisions of individual micro basins
within the larger basin. 2) Reaches: segments of the river where
discharge occurs from upstream to downstream. 3) Junctions:
nodes representing the confluence of rivers and their tributaries.
4) Sources: a flow introduced at a specific point in the system
through the drainage area. 5) Sinks: water withdrawal from a
specific micro basin. 6) Reservoirs: elements of water storage and
loss within the system. 7) Derivations: the transfer of flow
between different elements of the system (USACE, 2016a-b).
With the definition of these elements, meteorological forcings
were spatially distributed within the basin, that enabled the
simulation for a temporal interval. The storage and discharge
functions of the attenuation reservoirs were considered in the
simulations (Decina, 2012). The simulations employed the

FIGURE 4
Occurrence and cumulative probability of 236 intense precipitation events measured between years 2010 and 2020 in the contributing area for
gauges P1, P2, P3, and P4 (FCTH, 2022). Squares represent the cumulative probability.

Frontiers in Built Environment frontiersin.org06

Ferreira and da Rocha 10.3389/fbuil.2023.1254942

https://www.hec.usace.army.mil/confluence/dssdocs/dssvueum/introduction/overview-of-the-hec-data-storage-system
https://www.hec.usace.army.mil/confluence/dssdocs/dssvueum/introduction/overview-of-the-hec-data-storage-system
https://www.hec.usace.army.mil/confluence/dssdocs/dssvueum/introduction/overview-of-the-hec-data-storage-system
https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2023.1254942


simple methods of initial and constant loss and the unit
hydrograph method, to estimate the runoff resulting from net
precipitation in the subbasins (USACE, 2016a), see Table 4. The
methods assumed a single hypothetical soil layer, considering
changes in moisture content without accounting for detailed
subsurface characteristics. Soil moisture uptake was neglected,
supposed to be suitable for short-duration and intense rainfall
events.

The estimation of urban flooding was performed using the
hydrodynamic model HEC-RAS 2D version 6.3.1 (USACE, 2016b;
Rangari et al., 2019). The 2D computational mesh was generated in
the pre-processing step using a high-resolution digital terrain
model (DTM) with 10 cm resolution. This DTM raster file was
input into RAS-MAPPER to generate the computational mesh,
allowing for the estimation of water level elevation and flow
velocity and the temporal and spatial evolution of the flood.
The floodplain was modeled using a 2D flow mesh consisting of
2,853 cells, each measuring 40 m × 40 m. Manning’s roughness
values (n) were spatially prescribed in the model based on the land
use classification (Table 1; Figure 1C) of the floodplain. The values

were estimated as the average for the left and right banks and the
main channel of the Aricanduva River. In addition, flow
hydrographs and water surface profiles (hydrograph) were used
as boundary conditions to simulate the spatial and temporal
evolution of flow in the basin. The simulations were conducted
using a time step of 1 min, enabling a detailed analysis of the flood
dynamics.

2.4 Calibration and validation

To ensure the consistency and robustness of the modelled
scenarios, we previously built the calibration and validation of
the HEC-HMS and HEC-RAS 2D models (Cunderlik and
Simonovic, 2004; USACE, 2016a). For the HEC-HMS model,
the initial parameter values for Initial Loss (IL) and Constant Rate
(CR) were predefined based on USACE (2016a). The automatic
calibration was performed using the Univariate method with a
maximum of 100 iterations and a tolerance of 0.01 in the
optimization tests. Four precipitation events (Table 3) were

TABLE 4 Methods and parameters used in the simulations of HEC-HMS model.

Method Input Parameters

Subbasin

Canopy method None —

Surface method None —

Loss method Initial and constant Initial loss (mm)

Constant rate (mm/h)

Impervious (%)

Transform method SCS Unit Hydrograph Lag time (min)

Baseflow method None —

Reach

Routing method Kinematic wave Initial type (discharge = inflow)

Length (m)

Slope (m/m)

Manning’s n

Sub reaches

Index method

Index flow (m3/s)

Shape (rectangle)

Width (m)

Loss/gain method None —

Reservoir

Method Outflow curve —

Storage method Storage – Discharge —

Storage-discharge function Paired date —

Initial condition Inflow = Outflow —
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used for calibration. Manual calibration (Golmohammadi et al.,
2014; Ouédraogo et al., 2018) was only required in cases where
convergence was not achieved during the automatic calibration.
The values of the Impervious (IM) parameters were determined
based on the Land Use classification (Table 1; Figure 1C) (USDA,
2017), and the Lag time (LT) parameters were determined in the
pre-processing step using ArcHydro and HEC-GeoHMS
extensions (USACE, 2016a). The optimized parameter values
are shown in Supplementary Table S1, which were found to be
comparable to estimates of permeable pavements (Collins et al.,
2008; Monrose and Tota-Maharaj, 2018; Zheng et al., 2021).

In the HEC-RAS model, flow, and water level observations at
P2 and the observed water level at P3 were used as boundary
conditions in the internal 2D grid to evaluate the lateral
contributions from streams. The observed water level at P4
(Figure 2) was also used for validation. Initial values of the
Manning’s roughness coefficient were estimated in the 2D flow
mesh area (Chow, 1959) (Figure 5). The maximum elevation of the
event was recommended to adjust the Manning’s roughness
coefficient (n) in the mesh, as described in the application guide
provided by USACE (2016b). The first step of the calibration
estimated the Manning’s roughness coefficient (n) considering
different land use types on the right and left banks of the river,
and hydraulic characteristics of the channel, with values of 0.034,
0.035, and 0.036, respectively. To ensure the best condition of
stability and numerical accuracy, a spatial resolution of 40 m ×
40 m was used for the 2D flow mesh. Subsequently, numerical
stability tests were performed for different time steps, and
instability issues were observed for computational intervals above
5 min. Therefore, a time step of 1 min was chosen for the final
simulations.

The performance was assessed based on the following statistical
indices: PEV, PEPF, PEE, R2, RSR, NSE, and PBIAS, as listed in
Supplementary Table S2.

2.5 Sensitivity analysis

To enhance the understanding of the model’s functioning as a
predictive tool for this study, we assessed the sensitivity of key
parameters. Sensitivity analyses assess how variations in the value of
a parameter can result in significant disparities between observed
and simulated volumes, capturing the isolated impact of each
variation (Cunderlik and Simonovic, 2004; USACE, 2016a). The
following parameters were selected: 1) Initial loss (in mm); 2)
Constant rate (in mm/h); 3) Imperviousness (in %); and 4) Lag
time (in minutes). The optimized values obtained after the
calibration of each parameter were perturbed from −25% to 25%,
with increments of 5%, while keeping the remaining parameters
constant.

2.6 Hypotheses of gray and green
infrastructure interference

In our simulations, we assumed that all activities following the
pre-development period in the upstream basin of observation point
P2 influenced the hydrological properties of the soils, leading to a
shift towards soil types D and D/D with Curve Numbers (CN)
ranging from 77 to 98, as suggested in TR-55 (USDA, 1986) and
estimated during preprocessing using ArcHydro and HEC-
GeoHMS extensions (USACE, 2016a) (Figure 5). We also
assumed that all impervious surfaces are hydraulically connected
to the micro and macro drainage network upstream of observation
point P2.

The two GIs considered in this study, namely, Extensive Green
Roofs (GR) and Permeable Pavement (PP), form the basis of our
simulation scenarios. Technical information on the hydraulic
behavior of extensive green roofs and permeable pavement used
in this study was obtained from literature sources, drawing upon

FIGURE 5
Initial conditions of Manning’s roughness coefficient (n) in the simulation mesh of the HEC-RAS 2D model.
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various microscale experiments conducted worldwide (Bateni et al.,
2021; Zheng et al., 2021). The retention of precipitation by green
roofs correlates inversely with the volume of rainfall, with retention
efficiency varying considerably based on rainfall event volume. On
average, green roofs can retain approximately 62.2% of rainfall and
69.3% of peak flow (Berndtsson, 2010). Carter and Rasmussen
(2006) found that the percentage of rainfall retained for small
storms (<25.4 mm) reached 88%, retention for medium storms
(25.4–76.2 mm) was around 54%, and for large storms
(>76.2 mm), it could be as high as 48% of precipitation. For
rainfall events with precipitation less than 10 mm, green roofs
can retain nearly all the rainfall, as reported by Zheng et al.
(2021). For a 12 mm precipitation event, green roofs showed
retention ranging from 26% to 88%, depending primarily on
precipitation intensity, residual moisture in the substrate,
vegetation species, geometric properties (such as coverage area
and slope), substrate characteristics (type, depth, porosity, and
density), and drainage layer (type and depth), as observed by
Simmons et al. (2008). Larger precipitation events of 28 mm and
49 mm showed retention ranging from 43% to 8% and 44% to 13%,
respectively (Berndtsson, 2010; Liu et al., 2020a; Zheng et al., 2021).

In contrast to traditional pavements that generate runoff from
almost all rainfall, permeable pavements encourage rainfall
infiltration, increasing moisture within the soil profile (Bateni
et al., 2021) and has multiple applications in commerce, and
residences, reducing runoff volume by over 40% and decreasing
peak flow by 50% to 90%. Commercially, there are five categories:
permeable asphalt (PA), permeable concrete (PC), permeable
interlocking concrete pavement (PICP), and concrete grid
pavement (CGP) or plastic grid pavement (PGP), filled with
grass or sand and gravel (Collins et al., 2008; Bateni et al., 2021).
Gomez-Ullate et al. (2011) demonstrated that the hydrological
performance of all permeable pavements (PPs) in terms of peak
flow reduction is very similar, with runoff reduction potentially
exceeding 98%.Weiss et al. (2015) found that variability in peak flow
and infiltration rates among different types of PPs was primarily
influenced by design, material quality, aggregate mix, periodic
maintenance, and other factors (Lin et al., 2014; Barszcz, 2015;
Bateni et al., 2021).

The evaluation of the effectiveness of GIs involves the use of
values from the Soil Conservation Service—Curve Number (SCS-
CN) method to simulate runoff based on local precipitation, land
use, and soil data (Ahiablame et al., 2012; USDA, 2017). The CN
method is an empirical two-parameter procedure (CN and initial
abstraction, S) widely used in stormwater management as well as in
complex watershed models to determine how much of a given
rainfall event becomes direct runoff (USDA, 1986; Sample et al.,
2001). The initial abstraction, which describes all precipitation losses
before runoff begins (interception, infiltration, surface storage, and
evaporation), is a function of CN and is calculated as (USDA, 1986):

S � 25400
CN

−254 (1)

Considering that the precipitation, Ph (mm), is greater than 0.2S,
the direct runoff, Qh (mm), is estimated as:

Qh � Ph−0.2S( )2
Ph+0.8S( ) (2)

Qh = 0 when Ph ≤ 0.2S

Qv � QhxA (3)
where Qv is the water volume, and A is the area of interest.

In this context, simulations of GRs and PPs with the HEC-HMS
model involve the use of SCS-CN values to estimate runoff. CN is a
key parameter common to both GIs used in this study. The two green
infrastructures (GRs and PPs) are represented with initial CN values
suggested in USDA (1986), Sample et al. (2001), MDE (2009), and
Ahiablame et al. (2012). In the simulations, we will assume that all
activities following the pre-development period in the watershed have
influenced the soil’s hydrological properties, leading to a shift to
hydrological group D, with CN ranging from 77 to 98, as suggested in
TR-55 (USDA, 1986) and estimated in the preprocessing using
ArcHydro and HEC-GeoHMS extensions (USACE, 2016b). In the
study, we also accept that all impervious surfaces are hydraulically
connected to themicro andmacro drainage network in the watershed.

The CN values used for green roofs are 85 for all four Hydrologic
Soil Groups A, B, C, and D, corresponding to low, moderately low,
moderately high, and high runoff potential, respectively (Sample et al.,
2001). For permeable pavement, the CNvalues used are 70, 80, 85, and
87 for the 4 Hydrologic Soil Groups A, B, C, and D (Sample et al.,
2001). These CN values were recommended to adjust the model
values to characterize the effects of GIs on runoff, allowing for
comparison between hydrological conditions before and after GI
implementation. Therefore, for the construction of simulation
scenarios with green infrastructures (GIs) in the Aricanduva River
basin, we considered extensive green roofs (substrate thickness
<15.24 cm) and a reduction in the Curve Number to 77, along
with permeable pavements (PPs) with a Curve Number of 79. The
hydraulic conductivity for both green roofs and permeable pavements
was set at 25.4 mm/h, following the guidelines of MDE (2009) and
USDA (2017). Simulations incorporating green roofs and permeable
pavements adhered to the following criteria: i) the grey roofs of
buildings were replaced with green roofs; ii) areas with established
vegetation in the basin were not replaced by green infrastructure; iii)
paved areas (streets, sidewalks, parking lots, and open areas on private
properties) were replaced by permeable pavements.

The hypothesis of this investigation aims to evaluate the
hydrological response of the urban watershed under interference
conditions with green infrastructure, such as Green Roofs (GR), or
gray infrastructure, such as Permeable Pavement (PP). We assume
significant attenuation of the hydrological pulse in both conditions but
with different performances. The interference of GR or PP is compared
to the Control simulation, which serves as the model calibration.

Interference boundary conditions were applied to the 13 sub-
basins within the domain (Table 5). However, hydrological results were
effectively derived only from the upstream contributing area of gauge
P2, which encompassed 9 sub-basins. These sub-basins consisted of
built-up areas, green spaces, and other small spaces, totaling an area of
67.01 km2 (Supplementary Table S3). We used the precipitation event
of 16/02/2019 when the river overflowed at gauges P2 and P3.

The Control simulation was configured with a uniformly
distributed conventional (gray) roof across the watershed. The
average built-up area on impermeable gray roof surfaces within
the watershed was 36%, varying from 19% (sub-basin W880), with
extensive vegetated areas, to 48% (sub-basin W550), with high
building density.
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For streets and sidewalks in public areas, the average built-up
area was 22% across the watershed, ranging from 19% (sub-basins
W810 and W750) to 26% (sub-basin W530). In private areas, the
ground plot area was defined as the open space available for the
insertion of PP or internal open space (plot area minus roof area),
accounting for 41% of the total area across the watershed. The
variation in ground plot area ranged from 26% (sub-basin W530) to
60% (sub-basin W880). Detailed occupancy information can be
found in Supplementary Table S3.

Thus, we constructed 7 simulation scenarios for GR or PP
(Table 5). Starting from scenario 1 (Control), scenarios 2, 3, and
4 introduced GR roofs, replacing gray roofs in increasing order of
individual plot area (A), i.e., conditioned on A > 500 m2 (scenario 2),
A > 200 m2 (scenario 3), and A > 50 m2 (scenario 4), respectively,
thereby increasing the surface coverage with GR. In the remaining
scenarios, PP was introduced in 50% of the ground plot area for
scenario 5, in streets and sidewalks of public areas for scenario 6, and
in scenario 7 as the combination of scenarios 5 + 6.

3 Results

3.1 Model calibration

The calibration and validation of the model generally showed
high performance in simulating runoff volume and peak flow
(Supplementary Table S4), within the acceptable range of indices:

R2 > 0.50, NSE ≥0.65, PBIAS ≤ ±10%, and RSR ≤0.60 (Moriasi et al.,
2007; Ouédraogo et al., 2018). Figure 6 shows the good agreement
between observed and simulated runoff in the model validation
events. Overall, we noticed that the fit was slightly better in the rising
limb of the hydrograph compared to the falling limb. There was a
small delay in the model’s peak flow timing in some cases (Figures
6B, C, F), no more than 15 minutes, while in other cases, the
simulation of the peak timing was very close (Figures 6A, D, E).

In the event of 16/02/2019, the water level at gauge P2
(Figure 7A) caused flooding when it reached the maximum
channel elevation (737.04 m asl) at approximately 17:50 h. It then
rose an additional 0.76 m by 18:40 h, reaching a peak discharge of
306 m3/s. Finally, it returned to the overflow level 2 h later at 19:50 h,
leaving flooded areas downstream of the gauge. At gauge P3, the
hydrological pulse was slightly ahead of P2 but followed a similar
pattern. It started overflowing at 17:30 h, rose 1.29 m, reached its
maximum elevation at 18:40 h, and then gradually receded back to
the channel level after approximately 2 h (Figure 7B). At gauge P4,
the river reached amaximum elevation of 727.89 m at 19:30 h, below
the overflow level (Figure 7C). The calibration of water levels at the
three gauges showed excellent performance in this event and equally
in the validation simulations (not shown), as indicated by the
obtained statistical indices (Supplementary Table S5).

The 5 attenuation reservoirs played a role in delaying the inflow
of water into the main channel and mitigating both the peak flow
and total runoff volume in the channel, as evident from the flow
hydrograph pattern (Figure 6F). However, they were unable to

TABLE 5 Permeable area values (as a percentage of the sub-basin area) in the conditions of the scenarios: control (1), GR (2, 3, 4), and PP (5–7).

Sub basin code Control Green roof (GR) and built plot area A Permeable pavement (PP)

1 2 3 4 5 6 7

Built area A>500 m2 A>200 m2 A>50 m2 50% of ground plot areab Street + sidewalk 5 + 6

aW930 (13) 25.61 26.77 28.21 45.19 43.76 41.06 59.21

aW880 (12) 67.98 68.69 69.95 73.35 77.64 74.60 84.26

aW870 (11) 31.89 32.43 33.24 47.57 49.73 45.95 63.78

aW810 (10) 25.17 28.79 31.9 47.93 42.84 39.31 56.98

aW790 (9) 67.25 67.68 68.22 74.84 75.49 74.84 83.08

aW750 (8) 36.1 38.54 40 51.22 53.17 48.29 65.37

aW740 (7) 70.16 75.74 87.87 97.38 75.08 77.38 82.30

aW730 (6) 24.21 26.14 28.87 47.89 39.30 42.78 57.88

aW640 (5) 0.93 5.49 9.53 38.25 18.00 23.16 40.24

W610 (4) 6.12 8.95 15.07 43.01 21.59 28.89 44.35

W550 (3) 1.83 14.92 23.82 46.34 15.84 24.61 38.61

W530 (2) 3.10 9.31 19.94 46.82 15.73 28.66 41.29

W500 (1) 1.20 3.66 9.49 37.66 18.74 24.44 41.98

cTotal area (km2) 45.75 1.57 3.38 12.95 9.80 10.07 19.87

Note:
aSub-basin with hydrological contribution to gauge P2.
bGround plot area is the total area of the plot (residential, commercial, etc.) minus the area covered with roofs.
cTotal area in km2 of the 9 upstream sub-basins of P2 used in each scenario.
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prevent the occurrence of overflow. The reservoirs had a maximum
retention capacity of 2.02 million m3 and operated upstream of
gauges P2 and P3. In the event of 16/02/2019, all reservoirs operated
below their maximum capacities. When calculating the ratio
between the peak storage during the event and the maximum
storage capacity, we observed values ranging from approximately
27% in reservoir 2 to 46% in reservoir 4. The total volume attenuated
in the five reservoirs was approximately 2.35 million m3, which
retained 49.7% of the observed volume (4.67 million m3) in P2, with
peak discharges in 4 reservoirs occurring after 20:00 h (Table 6).

For a more detailed verification of the role of the reservoirs, we
conducted additional simulations of the event by sequentially
disconnecting the reservoirs from the drainage pattern, one by
one cumulatively, so as not to assimilate the surface runoff water.
In summary, Table 7 shows that the rate of change in runoff
volume increases by less than 2% compared to the peak flow, which
increases at more significant rates of up to 26.4% because of
retention.

The model simulated the flooding over a spatial extent around
the overflow of the Aricanduva River canal, as observed at gauges

P2 and P3 (Figure 8A) and noted in records from the Flood Alert
System of São Paulo (FCTH, 2022). For a pictorial illustration, we
sketched the elevation level reached on the side of the river channel,
with the water level above the level of vehicles on the avenue
(Figure 8B).

3.2 Sensitivity analysis

We conducted a simple sensitivity analysis to assess the scale
dimension of the hydrological response, as it depends on the
variation of key model parameters that characterize the degree of
surface impermeability. With a 25% increase in impermeability,
we observed a 3.7% increase in runoff volume, and with a 25%
reduction, there was a corresponding 3.7% reduction in volume
(Figure 9A). According to the Percent Error in Peak Flow (PEPF)
criterion, the peak flow showed higher sensitivity to the Lag time
parameter, exhibiting an inversely proportional relationship. A
25% increase in Lag time resulted in a 9.8% reduction in peak
flow, while a 25% reduction led to a 9.8% increase (Figure 9B).

FIGURE 6
Measured and simulated discharge (in m³/s) for the 4 meteorological events in the calibration period (A–D) and 2 events in the validation period
(E–F); vertical bar represents precipitation in mm per 10 min.
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The other parameters showed lower sensitivity in the model. For
example, the Initial loss parameter resulted in a variation of
approximately ±0.4% in runoff volume and ±2.0% in peak flow.
Similarly, the Constant rate parameter, associated with saturated
hydraulic conductivity, exhibited low sensitivity, with the runoff

volume varying approximately between ±1.4% and the peak flow
between ±1.1% (Figures 9A, B) (Supplementary Table S6).

The Manning’s roughness coefficient (n), which varies
spatially, showed a more pronounced inverse relationship with
the depth of inundation (in percentage terms). The variation in
n by approximately ±25% resulted in a depth change of
approximately ±5.3% (Figure 9C). On the other hand,
perturbing the cell area of the computational grid had a very
small effect on the depth of inundation (in percentage terms),
with a variation of approximately ±0.9%.

We identified the Impervious parameter as the most sensitive
based on the Percent Error in Volume (PEV) criterion.

3.3 Hydrological response to GR and PP
infrastructure

We conducted simulations for scenarios 2, 3, and 4, gradually
expanding the coverage of GR in the contributing area of the
watershed. In scenarios 2 and 3, 1,164 and 6,444 conventional
roofs were replaced upstream of P2, totaling 1.6 and 2.9 km2 of
area, resulting in a percentage of permeable area of 3.5% and 6.3%,
respectively. Scenario 4 prescribed a significant increase in
permeable surface, with 125,843 conventional roofs covering
13.9 km2 with GR, resulting in a permeable area percentage of
30.4%, that showcased approximately 9 times more than scenario
2 and 5 times more than scenario 3.

The introduction of GR confirmed the hypothesis of reduced
runoff impact. In scenarios 2 and 3, the peak flows were significantly
reduced compared to the Control scenario and were very close to
each other throughout the runoff event (red and green lines in
Figure 10). Despite reducing peak flow by around 15% and runoff
volume by approximately 23%, these scenarios fell short in
preventing canal overflow, as the runoff remained above the
critical level for about 1 h. In contrast, scenario 4 showed a
significantly different outcome. It achieved a reduction of
approximately 37% in peak flow and approximately 31% in
runoff volume, and importantly, it successfully prevented canal
overflow (orange line in Figure 10).

The simulations of scenarios 5, 6, and 7 described, in sequence,
an increasing area of the watershed covered by PP instead of
traditional gray pavement. In scenario 5, only public areas such
as streets and sidewalks were replaced, while in scenario 6, only

FIGURE 7
Elevation of runoff level (in m), at 10 min increment, observed
(black line) and simulated (red line) at gauges: (A) P2, (B) P3, and (C) P4,
in the main channel of the Aricanduva River on 16/02/2019.

TABLE 6 Operation of the five attenuation reservoirs (R1–R5) upstream of gauge P2 during the event on 16/02/2019, including maximum storage capacity,
retained volume, peak of retained volume, and the time and ratio between the peak of retained volume and the maximum storage volume of the reservoirs.

Reservoir (type) Maximum storage capacity
(1,000 m³)

Storage
(1,000 m³)

Peak storage (1,000 m³) [time of peak
storage]

*Rate
(%)

R1 (In line) 400.00 245.02 157.33 [20:30 h] 39.3%

R2 (In line) 456.00 366.94 123.97 [21:20 h] 27.2%

R3 (In line) 500.00 987.16 217.88 [20:20 h] 43.6%

R4 (In line) 323.00 301.06 147.30 [20:00 h] 45.6%

R5 (offline) 341.00 418.91 130.30 [19:10 h] 38.2%

Note: *Rate � PeakStorage
Maximumstorage .100%.
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TABLE 7 Rate of change of volume and peak flow at observation gauge P2, considering the time interval (15:00–03:00 LT) and the simulated values with all
reservoirs connected (R1–R5).

All reservoirs
connected

1 Reservoir
disconnected

2 Reservoirs
disconnected

3 Reservoirs
disconnected

4 Reservoirs
disconnected

All reservoir
disconnected

Runoff
(1,000 m³)

3689.1 3699.5 3711.3 3721.4 3735.3 3757.8

Runoff
rate (%)

0 0.3 0.6 0.9 1.3 1.9

Peak runoff
(m3s−1)

306.4 336.5 350.1 370.7 382.2 387.4

Peak runoff
rate (%)

0 9.8 14.2 21.2 24.8 26.4

The bold values are merely used for emphasis.

FIGURE 8
(A) Spatial distribution of themaximumwater level in the Aricanduva River; (B) pictorial illustration of themaximumwater level at gauge P3 on 16/02/
2019, simulated in the HEC-RAS 2D model (KML file inserted in the Google Earth Pro platform).
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private areas (50% of the opened ground) were replaced. Scenarios
5 and 6 both entailed a replaced area of 10.1 and 9.8 km2

respectively, with a permeable area percentage of 22.1% and
21.4% upstream of P2, indicating comparable extents of
permeable areas in both. Scenario 7 represented the combination
of scenarios 5 and 6, resulting in a total replaced area of 19.9 km2 and
a permeable area percentage of 43.5%.

The results of scenarios 5, 6, and 7 confirmed the hypothesis of
attenuating the hydrological pulse with the introduction of PP. In
scenarios 5 and 6, the reduction in total volume was approximately
43% and 44% respectively, and the reduction in peak flow of 31%
and 32% respectively (Figure 11). In both cases, calculated the peak
flow was approximately equal to the critical overflow level.
Scenario 7 excelled, reducing runoff volume by 52% and peak
flow by 44%, successfully averting canal overflow unlike the
previous scenarios.

3.3.1 Dependency relationships of the hydrological
response with the permeable area

The previous results showed that both green infrastructure GR
and gray infrastructure PP could potentially be sufficient to
attenuate the hydrological runoff and prevent canal overflow in
the case study. However, these examples showcased a restricted
range of permeable area values as dictated by the scenarios, failing to
adequately illustrate the full spectrum of how extending permeable
areas influences the efficacy of infrastructure interventions required
to mitigate hydrological criticality. Therefore, we reevaluated the
pattern of dependence of hydrological response on the permeable
area of the basin under a more comprehensive spatial variation.
Based on the Control scenario, we tested a range of individual
replacement areas ranging from A < 10 m2 incrementally up to A <
200 m2, with a 10 m2 increment, totaling 20 simulations for each
type of infrastructure GR or PP.

The simulations were analyzed based on the percentage of
permeable area within the basin, calculated in relation to the

FIGURE 9
HEC-HMSmodel response for (A) Runoff Volume (PEV); (B) Peak Runoff (PEPF) for Initial Loss, Constant Rate, Impervious, and Lag Time parameters.
HEC-RAS 2D model result for (C) Manning’s roughness coefficient (n) and grid cell area in depth.

FIGURE 10
Simulations of the event on 16/02/2019 (discharge in m³/s and
precipitation in mm per 10 min): measurement (black line); 1—Control
(blue line); 2—GR (A > 500 m2), 3—GR (A > 200 m2), and 4—GR (Area >
50 m2) (red, green, orange lines) respectively.
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total built area of 45.75 km2 in the 9 sub-basins upstream
of gauge P2. In the case of GR, the permeable area of
intervention varied in the range of 2.9–16.0 km2, or

approximately 6.0%–35.0% of the built area (Figure 12A).
For the case of PP, the prescribed permeable area ranged
from 16.4 to 24.8 km2, corresponding to approximately 36%–

54% of the built area (Figure 12B).
We confirmed a notable response pattern of reducing peak

flow and runoff volume with increasing permeable area for the
entire range of GR or PP. In detail, within the range of variation
for GR, we observed that the substitution of approximately 24%
of grey roof area prevented canal overflow (extravasation level in
Figure 12A), corresponding to a total permeable area of
approximately 11 km2. For the variation in area with PP, the
replacement of approximately 40% of paved impermeable area
prevented canal overflow (extravasation level in Figure 12B),
corresponding to a total permeable area of approximately
18 km2.

In this regard, we evaluated the hydrological efficiency of the GR
and PP infrastructures using the parameters of runoff retention (RR,
in %) and peak runoff retention (PRR, in %), following Zheng et al.
(2021):

RR %( ) � Robs − Rsim( )
Robs

x 100 (4)

PRR %( ) � PRobs − PRsim( )
PRobs

x 100 (5)

where Robs and Rsim are the observed runoff volume in the
meteorological event and the calculated volume at gauge P2 for
each prescribed permeable area, respectively, and similarly PRobs

and PRsim are the observed and simulated peak runoff.
As a result of the reduction in the calculated peak runoff and

runoff volume caused by the increase in permeable area, the
estimates of RR and PRR increased with the permeable surface
due to increased water retention upstream. Across the entire range

FIGURE 11
Simulations of the event on 16/02/2019 (discharge in m³/s and precipitation in mm per 10 min): measurement (black line); 1—Control (blue line);
5—PP (streets and sidewalks), 6—PP (50% of opened ground), and 7—PP (streets and sidewalks +50% of opened ground) (red, green, orange lines)
respectively.

FIGURE 12
Peak flow and runoff volume calculated as a function of the
percentage of permeable built-up area for three infrastructure
scenarios: (A) Green roof GR; (B) Permeable pavement PP. The black
dashed line represents the water overflow level at gauge P2.
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of permeable areas, the hydrological efficiency in the case of GR
ranged from approximately 15% to 34% for RR, and from
approximately 23% to 35% for PRR (Figure 13A). In the case of
PP, the RR parameter ranged from approximately 26% to 37%, and
PRR from approximately 28% to 44% (Figure 13B). To prevent canal
overflow, in the scenario of widespread use of extensive GR, the
estimated RR was approximately 27% and PRR was 33%,
corresponding to a permeable area of 24% at the critical level
(vertical line, Figure 13A). In the case of replacing gray
infrastructure with PP, the estimated RR was approximately 29%
and PRR was approximately 32% to prevent overflow,
corresponding to a permeable area of approximately 40% at the
critical level (vertical line, Figure 13B).

4 Discussion of the results

The hydrological performance of urban hydrological
infrastructures, whether green or gray, depends on the intensity
and duration of precipitation. Under low precipitation, runoff is
small, and the water retention rate can reach 100% (Zheng et al.,
2021). The capacity to retain infiltrated water diminishes during
intense or prolonged precipitation events, particularly accentuated
under conditions of high initial soil moisture, as commonly
observed during the summer in the Southeast region of Brazil.
Our calibration case studies had rainfall intensities ranging from
25 to 40 mm/h, which corresponded to an approximate occurrence
probability of 70% (Figure 4). The comparative case study of the
hydrological sensitivity of GR and PP had accumulated rainfall
ranging from 62 to 100 mm between the gauges, with a similar
duration of approximately 150 min. Thus, using the Intensity-
Duration-Frequency curves for the city of São Paulo (DAEE,
1999), we estimated the return period of the meteorological
events, which ranged from 5 years at gauge P2 to 50 years at P1,
indicating that the conditions represented in the simulations were
adequately extreme.

Other studies that reported the efficiency of GR and PP as
individual water retention methods have shown a wide range of
retention (RR) and peak runoff retention (PRR) efficiency
(Table 8), usually due to variations in climate conditions,
technical design differences such as material properties and
thickness, antecedent dry period, and precipitation intensity
(Gregoire and Clausen, 2011). Our results of hydrological
impact, considering a large spatial extent of GR or PP
infrastructure, showed efficiency rates within the range
observed at a smaller scale in the literature.

The pattern of calculated runoff reduction and peak runoff
was directly proportional to the fraction of prescribed permeable
area in the contributing watershed, in both the GR and PP cases.
This was expected to some extent, but the response was not
exactly linear, partly because the statistical distribution of area
for units with replacement coverage was not exactly
homogeneous within the range of 10–200 m2, according to
10 m2 variation classes. There are also other reasons that can
explain the variation in the rate of peak and runoff volume
reduction with permeable area, due to the dynamics of
infiltration, generation, and propagation of surface runoff,
which depend on the physical parameters of the model and
the configuration of the watershed.

FIGURE 13
Hydrological performance indices: (A) runoff retention (RR, in %)
and (B) peak runoff retention (PRR, in %), evaluated in the replacement
of impermeable surfaces by (A) green roof GR and (B) permeable
pavement PP in public and private areas (50% opened ground).
The dashed vertical line represents the water level at the channel
overflow at gauge P2.

TABLE 8 Runoff retention (RR) and peak runoff retention (PRR) from studies with green roof (GR) and permeable pavement (PP).

Infrastructure Type RR mean (%) RR rate (%) PRR mean (%) PRR rate (%)

aGR Extensive and intensive 62.2 [0–100] 69.3 [0.4–100]

Extensive 56.0 [33–81] n/a n/a

bPP Standard Asphalt 34.7 [0–100] n/a [50–90]

Pervious Concrete 99.9

Concrete Grid Pavement 98.2

Source:
aZheng et al. (2021), Gregoire and Clausen (2011), Manso et al. (2021).
bCollins et al. (2008), Bateni et al. (2021).
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The attenuation reservoirs in operation in the influence area of
P2 were designed for a 100-year return period, with a 39% failure
risk and a lifespan of 50 years (PMSP, 1999). The ratio results
between the peak of the retained volume and the maximum storage
volume showed that all reservoirs functioned properly and operated
below their maximum storage capacity. The reservoirs made a
modest contribution to the 2% reduction in runoff volume but
had amore notable impact in reducing peak flow, with a reduction of
approximately 26%. If the reservoirs were not present, it is likely that
the superior hydrological efficiency of the GR compared to the PP
would remain unchanged. However, it is evident that the required
fractions of interfering area to reach the extravasation level would
not be the same.

5 Conclusion

Our investigation obtained the hydrological response of a
densely urbanized watershed in a tropical climate region using a
thoroughly validated hydrological model to compare the
interference in the land use of the watershed between a green
infrastructure type called Green Roof (GR) and a gray technology
called Permeable Pavement (PP), in terms of hydrological efficiency
in mitigating floods. The calculated flow and water level in the cases
of GR or PP area variations fell within a wide range, allowing for
situations sufficiently above or below the canal overflow level,
providing a good distinction of the impact of the permeable
surfaces. Overall, we noted a positive hydrological response, with
a proportional decrease in peak flow and runoff volume
corresponding to the increase in permeable area and,
consequently, the expansion of GR or PP within the contributing
watershed.

We emphasize that the assessment of interference around the
overflow level encompassed in the Green Roof (GR) a permeable
area ranging from approximately 6% to 35% of built-up area, which
is smaller than that of the Pervious Pavement (PP) ranging from
approximately 36% to 54%. Additionally, we originally noted that
replacing approximately 24% of gray roof area with GR prevented
channel overflow, significantly less than the approximately 40%
replacement required for PP interference.

These levels of efficiency were achieved for significantly intense
events, but there may be a decrease in hydrological efficiency during
extremely intense events, such as those following a succession of
rainy days or a high severe storm with a return period exceeding
50 years.

The GR and PP hydrological infrastructures are generally spatially
distributed works that increment small spaces within the hydrological
contribution area. This can be a comparative advantage over large
storage reservoirs, which occupy large areas and not only lack aesthetic
value in urban planning but also depreciate local property values.
However, the installation and maintenance costs of PP are higher
than those of conventional pavement. For example, the cost of
permeable asphalt pavement per linear meter is 75% higher than
that of regular asphalt. Furthermore, permeable pavements may not
be suitable for high-traffic areas and require maintenance expenses to
mitigate pore clogging with sediments, which can range from $5 to
$70 per square meter (CENTER, 2005; Bateni et al., 2021).

The implementation of GR has some disadvantages, such as
higher installation and maintenance costs, and additional water
demand. For instance, the installation and maintenance costs of GR
are about 39% higher than those of gray roofs (Gregoire and
Clausen, 2011; Pirouz et al., 2023). However, water demand can
be a minor concern that can be mitigated using drip irrigation
systems and supplemented by precipitation, particularly during the
summer months when atmospheric evaporative demand is at its
peak. Furthermore, there are co-benefits of implementing GR, such
as the attenuation of urban heat islands at a local scale and the
cultural and aesthetic enhancement of urban biodiversity. For
example, the surface temperature reduction provided by GR can
improve the energy efficiency of buildings during hot days, with
potential savings of approximately $200 per square meter of roof
area (GSA, 2011; Nguyen et al., 2022).

Our conclusion reinforces the relevance of green roofs as an
option for Nature-Based Solutions (NBS) to mitigate intense
hydrological effects in urban areas and, more importantly, paves
the way for other solutions with the same hydrological principles
and environmental co-benefits to work individually or in
combination. We mention, for example, the activation of small-
scale ground surfaces with natural coverings (e.g., grass, bush, short
trees) to promote infiltration. External corridors of residences,
exposed driveways, and public sidewalks are additional examples
where these nature-based solutions (NBS) can be implemented.
Assessing the precise hydrological efficiency of these options and
their respective drawbacks is beyond the scope of this study.
However, considering the substantial construction and
maintenance costs associated with green roofs, it is crucial to
further investigate these alternatives as NBS in urban areas,
especially concerning their interference and quantification at a
large urban scale.
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