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Abstract

:

The U.S. Environmental Protection Agency stormwater management model was applied to a semi-arid urban micro watershed. The sub-catchment’s current features were modeled as scenario A, while the insertion of a set of LID technologies (rain barrels, bioretention cells, permeable pavement, and infiltration trenches) was represented as scenario B. A third scenario (C), considering only the most feasible LID technologies, was also modeled. All the scenarios were evaluated under two representative storm events (30 and 9 mm in two consecutive days, and 39 mm of rainfall in one day) occurred during the sampling performed in this study. Water quality was also simulated for a 30-mm storm event and compared against field assessment results after a real 30-mm storm event. Through the model, the inefficiency of current evacuation methods after 30- and 39-mm storm events was demonstrated. Simulation of scenario B showed that LID technologies could satisfactorily diminish peak flows generated by the selected storm events as well as runoff-conveyed pollution, while the realistic scenario allowed a lower but satisfactory hydrological performance and almost the same runoff quality than scenario B. This preliminary study could contribute to spread awareness about the benefits of LID technologies in semi-arid urban areas of the developing world.
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1. Introduction


Urbanization is a critical anthropogenic alteration of local hydrological cycles. Urban constructions such as buildings, roofs, roads, and parking lots are impervious due to their compact internal structure. This imperviousness of urban built environments modifies the local hydrology because it prevents rainwater infiltration into the soil’s lower layers. Simultaneously, runoff increases, thereby diminishing the potential for aquifer recharge [1]. A greater volume of runoff, in turn, leads to more severe and frequent floods. Until not so long ago, flood reduction measures often relied on the improvement of existing drainage capacity. The usual engineering responses include the implementation of canals, dams, and pipes, which further increase impervious coverage and have proven ineffective if implemented in isolation [2].



On the contrary, low-impact development (LID) is a relatively new urbanization approach to managing excess runoff from increased impervious surfaces caused by urban development, intended to mimic pre-development hydrology [3]. Also known as “water-sensitive urban design,” “green urban infrastructure,” and “sustainable drainage systems,” LID represents a fundamental element of change in how urbanization is understood since it aims to minimize the adverse environmental impacts of civil infrastructure and, in particular, to restore the urban hydrological cycle. LID practices comprise bioretention cells, infiltration trenches, green roofs, permeable pavements, and rainwater harvest systems. Incorporating these systems into built environments promotes evapotranspiration, infiltration, aquifer recharge, and processes that can improve runoff quality through the removal of contaminants [4].



Hydrological models can simulate the effects of LID application at various temporal-spatial scales in urban areas. Currently, the most used hydrological models are the SCS (Soil Conservation Service), the SWAT (Soil and Water Assessment Tool), the MOUSE (Model for Urban Sewers, Danish Hydraulic Institute), HydroCAD, and the stormwater management model (SWMM) of the U.S. Environmental Protection Agency [5]. The SWMM is an open-source, dynamic tool used to model the hydrological and hydraulic components of a catchment. It is also used to predict the catchment response after LID implementation. The SWMM allows for the estimation of flow quantities, water quality parameters, infiltration, dry-weather flow, and pollutant loadings. For instance, the features of 19 commonly-used hydrological models have been previously evaluated and compared, and the conclusion was that the SWMM is an appropriate hydrological model to represent and simulate various soil use scenarios as well as the potential effects of LID implementation in a mixed urban-rural Appalachian watershed [6].



So far, urban runoff management through LID has taken place mainly in mesic climates (i.e., ones that receive rainfall of 750 to 2000 mm per year) [7]. However, in arid or semi-arid zones, broadly characterized by annual precipitation rates lower than 500 mm and potential evapotranspiration higher than precipitation [3], there also exists the demand for LID implementation, maybe more than anywhere. In these zones, which cover around 41% of the world’s land surface and are inhabited by 38% of the global population [8], urban runoff is considered a promising new water resource; the actual volume thereof needs, then, to be estimated and managed. LID implementation could enhance the ecological resilience of these water-scarce environments, regions which are otherwise among the most vulnerable to climate change [9]. However, in a recent review [3], the lack of studies dedicated to the performance of LID in arid and semi-arid zones was still recognized as problematic, as well as the unique challenges presented when dealing with these climates.



The purpose of this paper is to apply a preliminary SWMM hydrological modeling to the semi-arid study area in its actual state (baseline scenario) and after the hypothetical integration of LID solutions. These solutions were integrated into either an ideal or a realistic scenario, set for simulation and comparison against the baseline scenario under two storm events. Also, a water quality survey was conducted after an actual storm event and compared against the simulated values. We hypothesize that the LID installation from the top and across the study micro watershed is desirable to reduce the runoff volumes and peak flows in the lower part of the micro watershed or flood zone. However, a limitation in these proposals is the reduced availability of spaces to size them properly, which reduces their capacity to mitigate floods.



This work is organized as follows. First, a short literature review about some of the particularities of the arid and semi-arid regions, and the application of SWMM to these zones, is presented. Then we describe our semi-arid study area, which is affected by seasonal floods, the different land uses and their physical characteristics (surface, slope, runoff coefficient). The criteria for carrying out the design and the selection of the storm events were established. Next, the design parameters to be used in SWMM modeling were determined. Subsequently, hydraulic variables such as runoff volume, runoff coefficient, infiltration, and peak runoff were evaluated. Next, the behavior of the contaminants identified in the sampled water was analyzed. Finally, the potential of the proposals to mitigate runoff and pollutants was examined.




2. Review of the SWMM Application to Arid and Semiarid Zones


In arid and semi-arid areas, storm events have a short duration and a random nature. Besides, due to the prolonged dry periods between two successive storm events and the high spatial and temporal variability of both rainfall and runoff, the availability of consistent hydrological data sets presents a considerable challenge [10]. This drawback is even more significant for the dry zones of the developing countries, where the scarcity of data and case studies has led to a lack of evidence about the benefits of urban runoff management through LID [11]. The shortage of good practice examples of LID, in turn, implies limited opportunities to generate design standards and manuals adapted to the particularities faced in the arid and semi-arid developing world [11,12].



Concerning urban runoff quality, higher contents of total suspended solids (TSS), organic matter, nutrients, and heavy metals have been reported for arid and semi-arid zones than for international data, which is typically biased toward mesic zones. This can be partially explained by the time elapsed between storm events, which is longer in arid regions than in temperate ones and allows for the buildup of significant amounts of pollutants. Furthermore, in dry climates, vegetation provides insufficient protection against wind or water erosion. The resulting displacement of soil material is likely to produce runoff with high contents of solids and crustal metals [13].



Hydrological modeling of urban runoff and its mitigation through LID is of utmost importance in this climatic context. The recent review cited above signaled that SWMM-based modeling was the most common approach of the studies about the LID performance in arid and semi-arid zones, followed by field monitoring or experiments [3]. For instance, Rabori and Ghazavi evaluated the runoff generated in Zanjan, an Iranian city in a semi-arid zone, and the drainage network capacity for transferring the peak runoff for a designed storm with a 50-year return period [10]. They concluded that SWMM modeling has a considerable predictive capability for semi-arid regions. In recent research, an integrated methodology based mainly on SWMM modeling evaluated the efficiency of three LID strategies (green roofs, permeable pavements, and rain gardens) in reducing flooded areas, flood volume, and impact in Campina Grande, a semi-arid region in Brazil [14].



Similarly, in a study estimating the runoff generated by the seasonal rainfall patterns in a large urban catchment in Kuwait, it was found that the SWMM model could design the storm drainage system more accurately than the rational method [15]. From the simulation results, the authors selected the values of rainfall frequency of design storms most adequate to model the flooding of urban areas. Also, they estimated the quantity of runoff that could be harvested and used as an additional water resource.



Despite the promising results issued by the modeling studies, the LID benefits concerning water quality have been scarcely demonstrated by field monitoring in arid and semi-arid zones [3,7]. Overall, TSS are expected to be removed by LID devices, along with some metals and phosphorus, although removal efficiencies vary widely [3]. Permeable pavements, infiltration trenches, and bioretention cells are recommended for these climates but should be implemented with caution because they often lead to nutrient or metal export [4,7]. Studies of water quality, air quality, and urban heat mitigation associated with LID implementation were considered urgent in the mentioned review [3], because their scarcity is a barrier against the generalized adoption of this sustainable runoff management approach.




3. Materials and Methods


3.1. Study Area


The study area is a micro watershed situated at the Autonomous University of the State of Hidalgo (Figure 1), which is between the coordinates 20°05′47″ north latitude and 98°42′37″ west longitude, at 2426 m above sea level. The campus belongs to the municipality of Mineral de la Reforma, in the central-southern region of the state of Hidalgo, Mexico. Daily rainfall records gathered by the Pachuca Observatorio climatological station (station ID 1322) for the 1972–2018 period were taken from the CLICOM database [16]. On an average annual basis, the air temperature is 14.6 °C, and the precipitation is 375.9 mm. During the rainy season (from April to September) [17], floods often occur from the high to the low-lying zones and are dominated by the topographic slope and soil use. Based on the latter, the micro watershed can be divided into the following influencing zones: (a) high zone, (b) intermediate zone, and (c) low zone. Each of these has different ratios of impermeable to permeable area, which can determine their runoff generation potential or their mitigation capacity through the infiltration into the subsoil and their potential to adapt to LIDs. In turn, each zone is subdivided (A1, A2, and so forth) since the primary runoff deviates in two directions, from the high zone to the low zone. These zones can be observed in Figure 1, while their physical descriptive characteristics are included in Table 1.



From these three zones, critical surfaces were identified due to their flooding susceptibility during the rainy season. These critical surfaces are identified as sub-catchments I, II, and III, as presented in Figure 2. These sub-catchments are highly impervious because they consist, for the most part, in building roofs, pedestrian paths, and parking lots covered with asphalted pavement.




3.2. Selected Storm Events


During the last 10 years, atypical rains (one to two per year) have been observed with short-term rainfall depths (i.e., higher than 30 mm). A previous study in the same city determined that these atypical rains were due, among other factors, to high variability in the historical rainfall regime (intra-annual variation ranged between 0.50 and 1.73) [18]. Although there are no available historical records of hourly rainfall, these last between approximately 60 and 180 min, with intensities of 37 mm/h in the zone [19]. This value was employed in this study to define the time series of the intensity selected as a reference to model the runoff behavior under different urbanized scenarios. The selected rainfall duration was set at 1.5 h with intervals of 5 min because durations comprised between 60 and 90 min were signaled as the most frequent in the study zone [19]. Due to the lack of continuous measurements in the area, in this study the rainfall event recorded on the sampling date (30 mm) and the rainfall the following day (9 mm) were selected as model storm events. This criterion was chosen because it corresponds to a first-flush quality analysis performed in this study, which can be representative of the highest pollutant concentrations expected [20]. Another limitation for this modeling is that there is only one climatological station near the study area. The other neighboring stations are more than 20 km away, so reliable data could not be obtained to calibrate the model either. Therefore, since SWMM 5.1-EPA allows one to model short-duration rains, and based on local empirical experience, we proposed the following: first, the precipitation for two consecutive days (30 and 9 mm) was considered the real event, and second, another scenario with precipitation of 39 mm for one day was considered an extreme event. A return period (Tr) of less than 10 years was considered for small urban drainage works, as recommended by a study carried out in an area very close to the study area [21]. The first storm event seeks to identify the hydraulic behavior of the area when its surface is saturated after two consecutive days of rain. In contrast, the second storm event is intended to recognize the hydraulic capacity of the site under short-term heavy rains.




3.3. Simulated Urban Development Scenarios


Three urban scenarios were simulated: A, a conventional (baseline or business-as-usual) urban development scenario; B, an ideal scenario considering the hypothetical application of LID to the current situation; and C, a more realistic scenario where only the most feasible LID solutions were considered. These scenarios were designed according to prior and current urban planning, the existing land use patterns, and planned runoff management strategies. Scenario A was considered for constructing the baseline model, against which the LID-based scenarios (B and C) were compared.



3.3.1. Conventional Urban Development Scenario (A)


The conventional urban development scenario (A) only depicts the campus’s current development. Georeferenced information from the area of interest was extracted using Google Earth Pro.Ink. Land use cover and scale were presented in Figure 1 as well. The campus spans 303,669.24 m2 with an average slope of 2.8% and a maximum length of 1259 m. The main land uses of the study area are vegetated and bare soils (167,475.57 m2, 55.15%), building roofs (50,250.37 m2, 16.55%), parking lots (43,660.08 m2, 14.38%), paved roads (28,584.72 m2, 9.41%), sidewalks (3986.47 m2, 1.31%), unroofed pedestrian paths (5036.98 m2, 1.66%), and roofed pedestrian paths (4675.05 m2, 1.54%) (Figure 1). There is a Phaeozem soil type with a sandy clay texture, corresponding to the hydrological classification of a Group C soil [22], in open space conditions with coverage between 50–75% and Curve Number of 79. Due to the high-density land use, a general runoff coefficient for commercial and/or intensive use of 0.72 was considered [23]. The rocky substrate where the study area is located is made up of 400 m thickness of igneous rocks covered by alluvial material (200 m) with very low permeability [24]. The water table is located at a depth of 180 m, so its recharge does not have a direct influence on the artificial infiltration strategies suggested in this work. Based on these land-use types, the micro watershed was divided into 162 sub-catchments. From topographic and pipe collector network datasets, 32 sub-catchment connections and one outfall were included in the model (Figure 2).




3.3.2. Urban Development Scenario with LID Practices (B)


Due to recent changes in the urbanization of the campus, some land uses were modified from scenario A: vegetated and bare soils (164,593.63 m2, 54.20%), building roofs (56,680.44 m2, 18.67%), and parking lots (40,111.94 m2, 13.21%). The rest of the land uses remained unchanged. This scenario includes a set of potential LID devices (rain barrels, permeable pavements, infiltration trenches, and bioretention cells) applied to the impervious areas directly associated with stormwater runoff, as presented in Figure 3. These infiltration-based devices are well-suited for arid and semi-arid climates [25] and were included in the SWMM model as described below.




	
Porous pavement. This LID solution was hypothetically implemented in 100% of the sidewalks and pedestrian paths and 70% of parking lots and paved roads within the campus. It was contemplated that the remaining 30% would be destined for the transit and parking of heavy vehicles. The SWMM software assumed that the porous pavement functioned as a continuous system and without obstruction problems.



	
Rain barrels. It was proposed that rain barrels capture 50% of runoff generated on the campus buildings’ roofs with a maximum area of 5125 m2 and a minimum area of 96 m2. The remaining 50% of the harvested runoff was directed to permeable surfaces (i.e., vegetated and bare soils; Figure 3). The capacity of each rain barrel was established according to the catchment area of each building roof as follows: 2500 L for 90–250 m2 roofs; 5000 L for 250–500 m2 roofs; 10,000 L for 500–1000 m2 roofs; 15,000 L for 1000–3000 m2 roofs; 20,000 L for 3000–4500 m2 roofs; and finally 22,000 L for 4500–5500 m2 roofs. These capacities are based on commercial devices, not in their desirable dimensions, because it would require more infrastructure changes.



	
Bioretention cells and infiltration trenches. Bioretention cells were located to intercept the main runoff conveyances generated in the campus; they were preferably situated in existing vegetated spaces, while infiltration trenches were placed in locations where soils were left bare. For the dimensioning of bioretention cells and infiltration trenches, it was considered that 10% of the available area (vegetated and bare soils) was destined for these LID technologies [26]. We proposed that bioretention cells and infiltration trenches have storage volumes between 350 to 1500 L, depending on the available surface. The surfaces selected in the SWMM software ranged between 18 and 50 m2 to capture up to 50% of the runoff.









3.3.3. Realistic Urban Development Scenario with LID Practices I


This scenario was conceived to consider only the most feasible LID solutions among the whole set of devices proposed in scenario B. Although in this preliminary study any formal economical assessment was made, we considered that the substitution of the existing pavements by porous pavements in 100% of the sidewalks and pedestrian paths and 70% of parking lots and paved roads was the most labor-intensive LID solution. That is why, in the modeling of this realistic scenario, porous pavements were not included, being kept the rest of the LID devices, which are installed easily in the proposed non-built surfaces (bioretention cells and infiltration trenches). At the same time, rainfall harvesting does not modify the rooftops configuration. In particular, rain barrels are an affordable water conservation technique that is increasingly being used in the Mexican context for alternative water supply [21], and its is promoted by official instances [27]. So, scenario C is almost identical to that presented in Figure 3, excepting the porous pavements signaled by the dark gray and blue zones. However, it was proposed to intercept 50% of the rain on rooftops, so the remaining 50% will continue to discharge into the hydrosanitary network (this means that the water will not be diverted to the adjoining LIDs, namely, bioretention cells and infiltration ditches).





3.4. SWMM Model Setup


3.4.1. Hydrological and Hydraulic Model Construction


A model was constructed using version 5.1 of the U.S. Environmental Protection Agency SWMM (SWMM 5.1-EPA). This program generates a hydrological and hydraulic model in a one-dimensional format and calculates surface runoff hydrograms based on the Manning and continuity equations [28]. This non-linear method is based on the following equation [29].


  Q =  1 n  W    (  d −  d s   )    5 / 3    S  1 / 2   ,  



(1)




where Q = peak flow, in m3/s; n = the Manning roughness coefficient; W = basin width, in m; d = rainfall height, in mm; ds = surface storage height, in mm; and S = average slope of themicro watershed. The non-linear method is well suited for calculating surface runoff from urban, suburban, and rural areas of any size. It is also an appropriate method for the analysis and design of urban sustainable drainage systems [28]. With this same approach, the coefficients and percentage of runoff associated with the materials that make up the roofs of each of the buildings were related for their inclusion in the calculation of runoff generated through the Manning equation.




3.4.2. Graphic Representation


The hydrological and hydraulic model construction began by developing the site’s graphic representation with the information collected from urban hydrology and the hydrosanitary infrastructure. First, a simplified pipe collector network was established, and then the hydraulic part of the computational model was constructed. This information was mainly taken from a network plan, including information collected from the available hydrosanitary infrastructure to establish sub-catchments, storage structures, nodes, and ducts in the SWMM 5.1-EPA. Figure 2 shows how these elements were traced. The sub-catchments and pipe collector network were exported to Google Earth satellite images with their coordinates, and the AutoCAD program was used to carry out this process with greater precision.




3.4.3. Parameter Definition


Both calculated and obtained data were entered in the outline of the model that was previously developed. Initially, the rainfall data were defined in the model, in the “Rain Gages” tab in the hydrology section of the program taskbar. The designed storm events and the hydrological parameters were defined in the sub-catchments of the model. Surface area (ha), slope percentage, imperviousness percentage, basin width, and infiltration (defined by the Horton method) were determined in each sub-catchment. The hydrological information of the sub-catchments determined the runoff using the non-linear method (Equation (1)). To make the interaction between these peak flows with the plotted model possible, the hydraulic properties in the nodes, ducts, and storage units of the model were defined. Additionally, the runoff coefficients associated with each of the materials used in the buildings were considered, highlighting the slope of each of the roofs, the surface, and the percentage of roughness associated with surface runoff.




3.4.4. Simulation Execution


Once the hydrological and hydraulic parameters of the model were defined, it was executed. Some default SWMM modeling parameters were changed to consider some suggested features of the LID devices to be built in Mexico, particularly in arid and semi-arid climates [1,30]. These changed values are presented in Table 2.





3.5. Field Water-Quality Assessment


Field monitoring of the runoff quality was performed on 4 June 2019, during the first storm event of the rainy season, which was preceded by 274 days of drought. The rainfall depth was 30 mm the first day and 9 mm the following day [17], but we do not have the full description of the rainfall pattern nor the precise duration of the storm event. Sampling was carried out at the study site location where excessive rainfall resulted in the most critical ponding. The location of this ponding point is presented in Figure 1. Single-grab samples of about 250 mL were obtained during the first part of the storm, as soon as the runoff water was deep enough to be sampled, to collect the first flush. These single-grab samples were composited in one nitric acid-washed plastic container until a total volume of 3 L was reached. This was accomplished in about 1 h. The collected sample was transported to the laboratory and maintained at 4 °C until analysis.



Samples were analyzed in triplicate and following the standard methods [31] unless otherwise indicated. The parameters analyzed were total suspended solids (TSS), chemical oxygen demand (COD), ammonium (NH4+), nitrites (NO2−), nitrates (NO3−; [32]), dissolved orthophosphates (PO43−), and the concentrations of manganese (Mn) and lead (Pb). Before analyzing these heavy metals by flame atomic absorption spectrometry using a SpectrAA spectrophotometer (Varian 880, Palo Alto, USA), the samples were digested using a microwave oven (CEM Mars X, Markham, Canada).





4. Results and Discussion


4.1. Model Simulation


As stated before, scenario A describes a conventional urbanization pattern associated with large impervious areas, thereby leading to frequent floods at the site’s low-lying zones during the rainy season. The simulation of this model allowed us to evaluate the hydraulic capacity of the site under heavy storm events (39 mm) occurred in one day or in two consecutive days to identify and locate appropriate LID solutions. The resulting profiles of flow and volume in the outfall (Figure 2) simulated for the 39-, 30-, and 9-mm storm events were included as Supplementary Material. In the case of the 39-mm storm event, it generated a runoff of 7773 m3, while the peak flow was 0.610 m3/s. For the 30-mm storm the simulated runoff and the peak flow rate were 5338 m3 and 0.400 m3/s, respectively. For the 9-mm storm event, these variables were 615 m3 and 0.05 m3/s, respectively.



Figure 4 shows the computational simulations of the urban runoff behavior on the surface and through the campus infrastructure 1.5 h after the beginning of the two designed storm events. Computational simulations of urban runoff behavior through the study site 1.5 h after the start of the two designed storm events indicated the relationship between rainfall depths, runoff water, surface flow, and runoff volumes retained by LIDs (rain barrels, infiltration ditches, and bioretention cells). Through different colors, the variations in runoff flow ranging from blue (low runoff volume, 0–0.1 m3/s) to red (high runoff volume, >0.5 m3/s) were indicated (Figure 4). In this way, the areas most prone to floods under the different rainfall depths simulated (30, 9, and 39 mm) are displayed, which further confirms the localization of the highest ponding depths experienced during the rainy season.



Simulations showed that in scenario A the urban drainage network does not have the capacity to manage the runoff generated in the study area. According to Figure 4, floods are an evident problem in the study site since they occur a short time after the beginning of the two storm events simulated: the first day of the two-day event (after the rainfall of 30 mm), and after the rainfall of 39 mm. Floods occurred despite the implementation of previously planned hydraulic evacuation works, thus accentuating the need for complete restoration of the water cycle through the implementation of LID solutions. In the second day of the two-day storm event, the 9 mm rain depth did not lead to floods even though the catchment surface was still saturated after the previous heavy rainfall. From previous empirical observations, three sub-catchments with large-scale flood problems (named I, II, and III) had been identified (Figure 2). Surface runoff, infiltration, total precipitation, and final peak flow 1.5 h after starting the two simulated storm events are shown in Table 3 for both scenarios and for the three critical sub-catchments.



According to the results shown in Table 3, as total precipitation increases, it directly affects runoff. Scenario A presents high volumes of runoff associated with the 30- and 39-mm storm events, making it clear that the runoff transport capacity of the site would be compromised after severe rains. The highest peak flows that occurred were in sub-catchment II because it receives the volume of runoff coming from the upper part of the micro watershed, which comprises 28.94% of the total surface of the campus. This zone has an average runoff coefficient equal to 0.94 and an average slope of 3.75%. Its great capacity to contribute to the runoff in this critical area is due to the relationship between the runoff area and its impermeable surface (1:0.57), and its physical characteristics. In general, according to Figure 4, peak flows and runoffs greater than 0.5 m3/s are two crucial indices for the forecast of urban floods since the resulting total runoff volume is abundant due to the null infiltration capacity of the sub-catchments involved.



Figure 4 also shows the simulation results that contemplate the insertion of LID as a sustainable alternative. Among the technologies included were permeable pavement, infiltration trenches (7), bioretention cells (13), and rain barrels (11), as signaled in Figure 3. These technologies were found to be well suited for modeling the scenario under hydrological restoration conditions since they have been recognized as strategies of the integrated management of basins that provide natural retention, treatment, and water resources in semi-arid climates [25,33]. Therefore, in the modeling, LID technologies were placed throughout themicro watershed. In each of two critical sub-catchments (I and II), a bioretention cell was placed due to the availability of unbuilt spaces and favorable terrain slopes supporting the runoff chanelling into the proposed LID. In critical sub-catchment III, which is heavily built up and mostly impervious, only permeable pavements could be located.



In a general way, LID devices satisfactorily fulfilled their function by retaining or infiltrating water both the first day of the two-day event (after the rainfall of 30 mm) and the only day after the rainfall of 39 mm. As a whole, the 32 LID units promoted the retention and infiltration of a fraction of the rainfall, leading to the reduction of runoff and peak flow (Table 3). With this, it was determined that the implementation of these technologies could be a sustainable solution for runoff management in the study area.



A notorious decrease in runoff (100% in sub-catchment III -30 mm-, and in sub- catchments I, II, and III -9 mm-) and peak flows (100% in sub-catchment II -30 mm- and in sub-catchment III -9 mm-) generated in the university campus can be highlighted from scenario B’s simulation since no floods occurred for any of the designed storm events (30, 9, and 39 mm; Figure 4). Therefore, under these hydrological restoration conditions, it is possible to mitigate the urban runoff impact after extreme storm events. This is because the precipitated volumes from the upper and middle parts of the study site could be successfully retained, stored, or infiltrated (166% in sub-catchment II -30 mm-, and 119% in sub-catchment III -9 mm-). As mentioned earlier, the area of influence that mainly brings the volume of runoff and peak runoff to sub-catchments I and II has a high percentage of imperviousness (see Figure 1 and Table 1). Therefore, as a control measure, in scenario B, the impermeable surfaces of parking lots, roads, and walkways were replaced with permeable pavement. At the same time, the available green areas were designed to partially intercept the runoff and infiltrate it through rain gardens and infiltration ditches, which significantly influenced its capacity to mitigate flooding. These measures also increased the infiltration capacity from 0 (in scenario A) to 0.84 mm/h as a maximum value, found in sub-catchment II after the 39-mm storm event (Table 3).



In a SWMM-based study in a catchment with monsoon climate in Xi’an City (China), simulations considering the installation of a similar number of LID (36 rain gardens covering 36 ha in total, about 2% of the catchment), the peak flows at the outlet were reduced by 12.9–44.6% under the design storms with Tr of 2, 10 and 20 years, respectively. Similar reductions (12.3–44.2%) of the runoff volume were also simulated [34]. In another study focused on a zone with semi-humid and semi-arid climates (in Handan, China), the effect of two LID devices (green-roofs and infiltration trenches) was simulated. In the simulations, green roofs were implemented in 30% of the total area, while infiltration trenches were placed on both sides of the site roads, in about 20% of the total area. As a result, the peak discharge of the scenario considering the LID installation was reduced by 5.2–39.2% under Tr comprised between 2 and 20 years, while the total runoff quantity diminished by 27.3–29.7% [35]. Another example is the evaluation of flood mitigation in a city with a semi-arid climate (Campina Grande, Brazil) through the combination of green roofs, permeable pavements, and rain gardens. Simulations were carried out placing green roofs in all the institutional and public buildings, permeable pavements in every sidewalk, and bioretention cells in available spaces, and considering Tr of 2 and 5 years. This LID synergy allowed a reduction of 85.72% in the runoff volume [14].



These results demonstrate that, although the contributing drainage areas of proposed LID are small, their number and appropriate location around the total surface make a difference in the total flood volume of the catchment. When all these LID devices are incorporated as a strategy to mitigate runoff, the permeable surface in the area of influence affecting sub-catchments I, II, and III increases from 43 to 61%, with an average runoff coefficient that changes from 0.94 to 0.60. Another favorable function of LID implementation in the study area is that under scenario A, infiltration capacity in sub-catchments I, II, and III is null due to their imperviousness. In contrast, scenario B increases infiltration (166%, 121%, and 184%), contributing to mitigating floods at 30-, 9-, and 39-mm storm events, respectively.



Finally, Figure 4 also shows the effects of the insertion of LID devices in a more realistic schema (scenario C, which contemplates the same set of LID solutions than scenario B excepting permeable pavements). One hour and a half after of the beginning of the two storm events simulated (the first day of the two-day event, after the rainfall of 30 mm, and the only day after the rainfall of 39 mm), some areas of the study site were flooded. In this scenario, the highest runoff (531% higher than in scenario B) and peak flows (590% higher than in scenario B) were presented in sub-catchment I, in which, due to the lack of available space for bioretention cells or infiltration trenches, the preferable LID solution (permeable pavement) was not implemented. Consequently, the infiltration in this sub-catchment under scenario C was null (as in scenario A), while under scenario B (considering the installation of permeable pavements) this variable was estimated at 0.20–0.21 mm/h after the simulation of the three storm events. Nevertheless, in this critical sub-catchment, runoff and peak flows were reduced up to 47% and 44%, respectively, with rainfall depths of 30 and 39 mm and with regard to values simulated in scenario A.



Notably, the infiltration rate in sub-catchment II was higher after the 9-mm storm event (1.87 mm/h) than after the other events (1.66 and 1.64 mm/h after 30-mm 39-mm rainfalls, 11.23% and 12.3%, respectively). An explanation for this is that the low runoff induced by the 9-mm storm event would be also slower than the runoff produced by the other storm events, thereby leading to an enhanced infiltration due to its reduced velocity.



In critical sub-catchment II, infiltration and peak flows were higher in scenario C than the values simulated in scenario B (Table 3). This could be explained by the fact that the high and intermediate zones of the campus include large impervious surfaces intended for parking lots, roads, and sidewalks, which generate high runoff volumes and peak flows. This runoff flows easily to the low zones of the campus, in particular to the sub-catchment II. In scenario B, with LID implementation, the runoff generated in the high and intermediate zones is mitigated by incorporating permeable pavements in the impervious areas already mentioned, while in critical sub-catchment II, infiltration increases concerning scenario A. Under scenario C, in which permeable pavements were omitted, runoff generated in the impervious surfaces of the high and intermediate zones did not decrease as much as in scenario B (compared with scenario A). Consequently, the significant runoff volumes generated by the land use foreseen by scenario C entailed higher infiltration and peak flows in sub-catchment II than the values determined for scenario B. Conversely, peak flows simulated for scenario C were still lower than in case of scenario A.



Scenario C can be seen as a compromise between a sub-optimal (but satisfactory) hydraulic performance and an affordable LID-based strategy, which is also less cost- and labor-intensive [36]. Permeable pavements, whose design (and notably the thickness of the soil layer) was modified according to Mexican design guidelines for arid and semi-arid regions [30] in our simulations, proved to increase the regulating hydraulic capacity of the site in a rather limited way. This was most likely due to these design modifications in the pavement and soil thicknesses. The scarce hydrological benefits of permeable pavements found herein disagree with a recent research concluding that, among a set of LID devices (bioretention cells, permeable pavement, rain barrels, and green roofs), permeable pavements were the most cost-effective option, because they provided a higher reduction of combined sewer overflows for less than the area requirements for bioretention cells [37]. In their study, bioretention cells were found to be the most expensive LID solution due to their considerable spatial coverage, expensive excavation works, and the operation and maintenance costs [37]. So, caution should be taken regarding the current LID Mexican design guidelines for arid and semi-arid zones related to permeable pavements, which must be investigated further and adjusted where appropriate.



Although the optimization of the LID design parameters nor the economical feasibility of these devices was not among the objectives of this work, our results highlight the need of contributing, through modeling techniques, to the validation of new design guidelines, and to the proper selection of the LID solutions to be implemented.




4.2. Simulation and Field Assessment of Runoff Quality


After the real storm event described previously, samples were obtained in the ponding point signaled in Figure 1. These experimental results were compared against the peak concentrations simulated for a 30-mm storm event in scenarios A, B, and C. Figure 5 shows the measured and simulated runoff quality in terms of total suspended solids (TSS) and organic matter (COD), while Figure 6 and Figure 7 show the same data in terms of nutrients (ammonium, nitrates, and phosphates) and heavy metals, respectively.



The real runoff sample showed high average values for all the measured variables: 1108 mg TSS/L, 287 mg COD/L, 2.46 mg NH4+/L, 20.61 mg NO3−/L, 4.89 mg PO43−/L, 0.949 mg Mn/L, and 0.095 mg Pb/L. Concentrations of TSS and lead were similar to the values previously measured for the dry season in the same point (i.e., 1059 mg TSS/L and 0.079 mg Pb/L) [13]. Excepting nitrates, the concentrations determined for the other pollutants were higher than those reported in the same study for the dry season (195 mg COD/L, 1.0 mg NH4+/L, 2.95 mg PO43−/L, 0.48 mg Mn/L), but still in the common ranges of values found in the bibliography [13]. Instead, the average concentration of nitrates measured in our real runoff sample even surpasses other significant values reported in the bibliography as upper limits (17.6 mg NO3−/L, [38]; 16 mg NO3−/L, [39]).



The high concentrations we measured are consistent with the fact that the sample was obtained after the first storm event of the wet season, that is, after a dry period of 274 days. In the previous research already mentioned, the sample was obtained at the same point, but after a dry period of only 19 days [13]; this could partially explain the differences found in the runoff quality. The accumulation of pollutants, and mainly inorganic dissolved nitrogen (in the form of NO2− and NO3−), has been associated with the length of the antecedent dry period, which provides the opportunity for nutrient buildup on urban surfaces before the first storm event occurs. It is perhaps for this reason that in arid and semi-arid urban catchments, runoff pollutant concentrations tend to be higher than in mesic or humid catchments, considerably at the beginning of the rainy season [40]. These high amounts of pollutants are likely to accumulate in the porous media of infiltration-based devices. Its potential to accumulate or leach pollutants and support biota activity capable of degrading or transforming them defines if a solid media can act as a sink or as a source of pollutants [41]. LID devices such as bioretention cells and vegetated infiltration trenches are not expected to become sinks of nitrogen pollutants, which can be significantly removed by plant uptake or further transformation through microbial nitrification-denitrification [42]. This is also true for orthophosphates, which besides being removed by adsorption/precipitation, are actively uptaken by plants and can be removed efficiently in bioretention cells. During a 9-year monitoring study of a rain garden, orthophosphates were uniformly distributed in the top layer of the infiltration bed and then decreased with depth between 0 and 10 cm. It was estimated that the phosphates saturation of 10–30 cm depths would not occur for the following 20 years [43]. Conservative pollutants such as metals or persistent organics also accumulate at the surface of these LID devices, specifically in the upper 10–30 cm of soil [41]. The buildup of concern metals such as lead or cadmium can limit the LID lifetime if soil regulatory limits are considered. For instance, it was estimated that cadmium, lead, and zinc accumulations in bioretention cells would reach the U.S. regulatory limits for land receiving wastewater biosolids after 15–20 years [44]. If pollutant concentrations are seasonally high in arid and semi-arid urban zones, the filter material turnover in LID practices could be faster, but this needs to be investigated further.



As seen in Figure 5, the measured and simulated (scenario A) values for the 30-mm storm event in the study site without LID implementation are similar if TSS and COD are compared. In absence of LID devices, the simulation results are also similar to the experimentally measured values for manganese (Figure 7), ammonium, and phosphate (Figure 6) concentrations. The main differences were obtained for lead (Figure 7) and nitrates (Figure 6), for which the simulated values were 934% and 23.22% of the real values, respectively. These differences could arise from the insufficient capability of SWMM in predicting water quality parameters, which is considerably superior concerning hydrographs [45]. This gap extends into the water quality simulations considering LID effectiveness, as essential processes such as decomposition of pollutants or their attachment to particles in LID soil are not simulated [46]. It has been signaled that urban runoff pollution is highly dependent on-site characteristics and land management practices [47]. This is particularly true for nutrients such as nitrates, whose fate in a watershed is biogeochemically driven, depends highly on lawn fertilization rates, and not only results from buildup and wash-off equations, as SWMM presumes [45,48]. This issue has been addressed, for instance, by modifying the SWMM water quality module [46] or by adjusting the parameters defining the buildup and wash-off of pollutants according to local factors [48].



Simulation of scenario B illustrates the effect of LID implementation on runoff quality (Figure 5, Figure 6 and Figure 7). TSS, COD, PO43−, and Pb are the pollutants expected to be best removed, with simulated reductions of 99.4%, 93.5%, 95%, and 92.8%, respectively. For Mn, a decrease of 83.2% in the peak concentration was obtained. This results from the fact that three of the four LID solutions proposed (bioretention cells, permeable pavements, and infiltration trenches) are infiltration-based technologies that are effective in removing several runoff pollutants, mainly TSS and lead, through filtration and adsorption [4,7,49]. However, the overall performance of these LID practices varies broadly according to specific pollutants and among sites. In the case of bioretention systems, they are claimed to be promising solutions to remove other pollutants as well, notably bacteria and hydrocarbons, since the plants involved have a significant decontamination role; yet, their ability to retain phosphates is limited [7]. However, the most challenging pollutants to be removed through LID practices are undoubtedly highly soluble nitrogenous compounds, such as ammonium and nitrates [50]. In fact, permeable pavements and bioretention cells are often reported as sources rather than sinks of nitrates [4,42]. According to our simulation results, the incorporation of the full set of LID technologies could reduce the peak concentrations of ammonium and nitrates by 52.8% and 89.9%, respectively (Figure 6).



Concerning the simulation of the runoff quality resulting from a realistic scenario (C), the main variable affected by the reduction of the LID devices was the TSS concentration (Figure 5). In this scenario, the removal of this parameter was only 46.8% (against more than 99% simulated in scenario B). This shows that the TSS removal efficiency of permeable pavement alone is considerable and could constitute a key factor in choosing scenario B over scenario C. The benefits of permeable pavements on removing TSS and the pollutants interacting strongly with particles (as phosphates and most heavy metals) from runoff are well known [51]. TSS removal efficiencies in this LID device are as high as 56–96% [51]. The simulated concentrations of the rest of the parameters (organic matter, nutrients, and heavy metals) were almost the same in scenarios B and C (Figure 5, Figure 6 and Figure 7). These results reinforce the idea that scenario C is a convenient schema of LID implemementation, whether the mitigation of runoff peak flows or the reduction of runoff pollutants, with the exception of TSS, is targeted.





5. Conclusions


Hydrological modeling of urban runoff and its further mitigation through LID implementation are effective alternatives for runoff management but are still scarcely applied to semi-arid built environments of the developing world. Our study area, a semi-arid site with large impervious surfaces arising from a conventional urbanization approach (and then affected by seasonal floods), was modeled through SWMM 5.1-EPA (scenario A). Two storm events were selected to simulate the LID’s hydrological efficiency. We could assess the impact of the conventional development of the study area on the local water cycle after the 30- and 39-mm storm events. The simulations also indicated high levels of pollutants in the runoff quality, especially suspended solids, organic matter, nutrients, and two model heavy metals. This is in good agreement with the long dry period preceding the storm events, which favors the buildup of pollutants. The quality of the runoff generated after a 30-mm storm event was confirmed by a field study.



We proposed a set of LID solutions (rain barrels, bioretention cells, permeable pavements, and infiltration trenches) adapted to both the climatic conditions and the study site characteristics, which were also modeled (scenario B). The simulation of this scenario showed a positive impact of LID technologies on the local water cycle since runoff decreased, and no floods occurred for any of the designed storm events. Besides, the LID-based scenario simulation showed significant decreases in the considered pollutants in the runoff generated after a 30-mm storm event. An alternative and more realistic LID-based scenario omitting permeable pavements was also conceived and modeled. This scenario allowed a lower but satisfactory hydrological performance and almost the same runoff quality than scenario B.



In this paper, the incorporation of LID to the study site was not modeled to achieve a specific quantitative goal but rather to obtain a general improvement in the runoff management, thereby relieving the low-lying zones of the campus of excessive runoff volumes, especially in the rainy season. This is why the modification of the LID design parameters was not targeted, and these were chosen among the default values suggested by the software and the guidelines applicable to the site. Due to the preceding point, this study is considered preliminary. The lack of an extensive calibration of the model is the main limitation of the study, and consequently future research should focus on this point, as well as in a more in-depth discussion on the effects of the scenarios B and C on the hydrosanitary capacity of the site. It is our view that SWMM 5.1-EPA can be applied successfully to estimate the benefits derived from water conservation strategies such as LID-based site development in arid and semi-arid urban locations.
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Figure 1. Study site with its current urban development (scenario A). 
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Figure 2. Graphic representation of current urban infrastructure. I, II, and III represent the sub-catchments prone to floods during the rainy season. 
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Figure 3. Urban development of the study site with LID practices (scenario B). 
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Figure 4. Dynamics of the runoff generated in scenarios A (conventional urban development without LID implementation), B (urban development with LID practices), and C (realistic urban development with LID practices) 1.5 h after starting two simulated storm events: 30 mm in one day followed of 9 mm the following day, and 39 mm in one day. 
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Figure 5. Measured and simulated concentrations of total suspended solids (TSS) and chemical oxygen demand (COD) in the runoff of the study site after 30-mm storm events. Simulated concentrations correspond to the three scenarios analyzed. 
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Figure 6. Measured and simulated concentrations of ammonium, nitrates, and phosphates in the runoff of the study site after 30-mm storm events. Simulated concentrations correspond to the three scenarios analyzed. 
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Figure 7. Measured and simulated concentrations of manganese and lead in the runoff of the study site after 30-mm storm events. Simulated concentrations correspond to the three scenarios analyzed. 
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Table 1. Physical characteristics of the micro watershed divided into three zones: high, intermediate, and low zone.
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Parameter

	
High Zone

	
Intermediate Zone

	
Low Zone




	
A1

	
A2

	
B1

	
B2

	
C1

	
C2






	
Total surface area (m2)

	
62,240.6

	
40,337.5

	
43,695

	
25,430

	
64,384.5

	
50,877.8




	
Slope (%)

	
3.6

	
4.3

	
5.8

	
2.5

	
1.8

	
2.3




	
Soil use (m2)




	
Soil without vegetation cover

	
35,392.4

	
6228.5

	
7089.4

	
11,897

	
5574

	
2112




	
Soil with vegetation cover

	
0

	
0

	
3737

	
0

	
21,336

	
19,007




	
Asphalted surface

	
9897.2

	
23,555

	
16,368

	
9631

	
22,676

	
18,719




	
Roof catchment

	
16,951

	
10,554

	
16,500.6

	
3902

	
14,798.5

	
11,039.8




	
Average runoff coefficient (impermeable)

	
0.93

	
1

	
1

	
0.87

	
0.89

	
0.75




	
Average runoff coefficient (permeable)

	
0.61

	
0.65

	
0.71

	
0.65

	
0.55

	
0.69




	
Rainwater collection surface (m2)

	
16,951

	
10,554

	
16,500.6

	
3902

	
14,798.5

	
11,039.8




	
Runoff surface (m2)

	
45,289.6

	
29,783.5

	
27,194.4

	
21,528

	
49,586

	
39,838




	
Total area:permeable area

	
01:0.6

	
01:0.2

	
01:0.2

	
01:0.5

	
01:0.4

	
01:0.4
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Table 2. Summary of the changes made to the stormwater management model default parameters for the low-impact development (LID) devices considered in scenarios B and C.
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LID Device

	
Parameter

	
Default Value [mm]

	
Value Used in the Model [mm]

	
Source






	
Bioretention cell 1

	
Berm height

	
750

	
150

	
[30]




	
Soil thickness

	
500

	
400




	
Storage thickness

	
1500

	
300




	
Infiltration trench 1

	
Berm height

	
750

	
350

	
[1]




	
Permeable pavement 2

	
Pavement thickness

	
100

	
190

	
[30]




	
Soil thickness

	
900

	
2








1 Considered in scenarios B and C. 2 Considered only in scenario B.
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Table 3. Hydraulic parameters showing the runoff response to scenarios analyzed.
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Sub-Catchment

	
Total Precipitation [mm]

	
Runoff

1.5 h

[m3/s]

	
Infiltration

1.5 h

[mm/h]

	
Peak Flow

[m3/s]






	
Conventional urban development scenario (A)

	
I

	
30

	
1.23

	
0.00

	
1.35




	
II

	
30

	
1.37

	
0.00

	
1.41




	
III

	
30

	
0.70

	
0.00

	
0.71




	
I

	
09

	
0.14

	
0.00

	
0.15




	
II

	
09

	
0.15

	
0.00

	
0.17




	
III

	
09

	
0.08

	
0.00

	
0.10




	
I

	
39

	
1.60

	
0.00

	
1.61




	
II

	
39

	
1.84

	
0.00

	
1.93




	
III

	
39

	
1.01

	
0.00

	
1.01




	
Urban development scenario with LID practices (B)

	
I

	
30

	
0.07

	
0.21

	
0.07




	
II

	
30

	
0.07

	
0.66

	
0.08




	
III

	
30

	
0.00

	
0.46

	
0.00




	
I

	
09

	
0.00

	
0.20

	
0.00




	
II

	
09

	
0.00

	
0.21

	
0.00




	
III

	
09

	
0.00

	
0.19

	
0.00




	
I

	
39

	
0.15

	
0.21

	
0.15




	
II

	
39

	
0.16

	
0.84

	
0.18




	
III

	
39

	
0.01

	
0.64

	
0.03




	
Realistic urban development scenario with LID practices (C)

	
I

	
30

	
0.57

	
0.00

	
0.59




	
II

	
30

	
0.14

	
1.66

	
0.15




	
III

	
30

	
0.18

	
0.00

	
0.29




	
I

	
09

	
0.06

	
0.00

	
0.07




	
II

	
09

	
0.02

	
1.87

	
0.02




	
III

	
09

	
0.01

	
0.00

	
0.03




	
I

	
39

	
0.85

	
0.00

	
0.90




	
II

	
39

	
0.22

	
1.64

	
0.24




	
III

	
39

	
0.36

	
0.00

	
0.46
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