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Abstract: The increasing population and urban sprawl will continue to add significant pressure to
natural resources in arid and semi-arid zones. This study evaluates the theoretical effectiveness
of adapting resilient strategies such as water conservation and green infrastructure to mitigate the
water scarcity faced by the inhabitants of a residential area with a semi-arid climate. Three scenarios
were analyzed at a micro-basin level to determine the mitigation of surface runoff and the volume
that can be theoretically intercepted for further use: (a) unaltered natural watershed (scenario 1),
(b) currently urbanized watershed (scenario 2), and (c) watershed adapted with resilient strategies
(scenario 3). For this last scenario, the annual usable volume of rainwater intercepted on the dwelling
rooftops was obtained. The runoff and peak flow in the natural watershed were lower than in the
other two scenarios. In contrast, a decrease in the runoff was observed in scenario 3 concerning
scenario 2, which indicates that the interception of rainwater on house roofs and the adoption of green
infrastructure solutions would significantly reduce the diameter of urban drainage pipes required
in new developments, as well as the dependency of inhabitants on potable water services. In sites
with semi-arid climates, it is possible to take advantage of the rainwater harvested on rooftops and
the runoff intercepted through green infrastructure to mitigate local water scarcity problems, which
should be considered and adopted in new residential developments.

Keywords: domestic demand; resilient cities; sustainable infrastructure; rainwater harvesting

1. Introduction

Around the world, the population inhabiting arid and semi-arid areas faces water
scarcity problems, among other severe problems, due to low rainfall that prevents the
recharge of aquifers or their surface storage [1]. A semi-arid zone is defined as one
where annual precipitation is between 250 and 500 mm [2]. However, other definitions
indicate that areas with less than 500 mm of rainfall are considered semi-arid, subhumid,
or humid [3]. The average annual rainfall in Mexico is 700 mm in its northeastern region,
considered semi-arid [4]. In addition to the lack of rain, the urban sprawl in these areas
produces impervious surfaces that alter surface runoffs’ hydrological nature by preventing
the infiltration of surface water into the ground and increasing stormwater in terms of
volumes and peak flow [5]. Conventionally, stormwater is detained and conveyed through
piped drainage systems [5]. However, the traditional approaches fail to address the
increases in storm runoff volume and peak flows caused by urban development [1]. It is
essential to implement resilient strategies such as rainwater harvesting (RWH) and green
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infrastructure (GI) to help in the restoration of the urban hydrological cycle [6]. These
strategies could help mitigate the lack of water and reduce stormwater problems [6,7].

A rainwater harvesting (RWH) approach, as a conservation measure, would help peo-
ple to overcome crises in water supply [7–9]. Domestic rainwater harvesting consists of the
small-scale concentration, collection, storage, and domestic use of rainwater runoff, mainly
from rooftops and other impervious surfaces [10]. Rainwater can replace potable water for
several domestic services such as toilet flushing and garden irrigation [11] and potable pur-
poses such as drinking, cooking, and bathing if subjected to some treatment level or even
without treatment [12,13]. The additional effect is that when collected rainwater is used,
other water sources’ demand can be reduced [6,14]. In arid and semi-arid regions, when
RWH systems are employed not only for domestic consumption but for irrigation and infil-
tration in urban areas, it is possible to mitigate flooding events because of their stormwater
capture efficiency [13]. RWH has been studied from different perspectives; some of its
applications cover flood control in urban areas, quality control of surface runoff during
rainfall events, watershed management, or green infrastructure building [6,7]. Among
the RWH advantages, these systems enhance the efficiency of the available water use [7].
Its decentralized nature also allows the owners to benefit from direct supply [6]. RWH
systems’ implementation diverts surface runoff away from stormwater collection systems
and reduces the volume of runoff that needs to be managed during rainfall events [13].

In the literature, several examples of RWH applications exist to mitigate water scarcity
problems in arid and semi-arid regions worldwide. Several archaeological findings suggest
that RWH was common in Egypt, Thailand, Mexico, Pakistan, Ethiopia, Jordan, Korea,
Sardinia, etc. [1,7,15]. In South Africa, where climate change impacts have been visible
over the last three decades, RWH is the primary source of supply for 0.3% of the rural
households [16]. Campisano et al. [10] mentioned that in Italian cities with dry temperate
climates (annual rainfall of 420 mm), RWH can reduce domestic potable water consumption.
Tabatabaee and Han [17] investigated the potential of RWH for sanitary purposes in a semi-
arid zone of Iran (annual rainfall of 250 mm). Shokory and Rabanizada [18] investigated
RWH as an alternative to sustaining water resources in Kabul, whose average yearly
precipitation is 346 mm. In semi-arid climates of Nigeria (annual rainfall of 400 mm), Nnaji
and Mama [12] determined that it is possible to cover about 68% and 40% of primary
water demand through RWH. In a semi-arid region of Brazil (annual rainfall less than
800 mm), domestic RWH can provide potable water to meet the water needs (drinking
and cooking) of a family of up to six people during 6–8 months [19]. In a rural semi-arid
region of central Mexico (annual rainfall of 724 mm), it was possible to capture enough
rain for household needs and reduce the work time required to obtain water from local
sources [1]. In two Iranian cities with cold and semi-arid climates (annual rainfall varies
from 386 and 316.8, respectively), Molaei et al. [9] determined that it is possible to obtain at
least 70% of non-potable water from large surface roofs (300 m2). Further, RWH has been
studied as a viable solution for flood mitigation in sub-Saharan regions’ inflow peak and
volume reduction at the field and basin-scale [20]. In another study, the authors mentioned
that RWH tanks contribute to the redistribution of flows over longer temporal scales, thus
reducing the incidence of flooding downstream [13].

On the other hand, green infrastructure (GI) is an emerging planning and design
concept to mitigate urban flooding [5,21]. The GI employs principles such as preserving
and recreating natural landscape features, implementing several on-site infrastructures that
mimic nature to reduce the stormwater runoff from sources [22,23]. GI is sometimes called
low impact development (LID) [24]; both terms are increasingly being touted as a practical
approach to lessen runoff and pollutant loadings to streams [25–27]. GI installations consist
of systems and practices that utilize or simulate natural processes, allowing stormwater to
infiltrate, evaporate, or be used on-site [5,25]. GI can increase the capacity for stormwater
volume capture and detention within urban watersheds [27,28]. In addition, GI helps in
runoff reduction, which is inherent for sustainable urban development [29].
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The hydrological performance and benefits of GI practices have been shown in several
studies. For example, Dreelin et al. [30] indicated that porous pavements reduced 93% of
runoff on two parking lots. Alfredo et al. [31] found that green roofs can delay and prolong
the roof discharge and reduce its peak rate. In another study, Feng et al. [32] determined the
potential for GI to restore the predevelopment hydrologic cycle in a semi-arid urban catch-
ment. Fry and Maxwell [21] concluded that GI has the most considerable impact on peak re-
duction for smaller storm events. Schubert et al. [33] compared gray infrastructure vs. green
infrastructure scenarios and determined that GI can reduce downstream flooded areas by
29%. In northeastern Madrid (annual rainfall of 428 mm), Rodríguez-Sinobas et al. [34]
analyzed a large-scale sustainable urban drainage infrastructure (consisting of rainwa-
ter, green roofs, and permeable pavement) to determine its performance. The authors
concluded that one of the leading GI strengths is its easy adaptation to traditional urban
drainage systems.

Despite these approaches, there is a need to develop more examples of how these
resilient strategies could mitigate problems that urban semi-arid areas are experiencing to
promote their adaptation in future urban areas. This sustainable solution addresses not
only water scarcity but provides options to infiltrate stormwater and recharge aquifers.
Few studies combine RWH and GI as an alternative for flooding reduction in semi-arid
areas [6,7,13,20,29,31,35,36].

In this research, a theoretical rainfall-runoff model with fewer parameter requirements
is employed to describe the potential of combining GI and RWH in homogeneous urban
residential areas placed in semi-arid conditions.

Problem Statement and Scope

Currently, the city of Mineral de la Reforma has a shortage of drinking water for domestic
consumption due to overexploitation of the local aquifer. Further, the collection system of
sewage and stormwater is combined, which reduces the possibility of capturing a volume of
rainwater that could be used locally without requiring complex treatments for non-potable
uses. This fact also causes a flood problem during the rainy season because of the hydraulic
infrastructure’s inefficiency in evacuating large volumes, for which it is not designed.

This study analyzed an established residential area with a homogeneous dwelling (sur-
face area and typologies), common green spaces, and gray infrastructure (roads, walkways,
ridges, sewage, and storm combined drainage system). The design for such homogeneous
urbanization provides us a scenario for analyzing urban flooding processes, with and with-
out water conservation and green infrastructure practices, on defined gray infrastructure.
These factors helped to theoretically evaluate their effectiveness as sustainable combined
practices to enhance adaptation in future residential developments, in order to mitigate
water scarcity problems in places with semi-arid climates.

2. Materials and Methods
2.1. Location of the Study Area

The residential area is located in the city of Mineral de la Reforma, Hidalgo state,
at 20◦04′30” N latitude and 98◦43′30” W longitude. Its average elevation is 2433 meters
above sea level (masl). The watershed area is 1.43 km2 with 9.5% slope, 1414 m length,
135 m difference in topographic level (from top to bottom), and Phaeozem, impermeable
sandy clay soil type [37]. The soil use is: residential area (0.6664 km2), dwelling covered
area (0.3105 km2), sidewalks (0.045 km2), asphalt roadways (0.286 km2), public green areas
(0.014 km2), commercial area (0.061 km2), ridges (0.0109 km2), and unaltered grassland area
(0.7026 km2). The residential area includes 1483 dwellings, with very similar characteristics.
Each dwelling lot has a total area of 90 m2, with roof surfaces of 60 m2 (Figure 1).
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Figure 1. Location of the study area: (a) unaltered natural watershed, and (b) definition of soil use at the current urban
watershed. P1 shows the deviation of runoff from the north of the watershed; P2 corresponds to one of the common green
spaces; P3 shows a typical house with its garden area.

2.2. Climate

According to CONAGUA [38], the city has a semi-arid cold or temperate climate,
with occasional hail and heavy rain during the summer months and dry conditions during
winter. The average temperature is 14 ◦C, with maximum temperatures in April and May
(24.6 and 24.1 ◦C, respectively). The annual rainfall ranges from 160 to 700 mm, and the
rainy season extends from May to October (Figure 2). From this volume of rain, more than
70% is lost through evaporation [30]. Daily rainfall records from the local climatological
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station (station ID 13022) from 1950 to 2018, taken from the CLICOM database [38], were
used to estimate the amount of harvestable water and peak discharge in the watershed.
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Figure 2. (a) Mean monthly rainfall and temperature. (b) Annual rainfall.

2.3. Design of Proposed Scenarios

Conservation measures such as RWH are proposed to reduce the potable water deficit
in dwellings and determine their capacity for surface runoff mitigation through capturing
rainwater on the roofs of houses for non-potable purposes. Combining these conservation
measures and green infrastructure such as infiltration trenches and bioretention systems
could mitigate surface runoff, reduce the volume that diverts to stormwater drainage, and
create self-consumption options. Three scenarios were analyzed to determine the technical
feasibility of this proposal: (1) conditions before urban development (unaltered natural
watershed, scenario 1, Figure 1a); (2) residential development with gray infrastructure,
where the total runoff generated by rainfall connects to urban drainage (current urban
watershed, scenario 2, Figures 1b and 3a); and (3) residential development with rainwater
harvesting and infiltration trenches into private gardens, and green infrastructure (in-
filtration trenches and bioretention systems) in public areas (combined gray and green
infrastructure watershed, scenario 3, Figure 3b).

The third scenario consists of installing a rainwater harvesting tank that collects the
runoff generated on the roof in each of the 1483 dwellings. Additionally, this harvested volume
can be used as non-potable water to supply self-consumption. Excess water that is not stored
in the tank will be absorbed in each house’s garden through infiltration trenches. This scenario
assumes that the entire roofs of the dwelling and commercial area will intercept rainwater for
self-consumption (see Section 2.5). This is intended to eliminate the runoff generated in the
dwelling and commercial buildings in its entirety, reducing the runoff from the urbanized
basin that will discharge to the drainage network. In public garden areas, replacement of
the existing soil (Phaeozem) with sandy soil is proposed, thus allowing increased infiltration
and reducing surface runoff. In their study, Martin-Mikle et al. [26] mentioned that sandy
soils could augment GI infiltration capacity. In contrast, clayey soils (Phaeozem) and large
impervious surface areas would increase the low infiltration capacity and contribute to large
runoffs that will affect urban infrastructure [26]. The main design parameters proposed for
each scenario are described in Table 1.
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evapotranspiration; Smw, stormwater; Pow, polluted runoff; IT, infiltration trench.

Table 1. Input parameters of proposed scenarios to determine their flooding mitigation and self-consumption potential.

Input Parameter Scenario 1 Scenario 2 Scenario 3

Watershed area (km2) 1.43 1.43 1.43
Slope (%) 9.5 9.5 9.5

Length (m) 1414 1414 1414

Soil use Grassland area
(1.43 km2)

Grassland area (0.7026 km2)
Dwelling (0.3105 km2)
Sidewalks (0.0450 km2)

Asphalt roadways (0.2860 km2)
Commercial area

(0.0610 km2)
Ridges

(0.0109 km2)
Public green areas

(0.0140 km2)

Grassland area (0.7026 km2)
Dwelling
(0.0 km2)

Sidewalks (0.0450 km2)
Asphalt roadways (0.2860 km2)

Commercial area
(0.0 km2)
Ridges

(0.0109 km2)
Public green areas

(0.0140 km2)
Soil type Phaeozem Phaeozem Sandy soil *

Vegetation Xerophile Xerophile Xerophile

* [26].
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2.4. Definition of the Physical Characteristics of the Watershed

In this study, only the SW part of the original watershed was delimited and analyzed.
The runoffs originate in the extreme south and cross the residential area in an SW and
NE-SW direction (Figure 1). The northern part and the extreme E were discarded since, in
the first case (original watershed), it crosses an old highway (NE-SW) and the hydraulic
works parallel to this prevent the runoff that originates in the N part of the watershed from
crossing the study area (Figure 1, P1). In the second case, a material bank significantly
altered the topography, directing the runoff in the opposite direction to the study area (NE).
For the purposes of this paper, we will refer to the study area as the watershed area (see
Figure 1 and Table 1). The area of interest is a watershed in which the perimeter, slope,
and average length are taken into account. Georeferenced information from the watershed
(previous to and after urbanization) was extracted using Google Earth Pro.Ink [39]. Its
topography delimits it to form surface runoff (from the higher topographic area into the
lowest part, or flood zone). After georeferencing the land use and hydrological flows,
Global Mapper v20.1 [40] was used to obtain the terrain’s topography and locate the main
directions and slope of surface runoff. Subsequently, ARCHICAD [41] was employed
to model the information in 3D and calculate the primary runoff’s topographic profile,
distances, land use sub-areas, and slope (Table 1).

2.5. Rainwater Harvesting Volumes

The rainfall design was calculated from a frequency analysis of the average monthly
rainfall to obtain the rainwater harvesting volumes. According to Schneider [42], in locali-
ties where rainfall variability is high, particularly in semi-arid and sub-humid regions, it is
recommended to use rainfall values with occurrence probabilities higher than 50%. Based
on the rainfall’s local characteristics, the type of consumption, and the scarcity situation,
the available rainfalls could have a probability of occurrence from 75 to 90%. Monthly
rainfall with occurrence probabilities of 50, 60, and 75% (R50, R60, and R75, respectively)
was used in this investigation to determine its availability to be intercepted on rooftops
(watershed volume). These rainfalls were analyzed utilizing a frequency analysis, using
the Normal, 2-parameter and 3-parameter Log normal, 2-parameter Gamma, Log Pearson
III, Gumbel, and Double Gumbel distributions. The best fit distribution was selected using
the standard error of fit [43].

The monthly rainwater harvesting volume (Vc) was computed with Equation (1) [44,45]:

Vc =
R× Ar × Cr

1000
(1)

where Vc equals the monthly rainwater harvesting volume (m3); R is the available monthly
rainfall (R50, R60, and R75, in mm); Ar is the concrete rooftop surface (60 m2); Cr is the
runoff coefficient, which varies from 0.8 to 0.95 [44]. In this study, Equation (1) employs a
runoff coefficient of 0.90 (dimensionless) for concrete rooftops.

2.6. Design Hydrograph Estimation
2.6.1. Rational Method for Estimate Maximum Discharge

Among the most used hydrological methods to model the rain-runoff process in
non-gauged basins are Rational [46], Chow [47], triangular unit hydrograph [48], SCS (Soil
Conservation Service) triangular unit hydrograph [49], and hydrograph unit [50]. In this
study, the Rational method was used to calculate the peak discharge in the study watershed
for the proposed scenarios (Equation (2)).

Q = 0.278CeiA (2)

where Q is the peak discharge (m3/s); Ce is the runoff coefficient (dimensionless); i is the
rainfall intensity (mm/hour); and A is the watershed area (km2).
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2.6.2. Curve Number Method to Estimate Effective Rainfall

The temporal rainfall distribution is an essential factor that directly influences the
magnitude of the peak discharge; however, there are no data on rainfall intensity in the
study area, so the method of Kuishling and Gransky [46,51] was used. This formulation
considers a distribution that adheres to maximum intensity curves. Generally, the rainfall
that produces the peak discharge in the watershed is the rainfall corresponding to a
duration equal to the watershed’s concentration time. This time is defined as the minimum
time necessary for all the watershed points to be simultaneously contributing runoff to
its outlet [46,51]. Therefore, it is needed to calculate the rainfall corresponding to the
concentration time of the watershed. Kuishling and Gransky’s formulation is given by
Equations (3) and (4):

Rt =
Kt1−e

1− e
(3)

K =
Hp(1− e)

241−e (4)

where Rt is the rainfall in the time t (mm); t is the time for which rainfall is required
(hours); K is a rainfall distribution coefficient (dimensionless); e is a dimensionless value
that depends on the concentration-time (tc) and the watershed area [43]. For this study,
e =0.8; and Hp is the maximum 24-h rainfall (mm) for a specific return period.

The time t, for which it is required to know the rainfall, is the concentration time tc
(Equation (5)), which was calculated with the Kirpich equation [46,51]:

tc = 0.000325
L0.77

S0.385 (5)

where L is the mean length of the channel (m), and S corresponds to its mean slope (%).
The runoff coefficient (Ce) and the rainfall intensity (i) are given by Equations (6) and (7).

Ce =
Pe

Re
(6)

i =
Re

tc
(7)

where Pe is the effective or excess rainfall (mm). In this study, effective rainfall, Re, was
obtained using the SCS curve number method [49].

A frequency analysis was carried out on the maximum annual rainfall series in 24 h
to estimate the design rainfall (Hp), with the same probability distribution functions and
selection criteria used in Section 2.5. With the best fit distribution, the design storms for
return periods (Tr) of 2, 5, 10, and 20 years were determined.

2.6.3. SCS Dimensionless Unit Hydrograph to Determine Design Hydrographs

With the design peak discharge obtained for the different return periods, the corre-
sponding design hydrographs were constructed for the three proposed scenarios, using
the dimensionless unit hydrograph of the SCS [49]. Peak time, excess duration, and lag
time were calculated with Equations (8)–(10) [49]:

tp =
de

2
+ tlag (8)

de = tc (9)

tlag = 0.00505
(

L√
S

)0.64
(10)

where tp is the peak time (hours); de is the excess duration (hours); and tlag is the lag
time (hours).
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3. Results
3.1. Rainwater Harvested on Dwellings

The frequency and occurrence of rainfall in the study area are basic design variables
for sizing a rainwater harvesting system [45]. According to the rainfall analysis, where the
standard error of fit was obtained, in general, the distribution function that best fits the
monthly rainfall series was the Gumbel function.

Figure 4 shows the fitting of the probability distribution functions for June, the month
with the highest rainfall. The standard errors of fit presented by the different distributions
for June were: 4.56, 4.85, 5.03, 5.91, 7.84, 10.63 y 23.51 for the 2-parameter Gamma, Gumbel,
3-parameter Log-Normal, Double Gumbel, 2- parameter Log-Normal, Normal and Log
Pearson III distributions, respectively. For Tr < 10 years, the distribution functions have
a very similar fit, obtaining slightly higher values through the Log Pearson III and 2-
parameter Log-Normal distributions. From the Gumbel distribution function, the rainfall
employed for the rainwater watershed analysis was determined, which corresponds to a
probability of exceedance of 50% (R50), 60% (R60), and 75% (R75).
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Figure 4. Fitting of the probability distributions to the mean monthly rainfall data for June in the
function of the return period.

Table 2 shows the volume of rainwater that can be harvested during the period from
May to September, which concentrates between 73.0% and 86.0% of the rainfall, with a
probability of exceedance of 50% and 75%, respectively. Considering that each dwelling
has a catchment area of 60 m2, Table 2 shows the monthly volumes that can be harvested
annually: 9.12 m3 (Vc75), 14.72 m3 (Vc60), and 18.48 m3 (Vc50).

Table 2. Average monthly rainfall with probabilities of occurrence of 50%, 60%, and 75% (mm).

Month Rainfall (mm) Rainwater Harvested Volume (m3)
Mean StdDev R50 R60 R75 Vc50 Vc60 Vc75

Jan 9.10 14.00 7.10 4.00 0.00 0.38 0.21 0.00
Feb 7.70 13.80 5.60 2.60 0.00 0.30 0.14 0.00

March 14.10 21.10 11.00 6.30 0.00 0.59 0.34 0.00
Apr 29.40 23.50 25.90 20.70 12.80 1.40 1.12 0.69
May 40.40 28.80 36.10 29.70 19.80 1.95 1.61 1.07
Jun 65.60 38.90 59.90 51.20 37.90 3.23 2.77 2.04
Jul 59.40 43.70 53.00 43.30 28.30 2.86 2.34 1.53

Aug 51.40 32.80 46.50 39.30 28.00 2.51 2.12 1.51
Sep 62.20 43.30 55.80 46.20 31.40 3.01 2.50 1.69
Oct 33.10 32.50 28.30 21.10 9.90 1.53 1.14 0.54
Nov 10.60 14.10 8.60 5.40 0.60 0.46 0.29 0.03
Dec 5.70 7.70 4.60 2.90 0.20 0.25 0.16 0.01
Total 388.70 342.30 272.60 168.90 18.48 14.72 9.12
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3.2. Estimation of the Design Event

When direct measurements are not available to help determine the runoff history at a
site of interest, it is necessary to estimate the design flood for different return periods [52].
It can help to design stormwater infrastructure, such as drainage networks, flood control,
and irrigation. Additionally, if hydrometric information is lacking, it is recommended
to analyze the frequencies of the design flood and select the one representing a better
performance of the studied sample [53].

3.2.1. Basin Response Times

Both the spatial and temporal distribution of runoff and the critical duration of flood-
producing rainfall is influenced by the watershed response time [54]. The watershed response
time is also directly related to, and influenced by, climatological variables, watershed geo-
morphology, watershed variables (e.g., land cover, soils and storage), and channel geomor-
phology [54]. With Equations (5), (8)–(10), and with the characteristics of the basin (Table 1),
their response times were obtained as 0.214 h, 0.214 h, 0.255 h, and 0.362 h, for the time of
concentration (tc), excess duration (de), lag time (tlag) and peak time (tp), respectively.

3.2.2. Design Rainfall

Figure 5 shows the adjustment of the distribution functions to the 24-h daily maximum
rainfall series. According to the values of the standard error of fit calculated for each
distribution applied in the frequency analysis, the probability distribution that best fits
these series was the double Gumbel function, which presented a value of 4.02.
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With this distribution function, the design rainfalls for the return periods analyzed
were obtained (Table 3). With these values and the watershed’s response times (Section 3.2.1),
the rainfall corresponding to the time of concentration was determined.

Table 3. Maximum rainfall in 24 h (Hp) and rainfall (Rt) for the time of concentration and different
return periods (Tr).

Tr (years) Hp (mm) Rt (mm)

2 31.70 12.33
5 53.00 20.61
10 72.60 28.24
20 89.90 34.98
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3.2.3. Effective Rainfall and Design Hydrographs

From the rainfall associated with the watershed time of concentration (Rt) for each
return period (Tr), the effective or excess rainfall (Re) was estimated using the SCS curve
number method [49] for each of the analyzed scenarios (Table 4). This method has been
employed to estimate relative runoff reductions with different GI strategies in a low-density
residential watershed [55–57]. The curve numbers for modeling scenarios 1, 2, and 3 are
68.0, 80.7, and 73.6, respectively. Table 4 shows that the effective rainfall in scenario 2 (Re2)
is higher than in scenarios 1 (Re1) and 3 (Re3), since the curve number is the highest. The
effective rainfall for a return period of two years and the three analyzed scenarios is zero.

Table 4. Effective rainfall (Re) corresponding to the concentration-time (tc) for different return periods
(Tr).

Tr (years) Scenario 1
Re1 (mm)

Scenario 2
Re2 (mm)

Scenario 3
Re3 (mm)

2 0.00 0.00 0.00
5 0.00 1.03 0.06
10 0.15 3.36 0.99
20 0.94 6.23 2.60

3.2.4. Peak Discharge and Design Hydrograph

From the estimated rainfall (Rt and Re), the runoff coefficients and the design intensi-
ties (Equations (6) and (7)) were obtained for the return periods analyzed. These values, as
well as peak discharge values (Q), calculated through the Rational method for the three
analyzed scenarios, are shown in Table 5.

Table 5. Peak discharges (Q) determined by the Rational method for the analyzed scenarios and
different return periods (Tr).

Tr (years) Scenario 1
Q1 (m3/s)

Scenario 2
Q2 (m3/s)

Scenario 3
Q3 (m3/s)

2 0.000 0.001 0.000
5 0.000 1.916 0.113
10 0.281 6.241 1.836
20 1.743 11.560 4.824

As indicated before, the design hydrographs for each analysis scenario were deter-
mined using the SCS unit hydrograph. Figure 6 shows that the runoff variation is a function
of modeling scenarios 1, 2, and 3.

The lowest runoff was calculated for the pre-developed watershed (unaltered nat-
ural watershed, scenario 1) for the return periods analyzed. The runoff generated for
urbanized conditions (current urban watershed, scenario 2) was the highest. Likewise, by
incorporating conservation measures and green infrastructure in the urban area (combined
infrastructure, scenario 3), it is possible to significantly reduce maximum runoff volumes
and, with this, reduce the damage to infrastructure due to flooding and increase the poten-
tial for retention of runoff for its use. Peak discharges for the 10 and 20-year return periods
of scenario 3 represent only 29, and 42%, respectively, of the maximum discharge estimated
for scenario 2. This allows us to conclude that, by incorporating conservation measures
and green infrastructure in new urbanizations such as residential areas, stormwater would
be considerably reduced, allowing the urban drainage pipe diameter and possible flood
areas to be diminished. On the other hand, the maximum peak discharge (scenario 1) for
the return periods of 10 and 20 years shows an increase of 553, and 177%, respectively,
concerning the maximum discharge of scenario 3. It demonstrates that, as the return period
increases, the difference in the maximum peak discharges tends to decrease. For the return
period of 5 years, the runoff volume in scenario 2 was 3299 m3, while for scenario 3 there
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was a runoff volume of 194 m3. In other words, the green infrastructure and conservation
measures proposed had a significant impact in reducing the runoff, since the volume was
reduced by 94.1%. For the 10-year return period in scenarios 2 and 3, the runoff volume
was 10,743 m3 and 3161 m3, respectively. Combined gray and green infrastructure had a
lower impact than in the previous case (Tr, 5 years), but the reduction in runoff volume
is still important (70.6%). Finally, for the 20-year return period, in scenarios 2 and 3, the
reduction in runoff volume due to the incorporation of green infrastructure was 58.3%.
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4. Discussion
4.1. Conservation Measures (RWH)

Harvesting rainwater on the roofs of dwellings is an economical and useful option as
a conservation measure, and manages the volume that runs off roads and discharges to
sewage [5,58]. In this study, rainfall with an exceedance probability of 75% was considered
the most critical case for determining minimum water storage conditions, since it concen-
trates 86% of the rainfall in 5 months throughout the year (May–September). Although the
collection volumes of 60 m2 of the rooftop can partially replace the necessary consumption
in the dwelling (between 1.07 m3/month and 2.04 m3/month), its versatility of use for
domestic purposes, such as cleaning, hygiene, and irrigation of green areas, among others,
makes it an effective alternative to mitigate shortage problems [8,12,59] and enhances the
water security of its users [60,61].

This study highlights the potential for an interception on the roofs of the entire
residential area (dwelling and commercial area) as an alternative to reduce the volume of
surface runoff and mitigate the population’s water scarcity. The results indicate that, for
each m2 of the collection area, it is possible to intercept 0.012 m3/m. These results were
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compared with data obtained in other study areas to evaluate its application’s generality in
similar residential areas with a semi-arid climate (Table 6).

Table 6. Comparison of RWH approaches in different semi-arid urban areas.

Reference Location

Average
Annual
Rainfall

(mm)

Rainfall
Distribution

Rooftop
Area (m2)

RWH
Volume
(m3/m)

Daily Con-
sumption

(L/d/capita)

Demand
Satisfied

(%)

Unit Volume
of RWH

(m3/m2 of
Interception

Area)

This study Mexico 160–700 May-October 60 1.07–2.04 0.012

[6] Portugal 500–700 October-
April 1180.79 2.88 0.0024

[8] Jordan 200–600 October-
April 50 6.8 71.4 34 0.136

[9] Iran 316.88–
386.007

September-
March 100–300 1.89–4.5 300 60 0.0189–0.015

[12] Nigeria 400 July-
September 343 0.1–1.45 150 70 0.00029–0.004

[14] Mexico 376.96 May-October 100–200 5.25–5.95 38.4 100 0.052–0.029

[17] Iran 113.7–257.3 September-
March 40 1.33 0.033

[62] Iran 288 September-
March 60–240 1.14–4.58 240 100 0.019

Data range 113.7–700 3–7 months 40–1180.79 0.1–6.8 38.4–300 34–100 0.00029–0.136

The table above shows the rainy season’s temporal variability and the amount of
precipitation in different semi-arid areas (113.7–700 mm). These conditions may limit the
potential to harvest sufficient volumes to satisfy domestic consumer demand (34–100%);
however, their potential to mitigate surface runoff is still relevant (0.00029–0.136 m3/m2). In
this study, the RWH intercepted on rooftops is equivalent to a total volume of 56,468 m3/a in
25.98% of the watershed (0.3715 km2). This alternative represents an opportunity to reduce
the runoff volume that saturates the hydraulic network (gray infrastructure), incorporating
a partial solution to mitigate water scarcity for the population. Also, if the dwelling’s garden
is adapted utilizing an infiltration trench (an example of GI), the infiltration capacity and
recharge of the subsoil could be increased [26,62]. There is evidence that the adoption of
GI at the household level could augment stormwater retention volumes. For example,
Palla et al. [63] reported that the average peak discharge and volume reduction rates of
implementing RWH systems in a residential urban area were 33% and 26%, respectively. In
a recent study, Tamagnone et al. [20] concluded that RWH, at the basin scale, could reduce
flow peak and runoff volume by 13% and 8%, respectively.

This study hypothesizes that implementing these combined strategies (conservation
measures and green infrastructure in the dwelling) in new residential developments repre-
sents an excellent opportunity to favor the sustainable management of rainwater. Another
benefit is to promote its self-consumption as an alternative to mitigate problems of scarcity
and flooding, especially in places where there is overexploitation of water resources, long
periods of drought, and flash rain events.

4.2. Green Infrastructure

This study determined theoretically that, by modifying the land’s natural conditions
(scenario 1), not only its geomorphology is altered, but the hydraulic infrastructure may
be insufficient to capture runoff due to the waterproofing of its surface (scenario 2). As an
alternative to mitigate this problem, it is recommended to adopt green infrastructures (GI)
such as infiltration trenches or bioretention systems in common green areas. GI can increase
the capacity for stormwater volume capture and detention within urban watersheds [27,28].
Further, GI is capable of restoring the predevelopment hydrologic cycle in semi-arid urban
areas [32]. For this, local morphological conditions such as street slopes, their lengths, ge-
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ometry, and the terrain’s roughness must be considered [26,64]. This analysis allows us to
recommend design return periods between 2 and 5 years [34,65] and up to 10 years [50] to
obtain design parameters and green infrastructure dimensioning. From the results analysis, it
is recommended to consider Tr = 10 years, since it represents 94.1% in the reduction of runoff,
with a design rainfall of 20.6 mm, concentration-time of 12.84 min, and peak time of 21.71 min.
These design parameters were useful not only in this proposal, but they can be adapted in the
planning of new dwelling developments where the implementation of green infrastructure
to mitigate surface runoff and the dimensioning of hydraulic infrastructure for conducting
storm drainage is taken into account from its conception. In Connecticut, peak flow mitigation
of similar GI was 65% [66], while in Australia, it was 80–90% [67]. In their study, Schubert
et al. [33] compared gray infrastructure vs. green infrastructure scenarios and determined that
GI can reduce downstream flooded areas by 29%. In Washington, Chapman and Horner [68]
reported that a street-side bioretention facility could achieve 26–52% of runoff retention in
real-weather conditions. Furthermore, the extraordinary potential represented by the adap-
tation of conservation measures in dwellings, in conjunction with green infrastructure, was
observed, since part of the runoff is intercepted for self-consumption or can be infiltrated into
private and public green areas [27,68].

First, the results of this study highlight the negative effect of the current urbanization
style, since the urban hydrological cycle is adversely modified [69]. Second, our work
confirms the positive effects of adopting resilient water strategies. The benefits of GI
adaptation are that it can easily link with the pre-existing gray infrastructure [34]. For
this reason, cities around the world are implementing them, often after a weather-related
crisis [70]. These strategies are a compelling necessity in the current climatic change context,
especially in arid and semi-arid zones. Land-use based modeling was applied at the
simulation level to a semi-arid region of Brazil, and it was found that green infrastructure
strategies would reduce flooded areas and impacts [71,72]. According to Barros-Ramalho-
Alves et al. [72], such prediction methodologies can support both long-term urban planning
and water resource management. Lastly, the parameters proposed in this study (Tr, Tc, Q, Rt
and Re) may be useful for the design and planning of sustainable stormwater infrastructure
in new developments in urban areas with no precise rainfall information (hourly rainfall,
rainfall intensity).

5. Conclusions

Although it is clear that urban waterproofing of surfaces negatively affects the hydro-
logical cycle, it is vital to determine the potential of urban infrastructure to mitigate surface
runoff. If the infrastructure adopts a sustainable approach, it can be a useful tool to reduce
water scarcity problems in the home and offer self-management alternatives (such as the
storage of surface runoff for green areas).

This study analyzed the hydraulic efficiency of combining strategies such as RWH for
domestic consumption and GI in gardens and public areas in runoff mitigation. Design
parameters such as return period, design rainfall, concentration-time, and peak time were
necessary to propose RHW and GI adaptation in new residential areas to be constructed in
semi-arid zones. This adaptation will facilitate dimensioning of the hydraulic infrastructure,
mitigate the problem of flooding, and efficiently manage urban runoff to natural infiltration
areas, preventing its discharge and mixing with public drainage.

Among the limitations of this study, the following should be mentioned: (a) the
capacity of RWH for self-consumption in dwelling depends partially on the catchment
area (rooftop area), so in new facilities, this will be decisive for sizing the appropriate
storage tank, and (b) location, selection and dimensioning of GI should be analyzed before
considering the design of the drainage network, since its hydraulic capacity to mitigate
floods will depend on these factors.
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