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Abstract

:

Recent developments of Middle Eastern metropolitans, and the related soaring trend of population increase, is contemporary with the impacts of climate changes. This applies extra pressures to the centralized large-scale water treatment and distribution systems. Rainwater harvesting (RWH) for domestic urban activities can be a sustainable option of adapting with the rising demand of soft water in such an arid/semiarid area. A pilot system of rainwater draining and storage was constructed for alleviating parts of soft water scarcity in Mashhad, the second most populous city of Iran. Measurements were collected for two years at the drainage basin outlet and inside of a storage tank, which has been equipped for water harvesting purposes. We performed some preliminary stochastic analysis and evaluated probabilistic properties of the collected dataset, aiming to explain them with respect to the physical characteristics of the RWH system. Data clustering analysis confirmed that the quality of the water may change during rainwater draining and storage in the RWH tank. Particularly, sodium content of the sampled water in the drainage catchment illustrated higher variations, compared with the ones evaluated for the stored water in the reservoir tank. This can confirm that the quality of the stored water in the RWH reservoir is more stable than that obtained for each separate rainfall–runoff event. We assessed the potential of the harvested water in different consumption contexts, in light of some national and international water quality (physicochemical, biological, and toxic pollutants) guidelines. We relied on water quality indices (WQI) to interpret multiparametric properties of the collected rainwater from urban surfaces; consequently, the quality of the harvested water was categorized with moderate to almost good attributes. This makes it well suited for irrigation uses, which can play a relevant role against water shortages in the analyzed semiarid urban region. Otherwise, infiltration and treatments need to be performed if using harvested water for drinking consumptions (of human or livestock), some of which may be costly for local owners/uses. We provide some suggestions for improving efficiency of the system and enhancing the quality of the harvesting water.
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1. Introduction


Recently, the COVID-19 pandemic has reinforced the awareness that underestimating risks of global and natural hazards can lead to unrecoverable negative effects on the Earth ecosystem and society [1]. The risk of a water crisis is a serious element of global concern [2]. It is estimated that over half of the global population will suffer water scarcity by the next two decades [3]. This situation is even more challenging in developing countries of arid/semiarid regions, where climate change can form zones of various climates with high frequency of droughts and precipitation [4]. Population growth, urbanization, and industrialization can manifold pressure of water shortage in such semiarid area. A comprehensive management policy is then needed to address such issues ([5] and references therein).



The Iranian society is dealing with water shortage issues that are inherent to semiarid regions. An incomplete design and implementation of effective strategies for water resources management has led to an acute water crisis. Overexploitation has plagued the area in recent decades due to the increasing needs related to water demands. Dealing with water scarcity is even more challenging in the presence of (i) climate changes and/or (ii) population dynamics and conflicts as a consequence of socio-economic transformations, including migration from rural to urbanized areas [6].



The region is facing depletion and deterioration of some important aquifer systems. Cities and rural regions are suffering from seasonal soft water scarcity as well as stormwater events [7]. The available per capita freshwater in Iran has been reduced by almost one quarter in recent decades (e.g., with a decrease from 2000 m3 in the year 2000 to 1560 m3 in 2017). These issues indicate that the Country is already subject to a rather alarming water stress [8].



A driving force–pressure–state–impact–response–outlook analysis has been recently performed [9] to evaluate general conditions of water resources in Iran. The study concluded that water resources management is a challenging issue for the country due to (i) uneven distribution of population and economic activities, (ii) inadequate monitoring of water pollution sources, (iii) incomplete cooperation among relevant governmental and nongovernmental organizations, and (iv) inadequate guidelines and standards. The authors also showed that the main pressure on water resources of Iran is in the agriculture sector. Besides, socio-economic development of the urban and industrial areas, as triggered by governmental policies from mid-20th century [8], has led to increasing migrations to the largest cities.



In such circumstances, present work is set to analyze the feasibility of performing rainwater harvesting (RWH) as an alternative to answer some parts of water supply in Iran. RWH systems are designed to collect runoff from urban/rural land surfaces, rooftops, steep slopes, and road surfaces during yielding rain periods, and store it in tanks, storage reservoirs, sand dams, check dams, or underground dams for future uses [10]. Some resent studies evaluated RWH as one of the most promising technologies to cope with water scarcity and pollution in urban area [5,11]. A typical RWH system includes three essential elements: (i) catchment area, (ii) storage devices, and (iii) conveyance system [12]. Impermeable urban surfaces (e.g., building roofs, parking, streets, pavements, and sidewalks) in cities can offer valuable opportunities of catchment area for RWH.



The efficiency of a RWH project, in a primary stage, is in direct relation with the probability of the occurence (and intensity) of rainfall events [13]. In addition, local circumstances of a RWH project, including (i) consumption purpose of the harvesting water, (ii) construction technical concerns, (iii) economic budget, and (iv) socio-political conditions, should be taken into consideration [14]. Campisano, et al. [15] analyzed some technical and social aspects of RWH and argued that technology selection of RWH is mainly influenced by economic constraints and local regulations. A review on available technologies associated with RWH projects in least developed countries is offered in [16]. These authors analyzed key characteristics of RWH techniques and suggested a decision-making framework for the quantification of requirements and benefits related to diverse RWH technologies to meet case-specific domestic and/or agricultural water demands. They then estimated that construction of a large RWH system (with a capacity larger than 500 m3) requires high economic investments, which can be comparable to those needed for a large-scale water storage reservoir. Costs and benefits of rainwater harvesting systems and their comparison against those associated with a large-scale central water supply system of a town are analyzed in [17]. The authors relied on the assessment of energy intensity (i.e., unit of energy per unit of water) to decide about economic feasibility and optimization of a RWH project. The authors inferred that rainwater demand, building type, RWH system design, and town water energy intensity are the main elements influencing economic and environmental performance of a RWH project.



While the establishment of a local RWH system was shown to be associated with a low cost and ease of technological installation [18], overcoming challenges associated with seasonality of rainwater availability would require the construction of large reservoirs, which is, in turn, associated with considerable financial investments. Additionally, storing water for a long time is prone to negative effects associated with the deterioration of quality. Economic benefits stemming from installing RWH systems are analyzed in [19] considering increasing demands of soft water in major cities of Bangladesh. The authors reported that some urban communities are not confident enough about the adoption of RWH systems due to risks associated with (i) potential water savings and (ii) payback period on initial investments. The study suggests that the efficiency of rainwater harvesting systems may change due to the temporal variability of rainfall and the size of the installed RWH tanks. Otherwise, due to quality concern and lack/cost of treatment facility, the authors suggest to avoid designing RWH systems for human drinking purposes in Bangladesh. Elements associated with government rebates for the installation of rainwater tanks in Sydney are analyzed in [20]. The authors suggest that increasing collecting surfaces (e.g., rooftops, steep slopes, and road surfaces) is more efficient for maximizing rainwater harvesting and savings than increasing the capacity of the existing storage tanks.



Small-scale RWH systems are sustainable approaches to answer a quota of soft water supply for domestic activities [21]. Irrigation of rainfed crops through RWH for domestic gardening and agriculture is a viable option to increase productivity and crop yields [22]. From a private household perspective, an investment in a small-scale RWH system will be convincing only if the returning time is less than a few years [23]. Bouma et al. [24] assessed agricultural returns to investments in small-scale RWH projects and confirmed that pay-back time would be reasonably convincing. They also accounted for variability in the quality of the rainy season for a period of 10 years. The authors suggested that RWH can increase domestic agricultural productions by roughly 78% (on average) across Asian and African territories.



An entry point for designing a domestic RWH system is decision-making regarding the target supply/consumption purpose (e.g., drinking, agricultural, or industrial) of harvesting water [25], and water quality plays an essential role in such decision-making [26]. Naus et al. [18] analyzed the potential of some alternative options (including RWH) to replace unsafe drinking water options in Bangladesh and argued that global acceptance of safe drinking water options varies among user communities and is not necessarily guaranteed. Likely pollution of harvesting rainwater with physicochemical/microbiological contaminants during drainage and/or storage stages of RWH is a serious concern that may threaten the success of a RWH project in urban area. Accordingly, the quality of the harvesting rainwater should be adequately evaluated. Sheikh [5] recently assessed public perception and attitudes towards RWH by Iranian citizens of various socio-geographic characteristics. He reported rainwater quality and financial cost as main concerns of both public and experts for RWH projects. The author suggested the necessity of increasing public awareness, involvement, and support to prevent threats of consuming harvested rainwater.



In this framework, we designed and installed a pilot RWH project in the city of Mashhad (Iran), with the overall aim of assessing the potential of the collected water to serve across a variety of (sometimes competitive) uses. Specifically, our study is keyed to the analysis of aspects related to the quality of the water associated with the RWH system in light of national/international water quality standards.



Some studies have reported public health risk of using rainwater while it may carry hazardous chemicals, bacteria, and microbial pathogens ([27] and references therein); accordingly, collected rainwater may require some necessary treatments before usage. Rainwater far from urban and industrial area generally has acceptable quality (except for some dissolved gases). Instead, rainwater in urban area may be contaminated by heavy metals, particles, and organic compounds that are washed out from the atmosphere and/or catchment basin during rainfall events [28]. Rainwater may also react (physico-chemically) with the materials of urban surfaces, which influences quality of the water over collecting/storage times. Lee et al. [28] assessed the quality of harvested rainwater for domestic uses, on the basis of utilizing some different roofing materials for RWH catchment. Their analysis showed that the type of roofing material used has some influence on the quality of the harvested rainwater. Ahmed et al. [29] conducted a literature review and argued that microbial quality of harvested rainwater may follow more highly oscillating trends than may commonly be perceived. The authors noticed that the quality of collected water in a RWH system can be strongly affected by seasonal number of dry days, geographical location, land uses, and activities.



Water quality should satisfy a set of standards, which may differ for human drink, livestock consumptions, irrigation uses, and environmental concerns [30]. For agricultural uses, rainwater may be collected from a drainage basin and stored underground in natural systems protecting it from evaporation. Sazakli et al. [31] investigated a RWH project in Kefalonia Island, in Greece, and argued that the chemical quality of the harvested rainwater is satisfying for domestic agricultural water supply purposes. Helmreich and Horn [32] suggested to perform slow sand filtration and solar technology to reduce pollution of the collected rainwater for agricultural consumptions. Indeed, further treatments are recommended for drinking water supply [29,33]. Rainwater collected (typically from rooftops or courtyards) for human consumptions needs to be stored in underground or surface tanks and disinfected [32]. Helmreich and Horn [32] suggested that performing membrane disinfection can reasonably enhance harvested water quality for drinking supply.



Following the 2030 vision of the World Health Organization, WHO, Howard and Bartram [34] for the resilience of water supply and sanitation, the Agriculture and Natural Resources Research Center of Khorasan province (KANRRC) of Iran has equipped a couple of RWH pilots to assess the feasibility of performing rainwater harvesting, as a supplementary resource of answering parts of soft water demand in Mashhad city. In this framework, a system of rainwater draining and storage was constructed and equipped in two hectares urban area inside KANRRC. Measurements related to the rainfall–runoff quantity and stored water quality have been collected for two years at the catchment outlet, as well as inside a storage tank that has been established in the urban area for water harvesting purposes. We evaluate the quality of the collected rainwater on the basis of some physicochemical and microbiological parameters; and suggest some potential opportunities of the consuming harvesting water, in light of available national and international water quality regulations.



We also include a stochastic analysis of the available observations associated with the quantities/parameters selected to characterize the quality of the harvested water. The stochastic analysis is structured across three steps: (i) quantification of the degree of possible correlations between parameters representing chemical properties of the harvested water; (ii) reduction of the dimensionality of the space identified by these parameters through principal components analysis (PCA); (iii) clustering of data. With reference to the latter point, we recall that clustering technique can assist delineating key system features [35]. Such an analysis can enable one to explore intrinsic relationships between locations (i) in space (i.e., inside drainage basin or storage tank) and (ii) in time (i.e., rainfall events or storage time) where one can plan efficient sampling of water quality data. To this end, relying on a PCA approach is appealing because it yields a straightforward (a) identification of the main features for classification [36] and (b) reduction of the system dimensionality to enable us to clearly assess interdependences of the analyzed water quality parameters. Clustering is performed upon projecting the available data onto a set of linear principal components (PCs).



The manuscript is organized as follows. Section 2 provides key theoretical elements underpinning the study. Implementation of the analysis workflow and the ensuing results are discussed in Section 3. Key outcomes of the study and concluding remarks are presented in Section 4, some recommendations being then provided in Section 5. Details about the evaluation of climate and hydrologic conditions of the region under study are included in Appendix A and Appendix B, respectively.




2. Materials and Methods


This section provides theoretical aspects of our analysis workflow. We briefly describe in Section 2.1 a synthesis of the key theoretical elements of the data-driven stochastic analysis and PCA-based data clustering technique. Water quality indices (WQI) of interpreting quality of underground/surface water resources are presented in Section 2.2.



2.1. PCA-Based Data Clustering


As a preliminary analysis, we perform data-driven clustering analysis to the values of sampled water from the RWH system and try to link stochastic behavior of the collected dataset to some physical characteristics of the established RWH system. In this framework, we first transform sampling values of the water quality parameters to the space of principal components (PCs) and then perform k-means clustering [35] to the transformed dataset.



Measurements of a real-world phenomenon, in most cases, are obtained in a multidimensional space. An illustration of a cloud of sampling observations locates data in a multidimensional space, whose coordinate axes are placed on measurement variables. An alternative approach to represent the cloud of measurements is to transfer the coordinate axes from measurement variables to the center (i.e., mean) of samples and rotate the axes to the directions where data have the largest projection (i.e., variance). One can take the first axis to the direction where sampled measurements have the largest variance, as the first PC. The next axis aligns to the direction where data points show the second largest projected variance. For simplicity and applicability purposes, we can set this principal coordinate system to be orthogonal [36]. This data-dependent coordinate system (principal coordinate) can be adapted for stochastic analysis and data classification. The original (measurement based) coordinate system can be related to the principal coordinate system by implementing a translation and rotation in a PCA framework [37]. By evaluating parameters of such transformation analysis, we can obtain valuable information about structure of the collected dataset and characteristics of the analyzing system. This information can be used for further decision-making about priority and/or classification of the collecting measurements needed for characterization of the phenomena being studied.



Assume a set of measurement samples are gathered in a data matrix    X *  ∈  ℝ  N × M    , formed by N rows that comprise experimental sampling data of the M variables (i.e., water quality parameters for the present work). Principal components can be computed as the right eigenvectors of the following covariance matrix:


   C x  =  1 N   X *    T   X *   



(1)




which satisfy


    λ i   v i  =  C x   v i      with   i = 1 , … , M   



(2)







The superscript * identifies experimental observations, and T denotes transpose. Then M principal components of the analyzing system correspond to the eigenvectors    v i    of the Equation (2) and are ranked according to the values of the related eigenvalues,    λ i   . The overall variability of    X *    will be equal to the summation over the full set of    λ i   . PCs can then be ranked according to their capabilities to project variance of the dataset    X *   . The quota of the variance explained by i-th PC is defined as the ratio of the eigenvalue,    λ i   , to the overall variability of    X *   .



We performed k-means clustering to iteratively partition the data points that are projected into the principal coordinate system. To increase reliability of clustering, we considered as many PCs as covering a reasonable percentage of variance content of the complete dataset. Data points classified in a cluster should be as close to each other as possible, and as far from data points in other clusters as possible [35]. Each cluster is characterized by its members,    x j   , and the corresponding centroid,     x ¯  k   . In this way, Euclidean,    E k   , index is a measure of distances between the points and the centroid of each chosen cluster.


    E k  =       ∑   j = 1  N       x j  −   x ¯  k     2          with     x ¯  k  =    x j     n k      



(3)




where N is the total number of data points, and    n k    indicates the number of objectives assigned to the k-th cluster.



Calculations run over all k clusters and k-means clustering technique try to iteratively choose     x ¯  k    in the case that the summation of the distances from (3) are minimized. The result is a set of clusters that are as compact and well separated as possible [35].



To quantify goodness of the clustering, we can calculate Silhouette [38] indices,    I   S j     , as follow:


    I   S j    =    b j  −  a j    max    b j  ,    a j          with     x ¯  k  =       1 −    a j     b j    ,     if      a j  <  b j        0                 ,     if      a j  =  b j           a j     b j    − 1 ,     if      a j  <  b j          



(4)




where    a j    is average distance of the j-th data point in each cluster within the other data in the same cluster, and    b j    is the minimum average distance from j-th data point to the ones in a neighboring cluster, minimized over cluster.



The silhouette displays a measure of how far each point in one cluster is to the points in the neighboring clusters. This measure ranges from +1, indicating points that are very distant from neighboring clusters, through zero, indicating points that are not distinctly in one cluster or another, to −1, indicating points that are probably assigned to the wrong cluster.




2.2. Water Quality Assessment


Quality of a water resource reflects combination effects of the climatical, hydrologic, geological, and environmental situations of the region, as well as demographic and social behavior of the residents. Monitoring and assessment of the water resources quality can serve us valuable information on interactions of such characteristic elements and help with decision-making about the suitability of water resources for different applications [39].



Water quality assessment of the public distribution networks typically monitors for different chemical elements and biological contaminants to ensure compliance with available standards [40]. However, standards for domestic water suppliers are not well regulated. WHO has suggested some guidelines for the assessment of water quality [33,41]. Such guidelines do not intend to serve as water quality standards; instead, individual countries can benefit from them as a basis to develop appropriate water quality standards and regulations in the context of environmental, social, economic, and cultural conditions of their territories. Then, it is obvious that national water quality standards may differ from one country to another one. Regulations may also vary depending on target consumption of the supplying water. We collected here some national [42] and international [33,43,44] water quality regulations and standards as reported in Table 1.



In 2013, the Iranian Department of Environmental Protection (IDEP) adapted the national regulations for surface water quality [42]. The suggested limitations of those regulations vary depending on target uses of the surface water for (i) drinking consumptions, (ii) agricultural uses, and (iii) environmental sustainability needs. These standards also differ accounting for the level of water purification (filtration and/or refinements) that is needed before using. In Table 1 we provide minimum requirements of the surface water quality that can be used (after filtration and simple disinfection). In Section 3, we will refer to the guidelines of Table 1, analyze the quality of the harvesting water, and suggest some target consumptions of the harvested rainwater in Mashhad urban area.



Water quality indices (WQI) are simple and efficient tools of interpreting and summarizing multidimensional pollution conditions of the surface or underground water resources being studied. WQI indices are typically empirical formulations that weight values of some water quality elements (based on their importance) and integrate them to come up with a classification indicator of safety (varying in a range of unfit to excellent) of the analyzed aqueous natural resource for our target (e.g., drinking, agricultural, or industrial) consumption.



Different WQIs are developed by national and international agencies of water pollution control [45]. Iranian Water Resources Management [42] developed an index for the assessment of the quality (including conventional and toxic parameters) of surface and underground water resources. Such indices are adapted from the US National Sanitation Foundation Water Quality Index, NSFWQI, Brown et al. [46] to define national-level water quality standards of Iran. The Department of Environmental Protection of Iran recommended this WQI for the evaluation of the quality of the surface and underground water resources of the territory [47]. We use such indices for quantitative expressions of the quality of collected water through RWH systems. The index calculates for a batch of sampled values of M water quality parameters as:


   IRWQI =   ∑   i = 1  M       I i   w i       1 a        with   a =   ∑   i = 1  M   w i    



(5)




where    I i    and    w i    respectively are sub-index and assigned weight of the i-th water quality parameter. The index of   IRWQI   can separately be evaluated for conventional water quality properties (    IRWQI   S C    ) or toxic (    IRWQI   T C    ) pollutions. With the scope of the present study, we evaluated both     IRWQI   S C     and     IRWQI   T C     for sampled measurement values obtained for a set of water quality parameters listed in Table 2. Notes that 8.26 mg/L of dissolved oxygen provides 100% DO saturation. For the sampled value of the  i  parameter, sub-index of    I i    can be extracted from Figure 1.



When   IRWQI   is evaluated from Equation (5), we can classify quality of the analyzed surface/underground water resource according to Table 3. Here, the 100-score scale of   IRWQI   is divided into 7 classes (see Table 3) of water quality, and different colors are assigned to each class for illustrative purposes.





3. Results


Results of our analysis are structured across the following. Section 3.1 includes a concise introduction of climate and hydrologic elements related to the studied region, as well as the pilot RWH system. Results of preliminary stochastic analyses performed on the collected dataset are summarized in Section 3.2. We assess the overall quality of the harvested water in Section 3.3. We discuss the feasibility of using the harvested water for diverse consumption purposes by evaluating its chemical and biological quality in comparison with the water quality standards and regulations illustrated in Section 2.2.



3.1. Pilot RWH System


To promote using RWH against water shortage in Mashhad city, three sites were selected and equipped to represent three types of catchments that are typical for rainwater harvesting (see [12] for details). We provide here characteristics and performance of a pilot project that has been equipped in two hectares campus catchment, including a network of access roads, parking space, and green lands inside KANRRC (Figure 2c).



We first report climatical and hydrological conditions of the studying region. Mashhad is located in northeast of Iran (longitude of 59°38′, latitude of 36°16′, and elevation of 999.2 m) surrounded by Binalood and Hezarmasjed mountains (Figure 2a). Mashhad is the second most populous city of Iran and takes the importance from its agricultural, industrial, and touristic destination values [48]. The urban structure of the city has been extensively developed to the northeastern parts since 1890s (see Figure 2b). The population of Mashhad was reported to be roughly six hundred thousand inhabitants in 1986, and it has increased by six folds since 2010. The city attracted more than 20 million annual visitors in 2010. Such an ascending trend of residential and touristic population in Mashhad city has provided an economic boom in recent decades; hence, simultaneous improvements of urban services is a requisite [48]. The city attracts higher number of visitors in the period of March to August, which is mainly concentrated in hot–dry seasons of the year and coincides with the peak of water demands.



Water supply in Mashhad is a serious issue for the municipality. Groundwater is the major source of water supply, which is facing severe depletions of the aquifers mainly due to agricultural uses. The surrounding area of Mashhad metropolitan is covered by cultivated fields. Overexploitation of groundwater from pumping wells to provide water for the agricultural activities has lowered aquifer hydraulic heads and caused subsidence in large rural areas [49].



According to the data acquired during past 30-year period, the mean annual temperature of the Mashhad subbasin is an estimated 12.5 °C, and the average amount of annual rainfall is evaluated as 315 and 258 mm in mountainous and plain areas, respectively. Rainfall mainly occurs in spring and winter seasons; however, the aquifer does not receive sufficient recharge, resulting in a continuous decrease of groundwater level. Accordingly, land subsidence due to excessive groundwater extraction has occurred over the years. Alizadeh [50] reported that there has been average decrease in groundwater table of 12 m in Mashhad subbasin during 15 years.



We applied the Emberger [51] technique (see Appendix A) to evaluate climate conditions of our study region by referring to three important climatical elements of (i) precipitation, (ii) temperature, and (iii) evaporation. Our assessment of the long-term climatical observation confirms that (i) maximum and minimum (long-term monthly averaged) range of temperature are respectively equal to −3.8 and 34.4 °C; (ii) temperature is approximately 60 days (per year) under zero centigrade degree (typically happening in the period of December to March), (iii) the region has roughly 70 annual rainy days, while more than 90% of all rainfall events happen with the depth of 10 mm or less; (iv) mean annual rainfall depth is estimated as 251 mm, with seasonal rainfall depths of 49.5, 123.5, 78.4, and 3.5 mm during autumn, winter, spring, and summer, respectively, and (v) annual evapotranspiration is equal to 1400 mm. Accordingly, we evaluated Emberger coefficient    I E    = 22 and categorized the climate of Mashhad as cold and dry (semiarid). In these circumstances, attention to the modern water resources management techniques is currently increasing among experts.



To establish a drainage basin of RWH, (a) the catchment landscape should guarantee readily generations of rainfall–runoff, (b) the topography must allow concentration of the runoff flow in some pre-decided parts of the landscape, and (c) the storage points must have sufficiently deep soils of suitable texture and structure to retain the runoff water received. Our pilot project collected generated runoff from about 5000 m2 asphalted road and parking, which drained off the building and wasted in the city sewer system. We blocked the sewer intake gate and diverted collecting runoff (through a newly constructed channel) into an underground reservoir. Figure 2c depicts the RWH drainage basin and direction of drained water flow to the 1200 m3 storage tank. Generated runoff from rainfall events passes through a small desilting basin the ground reservoir tank. The capacity of the tank is decided based on hydrological analysis of the studying basin.



We used Kirpich [52] formula (see Appendix B), which was originally developed for small drainage basins, and estimated time of concentration,    t c   , according to the Equation (A2) for our studying catchment. Based on physiographic (GSI-based) analysis of the drainage basin, we calculated total runoff area of 19,000 m2, longest basin length of 700 m, and mean basin slope of 3.6%. We calculated    t c    for our test case basin equal to 5 min (for runoff through the surfaces covered by asphalt). This value is relatively a short time of concentration. Accordingly, a long-duration rainfall event may create a collocation of divided runoff happenings. Therefore, we analyzed a rainfall of more than one day duration as a set of some smaller rainfall events. The rainfall–runoff relationship was characterized through Equations (A2) and (A3). A total number of 75 rainfall happenings were recorded in situ for two years (i.e., 2008 and 2009), and almost 30% of the total rainfall events led to the creation of a sufficient runoff. Figure 3a reports intensity and duration time of the rainfall events that created runoff to charge our RWH system. The creation of runoff was evaluated by Equation (A3) when  P  was almost 20% of maximum storage depth,  D , Refs. [53,54] and   C N   was set to 95 [55]. Our analysis of rainfall–runoff events satisfies that a rainfall with a minimum depth of 2.2 mm (intensity of 8.6 mm/h and duration of 0.25 h) can result a sufficient runoff for our RWH system. Figure 3b illustrates rainfall depth and the resulting estimations of runoff. Results are reported for selected rain events that can create runoff to charge the RWH system.



Our pilot RWH project takes a relevant role in collecting generated runoff from almost 5000 m2 asphalted road and parking, which has been previously drained off (and wasted) through the centralized city sewer system. We controlled the sewer intake gate to divert collecting runoff (through a constructed channel) into the RWH system up to reaching dewater capacity of the storage reservoir. Accordingly, not only collecting rainwater through the RWH project can stand as a supplementary source of water storage in rainy seasons and supply it for further uses in hot–dry seasons, but also it can potentially play a relevant role in stormwater management.




3.2. Data-Driven Stocastic Analysis


We obtained some samples of water from the RWH system and determined their physicochemical properties (i.e., acidity in terms of potential of hydrogen, PH, total hardness, TH, total dissolved solids, TDS, electrical conductivity, EC, and sodium content, Na, of water), according to the standard methods [56,57]. Water samples were obtained in various conditions of time (before, during, and after rainfall events) and place (in a sedimentary at the outlet of drainage catchment and the reservoir tank). A total of 35 sampling measurements were collected (in a 500 mL sterilized bottle) for two years, at the outlet of the drainage basin as well as inside the storage tank.



We performed some preliminary stochastic analysis to the physicochemical properties of the sampled water. Figure 4 depicts box-plot representations of the variability of the samples of target state variables (including TH, TDS, Na, pH, and EC). All data points are rescaled here and normalized to the unit interval [0, 1], for ease of comparison. Most of the observation values of the water quality parameters of TH, TDS, Na, and EC are concentrated between the 25th and the 75th percentile of the corresponding distributions. Observed values of pH exhibit a few notable numbers of (high valued) outliers, the highest (normalized) value of the observation still within 1.5 of the interquartile range (IQR), with the upper quartile being 0.38.



Analysis of the bivariate correlation among the system performance variables (see Figure 5) suggests that (i) the highest degree of correlation can be noted between EC and TH, TDS, and Na, as denoted by values of the correlation coefficient equal to 0.6, 0.7, and 0.55, respectively; (ii) pH shows some correlations with Na (coefficient of 0.3), meanwhile appears to have negligible correlations with EC, TH, and TDS (with values of the correlation coefficient equal to −0.15, −0.12, and −0.07); and (iii) moderate correlations recognized between TH, with both TDS, and Na (with 0.37 and 0.42 correlation coefficients). These results are confirmed by analyzing bivariate scatter plots of the sampling (normalized) values as presented in Figure 6. An almost linear evolution of the sampling values of EC with the values of TH, TDS, and Na parameters is satisfying from a physicochemical point of view (see [58]).



We performed PCA-based clustering of the collected measurements. Figure 7 depicts the results of the PCA analysis. The complete set of principal components is in principle as large as the original set of considered physicochemical parameters (see Figure 7a). A general criterion to establish when a given set of principal components provides a satisfactory representation of the full variability of the dataset    X *    is not available [59]. However, typically, a percentage larger than 70% is deemed sufficient to grasp the main features of the original data. Figure 7a shows the percentage of the total variance of the output explained by each principal component and suggests that more than 72% of the variance of    X *    is explained by considering only the first two principal components. Figure 7b represents the projection of the sampled water quality parameter values onto the space of the first two linear PCs together with the vectors of coefficients of each water quality parameter in the PCs reference system. Figure 7b shows that the vectors representing the variables TH, TDS, and EC have higher contributions to the direction identified by the first principal component, PC1. This result suggests that these variables are associated with a considerable portion of the variability of the dataset, as PC1 explains 50% of the total variance of    X *    (see Figure 7a). The vector identifying pH is mainly aligned with the second principal component PC2. Variation of Na similarly contributes in both PC1 and PC2. This latter result is in agreement with the previously discussed results of Figure 5 and Figure 6.



The water quality dataset (projected to the principal components) was then subjected to the k-means clustering; aiming to determine the best number of clusters for classifying the collected dataset. Determining the ideal number of clusters for k-means clustering can be done by measuring the mean of Silhouette indices,    I S    j   , calculated from Equation (4). Figure 8a illustrates the increase of    I S    j    as a function of the number of clusters. We decided to cluster the collected dataset into two groups as the increase of    I S    j    with a higher number of groups was relatively mild. Figure 8b illustrates    I S    j    calculated for observation points when they are clustered in two groups. Results of categorization seems reasonable while most values of Silhouette indices take positive values (higher than 0.4).



We juxtaposed results of k-mean clustering of water quality sampling data in two clusters (Figure 8c) and projected the measurements obtained in the drainage basin and the ones collected in the RWH reservoir, separately, into principal coordinate systems (Figure 8d). Behavioral similarity of these two plots indicates that the quality of the water samples collected in the drainage catchment may be different from that of the samples obtained in the RWH reservoir.



Figure 9 depicts distributions (i.e., sample pdf) of the sampled values of water quality parameters rendered separately for observations collected in drainage basin and the ones obtained in the RWH reservoir. Results generally show that measurements of TH, TDS, Na, and pH sampled in the reservoir are more concentrated around the mean values (with higher pick values of pdf) when comparing to the ones collected inside the drainage basin. Sample pdf of TH and pH exhibits some similar behaviors for the measurements obtained from the catchment and those obtained from the reservoir.



We noticed that the distribution of pH, TH, and Na values obtained in the drainage basin exhibits long tails to the higher values, when comparing the pdf of the same parameters for sampling values obtained from the reservoir, which concentrate around smaller values. Measurement records of Na collected from different places are associated with a completely different pdf. While values of Na content of the water in the drainage catchment show higher variations (in the range of 0 to 70 mg/L), sampled values of Na from stored water in the reservoir vary in a more limited range (of 20–30 mg/L). This is an interesting outcome that the quality of the stored water in the RWH reservoir is more stable than that obtained for rainfall–runoff events. This can be linked to the heterogeneity of the characteristics of the drainage basin and supply conditions of the reservoir.




3.3. Water Quality Assessment


Water samples were subjected to the analyses of some key physicochemical and microbiological water quality tests. Following, we provide an assessment of the collected information. Table 4 reports assessment of water quality measurements in view of the guidelines (see Table 1) of the selected standards for different consumption uses. Results generally confirm that the mean observed values of samples from harvested water satisfy the needs of all considered standards in terms of pH, Th, TDS, and Na. Chemical processes generally can take place at a certain range of acidity or basicity conditions. A key use of pH tests in water analysis is for detecting abnormal water quality. Values of pH outside the normal range need further attention, as water may contain toxic properties that may (i) cause nutritional imbalance for aquatic organisms and/or (ii) affect the solubility of water. We observed three sampling data (obtained from drainage basin within the beginning of the rain events) with pH values in the range of 8.5–9, hence all samples of water from the reservoir satisfy the pH of soft water. Observations of TH also satisfy suggestions of considered guidelines for drinking, irrigation, and surface water (to be used for drinking, irrigation, or from environmental concerning points) quality. Sodium content of the samples was in the range of 1 to 50 mg/L, which satisfies all needed standards. An acceptable condition was observed for TDS contaminant of the water samples. We measured a single sample with TDS value of 630 mg/L (observed in drainage basin at the beginning of a rain event), which is outside the maximum acceptable standard for drinking water, but satisfies regulations for other considered uses. We should note that TDS is an indicator of non-point source of pollution typically associated with problems of the land use conditions [60].



The mean value of EC observations is at the higher bound of the WHO (S1) drinking water standard (30% of measurements are out of the range), hence all sampling values lie in an acceptable range of regulations for other uses. Water with greater ions contamination has higher EC. Instead, low-salinity water (i.e., EC < 200 µS/cm) may have pH outside the normal range since it has a very low buffering capacity. Such water can lead to some problems for soils and crops. It is also very corrosive for pipelines, sprinklers, and control irrigation equipment.



In addition, we assessed the quality of the collected water in the reservoir tank (dated to the end of October 2010) for biological (including color, turbidity, dissolved oxygen, DO, biochemical oxygen demand, BOD5, chemical oxygen demand, COD, number of total and fecal coliforms in 100 mL of water) contaminants as well as toxic metals heavy (lead, Pb, nickel, Ni, cadmium, Cd, and chromium, Cr) pollutants.



The color of the sampled water is just at the upper convenient limit of drinking water. The relatively clarity of the collected water can be linked to the fact that our urban RWH system has small basins (as typical) including constructed (asphalted or concreted) roadbeds and floors. Accordingly, runoff creation has a small time of concentration (5 min in our case). Turbidity represents the amount of solid particles suspended in collected water. It is a measure of the light-scattering properties of water, which can be in the form of minerals or organic matters. The turbidity of the water obviously makes it unacceptable for drinking (according to WHO guidelines), but it is appropriate as a surface water that can be used after filtration and/or refinements (referring to guidelines of S3), even for drinking. Similar results are reported in terms of COD. The COD is the estimate of oxygen required for the portion of organic matter in water/wastewater that is subjected to oxidation. Then, COD is a measure of oxygen demand of organic matters in water/wastewater; accordingly, it not only determines the amount of biologically active substances such as bacteria but also biologically inactive organic matter in water. Our observations show that the COD level of water collected from our domestic RWH system is much lower than that expected from a centralized system of urban-generated wastewater [61]. BOD, instead, represents the amount of oxygen consumed by bacteria and other microorganisms while they decompose organic matter under aerobic (i.e., in presence of oxygen) conditions at a specified temperature. Measurements of BOD obtained over a period of five days (i.e., BOD5) confirm the quality of the collected water for agricultural uses and from the environmental concerning point. The DO property of the sampled water makes it convenient for any predefined usage of Table 4, except drinking consumption. DO is critical component for survival of various aquatic lives in streams, especially for environmental concerns. The ability of water to hold solution of oxygen is inversely proportional to the temperature of the water. Usually, the higher the amount of organic material found in the stream, the more oxygen that is used for aerobic oxidation [62], which can deplete the amount of BOD available to other aquatic life.



Heavy metals may occur (even naturally) in an aqueous ecosystem with large variations of concentration [63]. Some of them are dangerous to health (like cadmium, lead, and chromium), and some (e.g., lead) may cause corrosion of the irrigation equipment. Toxic pollution of water with heavy metals is more concerning in urban water draining basins, where water is prone to be polluted by waste-derived fuels. Our observations show satisfying contamination of water by Pb, Cd, and Ni (less than 1 ppb = 0.001 mg/L). Nevertheless, the collected water contains 100 ppb of Cr compound, which is out of the limit of water quality for drinking consumption as well as the one suggested for surface water to be used for drinking (after simple purifications).



Chromium does not occur freely in nature. The element and its compounds can be discharged in surface water through various activities and land uses. For example, chromium compounds are applied as pigments, and chromium in water may originate from painting. Stainless steel also consists of roughly 15% chromium. Chromium may also exist in domestic waste of various synthetic materials. Therefore, Cr contamination of the harvested water may be reduced by paying more attention to the land use of the draining basin.



Fecal coliform bacteria may indicate the presence of disease-carrying organisms that live in the same environment as the fecal coliform bacteria. The existence of coliforms (with total number of 800 and fecal number of 110 per liter of water) in our harvested water categorizes it out of the range of drinking water (S1), even after performing infiltration and simple refinements (S3). Hence, it lays inside the allowing range of national standards of surface water for agricultural consumptions (S4) and environmental concerns (S5).



We then evaluated IRWQI of Equation (5) to quantify the quality of the harvested water as a surface water (without performing any infiltration and treatment). The results categorize our collected water in the yellow to green condition of Table 3, indicating moderate conventional quality (    IRWQI   S C     = 42.5) and almost good toxic quality (    IRWQI   S T     = 61.6) of the harvested water.



To put it in a nutshell, we can confirm that collected water in our equipped RWH pilot does not meet some requirements of WHO guidelines for drinking water (see S1 in Table 1) but it generally satisfies suggestions of FAO (S2) and national standards of surface water for environmental sustainability (S5) and the for irrigation uses (S5). The provided analysis confirms that this RWH system does not collect water for human consumptions. Consequently, we discourage the use of harvested water for domestic drinking water, unless performing special purifications, which are generally not economically convincing for domestic owners/users of small-scale RWH systems.





4. Discussion and Concluding Remarks


The present work has been conducted to evaluate the feasibility of rainwater harvesting and consumptions through installing small-scale RWH systems in an urban catchment, in Mashhad city. Our provided investigations categorize Mashhad city as a semiarid region where water scarcity is an inherent issue and high-intensity rainfalls (to generate sufficient runoff) rarely happen during hot–dry seasons. This issue synchronizes, annually, with increasing needs of drinking water for reasonably high numbers of touristic attractions to the city. The present work suggests RWH for compensating parts of seasonal water shortages in Mashhad city, which are repeatedly occurring due to current drought superimposed with soaring needs of water for agricultural, industrial, and drinking uses. Establishing a draining catchment of RWH in a semiarid urban area can be beneficial by storing water during rainy seasons and supplying it for further uses in hot–dry seasons. This can potentially play a relevant role in stormwater management, as well.



A pilot project was established inside KANRRC campus for collecting generated runoff from two-hectares catchment (including almost 5000 m2 asphalted road and parking), which has been previously drained off through the centralized city sewer system. Our analysis confirms that producing runoff can provide a sustainable source of water supply for crop cultivation and domestic gardening purposes.



Water quality assessment was performed by evaluating national water quality index (i.e., IRWQI). Sampling values of pH, Turbidity, DO, EC, TH, BOD5, COD, heavy metals (lead, cadmium, and chromium), and fecal coliforms have been measured. Some stochastic analyses were performed to the obtained values of water quality parameters. PCA-based k-mean clustering technique was applied to analyze the water quality dataset. The results show some relations of the place of sampling water (either inside drainage catchment or in the storing reservoir) with the quality of water. This can be linked to the characteristics of the drainage basin land use and supply conditions of the reservoir.



We used the collected dataset for the calculation of IRWQI. We evaluated IRWQI index, with 42.5 and 61.6 scores respectively for conventional and toxic pollution properties of the harvested water, and categorized such surface water resource as almost good quality.



Quality assessment of the collected water was performed with respect to some national and international guidelines for drinking, agricultural, and environmental water uses. Our findings confirm that the quality of the harvested water is generally inside the permission range of water quality standards suggested for irrigation uses and environmental concerns. Therefore, the collected rainwater can be used for domestic irrigation. Hence, harvested water needs some necessary treatments before supplying for drinking purposes. While previous works [64,65] satisfy that the measured inorganic compounds in the harvested rainwater from roofyard catchment systems can match the international (e.g., [33]) guidelines for drinking water quality, our observations show that concentrations of some inorganic compounds in the rainwater collected from urban (e.g., asphalted and/or concreted) surfaces appear to be out of our considered national and international regulations of the drinking water quality. Disinfection should then be applied to improve the physicochemical and microbiological quality of water. In particular, using harvested water for drinking consumption (of human or livestock) requires performing infiltration and treatment to reduce EC, BOD5, COD, coliforms content, and heavy metal (i.e., Cr) pollutants and improving DO properties of the collected water.




5. Recommendations


The design and implementation of RWH projects need to be seriously considered in a water, energy, and food security nexus framework [66]. The assessment of a RWH project in developing countries typically focuses on the need of saving water, sometimes disregarding other benefits that might be related to a multipurpose nature of RWHs. These technologies are seen as sustainable options for adapting and (possibly) alleviating harmful impacts of climate change on water resources in arid/semiarid regions [67]. Local storage of rainwater during the wet season can provide a supplementary water reserve for intraseasonal drought periods, while potentially playing a relevant role in stormwater management practices [68]. Beneficial effects of RWH on mitigation of sewer overflow in the City of Toldeo are reported in [69]. Environmental impacts of RWH projects on hydrological systems are appraised in [70]. These authors suggest that RWH can play a relevant role in supporting regulation of the local hydrologic cycle. Infiltration of the harvested water is also documented to have positive impacts on aquifers. Watershed and local hydrologic impacts of RWH in India are analyzed in [71], also with reference to the use of RWH for groundwater recharge.



The development of strategies for water storage and recycling along circularity principles can clearly depend on the needs and goals of a given country [72]. For instance, per capita water use in the USA is about 4337 L/day, while being around 550 L/day in a Middle Eastern arid region like UAE [20]. Accordingly, various aspects associated with RWH projects need to be evaluated on a regional basis.



More than 90% of the allocated water in Iran was used for agricultural purposes in 2003 [66]. The total area of agricultural land has extensively increased since 1960, thus leading to an increase of agricultural water use from 44 billion m3 in 1961 to 86.5 billion m3 in 2011. Better coping with these elements can be achieved by relying on efficient RWH approaches, in line with recommendations stemming from our present work.



Rainwater collected from a RWH urban catchment may be polluted by, e.g., heavy metals. These pollutants may derive from vehicle tires and aliphatic hydrocarbons resulting from incomplete combustion processes. To attain drinking water quality (for human or livestock consumption), these hazardous compounds need to be removed from the harvested rainwater. Fecal pollution may also be present, originating from animals (e.g., birds, reptiles, and domestic livestock) that have access to the drainage catchments and/or a rainwater storage reservoir [29].



Furthermore, our observations show that the quality of the harvested water tends to improve with time during rainy seasons. We note that with the beginning of the rainy season, the first rainwater washes out most of the dirt, debris, contaminants, and animal feces accumulated in the system during dry seasons. A first-stage improvement of the harvested water quality can be achieved by flushing out early rainwater through the sewage system of the city. This can improve the quality of collected water and reduce RWH reservoir maintenance expenses. Additionally, collecting rainwater from building rooftops and storing it in protected tanks can alleviate the presence of toxic (heavy metal) contaminants in the harvested water for domestic drinking consumption uses [12]. A commonly used technique for disinfection and deactivation of microorganisms in the water is chlorination. Note that the latter should be performed after removal of the harvested rainwater from the storage reservoir/tank, to avoid chlorine reactions with organic matter settled at the bottom of the storage tank, leading to undesired quality effects [61]. Filtration (e.g., through sand filter) is also applicable in a modular way to remove hazardous substances from harvested rainwater [73]. Metal membrane filters are also suitable for purifications of collected rainwaters [74]. In this context, pasteurization by solar technology stands as a low-cost disinfection technique for water treatment [75]. Slow sand filtration (which relies on biological treatment rather than physical filtration processes) can also improve the biological quality of the water [76].



We can then note that, even as the results of the present study document the suitability of the harvested water for consumption/use (especially during a rainy period) when considering its quality in terms of inorganic substances, a comparison between biological quality aspects (including turbidity and color) of samples against available regulations of water quality suggests prioritizing the allocation of the harvested water for irrigation purposes. Collected rainwater from the RWH system is now set to be used for a botanic garden with the aid of a pressurized irrigation system.
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Appendix A


We refer to the Emberger [51] technique to evaluate climate conditions of our study region by referring to three important climatical elements of (i) precipitation, (ii) temperature, and (iii) evaporation.


   I E  =   2000 P       T ¯   m a x  2  −   T ¯   m i n  2       



(A1)




where    I E    is the Emberger climatic coefficient and P is the annual precipitation in millimeters. Parameters     T ¯   m i n     and     T ¯   m a x     respectively are averaged values of the maximum temperatures of the warmest month of the year and averaged values of the minimum temperatures of the coldest month in the year. Temperature values in Equation (A1) are expressed in absolute (K) degrees. Table 1 provides classes of the climate conditions referring to the evaluation of    I E    with Equation (1).
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Table A1. Climate classes of Emberger [51] technique.
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	     I E     
	Climate Type





	Over 150
	Hyper-humid



	98–150
	Humid



	57–98
	Sub-humid



	30–57
	Semiarid



	17–30
	Arid









Appendix B


A key parameter of our interest for the analysis of runoff events and the estimate of peak discharge is time of concentration,    t c    [77]. We used Kirpich [52] formula, which was originally developed for small drainage basins, and characterized it for our test case as follows:


   t c  = 0.0195  L  0.77    R  − 0.385    



(A2)




where  L  and  R  respectively are basin length and its slope. [52] suggested to multiple the value of    t c    by 0.4 if the overload flow path is concrete, or by 0.2 if the channel is concrete-lined.



Rainfall–runoff relationship is characterized through SCS [78] technique, as follows:


  Q =       P − 0.2 D    2      P + 0.8 D       with   D =   1000   C N   − 10  



(A3)




where  Q  is the runoff generated by a given precipitation depth of  P , and  D  is the maximum storage depth. Curve number,   C N  , reflects impacts of land use [79].
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Figure 1. Evolution of sub-index values,    I i   , with the value of i-th water quality parameter observed in the RWH system. 
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Figure 2. (a) Location of Mashhad city in Iran, (b) urban structure and development of Mashhad city since 1890s, and (c) schematics of the pilot RWH catchment and runoff direction across urban surfaces to the storage tank. 
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Figure 3. Intensity duration time (a) and depth of the rainfall events (b), as well as the related creation of runoff. 
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Figure 4. Box-plot representation of the variability of state variables (X1–X5). Each box-plot identifies 25th, 50th (median), and 75th percentile scores. Whiskers correspond to the lowest observation within 1.5 of the interquartile range (IQR) of the lower quartile and to the highest observation still within 1.5 IQR of the upper quartile; crosses represent outliers. 
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Figure 5. Bivariate correlation between experimental sample data included in matrix    X *   . 






Figure 5. Bivariate correlation between experimental sample data included in matrix    X *   .



[image: Water 13 02130 g005]







[image: Water 13 02130 g006 550] 





Figure 6. Bivariate scatter plots of the sampling (normalized) values obtained for some physicochemical water quality properties of the harvested water. 
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Figure 7. Result of linear PCA: (a) percentage of the total variance of    X *    described by the five principal components (PCs); projection of the measurements onto the plane of first two principal components, PC1 and PC2. Arrows in (b) indicate the vectors of PC coefficients associated with the original water quality parameters in the PCs space. 
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Figure 8. K-mean clustering results: (a) evolution of Silhouette indices with the number of clusters, (b) Silhouette indices calculated for each observation point while clustering measurements into two categories, (c) water quality sampling data (in principal component space) clustered in two groups, (d) original measurements obtained in drainage basin and the ones collected in the reservoir projected (separately) into principal coordinate systems. 
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Figure 9. Distributions of the observed values of water quality parameters. The sampled pdf is reported separately for the measurements recorded in the outlet of drainage catchment and those recorded in the RWH reservoir. 
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Table 1. The utilized national and international water quality standards. Standards refer to (i) S1: WHO [33] guidelines for drinking water quality, (ii) S2: FAO guidelines [43] for agricultural water quality, and national standards [42] of (iii) S3: drinking water quality, (iv) S4: agricultural water quality, and (v) S5: environment concerns of wastewater sewage.
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Water Quality

Parameters

	
International Guidelines

	
National Standards of Surface Water




	
S1

	
S2

	
S3

	
S4

	
S5




	
Drinking Water

	
Irrigation Water

	
Drinking Uses 1

	
Irrigation Uses

	
Environmental Concerns






	
PH

	
6.5–8.5

	
6.5–8.5

	
6.5–8.5

	
6–8.5

	
6–9




	
TH (mg/L)

	
<500

	
<2000

	
<500

	
-

	
-




	
TDS (mg/L)

	
<500

	
<2000

	
<500

	
<1500

	
-




	
EC (µS/cm)

	
<300

	
<3000

	
<1000

	
<3000

	
-




	
Total Coliforms (#/100 mL)

	
0

	
<100

	
<50

	
<1000

	
<1000




	
Fecal Coliforms (#/100 mL)

	
0

	
-

	
<20

	
<400

	
<400




	
BOD5 (mg/L)

	
<5

	
<30

	
<3

	
<100

	
<30




	
COD (mg/L)

	
<15

	
<50

	

	
<200

	
<60




	
Color (CU)

	
<15

	
-

	
<20

	
-

	
<75




	
Turbidity (NTU)

	
<5

	
-

	
<25

	
<50

	
<50




	
DO (mg/L)

	
>5

	
-

	
>7

	
>2

	
>2




	
Na (mg/L)

	
<200

	
<200

	
<200

	
-

	
-




	
Heavy Metals

(ppb)

	
Pb

	
<10

	
<5000

	
<10

	
<500

	
<1000




	
Cd

	
<3

	
<10

	
<3

	
<10

	
<100




	
Ni

	
<20

	
<200

	
-

	
<20

	
<2000




	
Cr

	
<50

	
<100

	
<50

	
<100

	
<2000








1 Reported values refer to standards of the surface water quality to be used for drinking purposes, after performing filtration and simple disinfections.
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Table 2. Selected parameters and the related weights for the assessment of conventional water quality and toxic pollution of the harvesting water.
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Title 1

	
Parameter

	
Weight






	
Conventional Pollutants

	
BOD5 (mg/L)

	
0.117




	
COD (mg/L)

	
0.093




	
DO Saturation, %

	
0.097




	
Electrical conductivity (μS/cm)

	
0.096




	
Fecal Coliform (#/100 mL)

	
0.14




	
TH (mg/L)

	
0




	
Turbidity (NTU)

	
0.062




	
pH

	
0.051




	
Toxic Pollutants

	
Lead (Pb), ppb

	
0.092




	
Cadmium (Cd), ppb

	
0.092




	
Chromium (Cr), ppb

	
0.084




	
BOD5 (mg/L)

	
0.117
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Table 3. Color bar specifying ranges of   IRWQI   for different water quality classes of Management IWR [42] standard, reflecting quality of a surface/underground water resource.
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	IRWQI
	0–15
	15–30
	30–45
	45–55
	55–70
	70–85
	85–100





	Description
	Unfitted
	Poor
	Almost poor
	Moderate
	Almost good
	good
	Excellent
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Table 4. Checklist of evaluating quality of the sampled water measurements with respect to the suggestions of the selected standards of different consumption uses.
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Water Quality

Parameters

	
Mean

	
Std

	
International Guidelines

	
National Standards of Surface Water




	
S1

	
S2

	
S3

	
S4

	
S5






	
PH

	
7.2

	
0.7

	
✓

	
✓

	
✓

	
✓

	
✓




	
TH (mg/L)

	
48.4

	
15.7

	
✓

	
✓

	
✓

	
✓

	
✓




	
TDS (mg/L)

	
315

	
131

	
✓

	
✓

	
✓

	
✓

	
✓




	
EC (µS/cm)

	
300

	
137

	
X

	
✓

	
✓

	
✓

	
✓




	
Total Coliforms (#/100 mL)

	
800

	
-

	
X

	
X

	
X

	
✓

	
✓




	
Fecal Coliforms (#/100 mL)

	
110

	
-

	
X

	
X

	
X

	
✓

	
✓




	
BOD5 (mg/L)

	
25

	
-

	
X

	
✓

	
X

	
✓

	
✓




	
COD (mg/L)

	
46

	
-

	
X

	
✓

	
✓

	
✓

	
✓




	
Color (CU)

	
94

	
-

	
X

	
✓

	
X

	
✓

	
✓




	
Turbidity (NTU)

	
16

	
-

	
X

	
✓

	
✓

	
✓

	
✓




	
DO (mg/L)

	
4

	
-

	
X

	
✓

	
X

	
✓

	
✓




	
Na (mg/L)

	
15.08

	
11.38

	
✓

	
✓

	
✓

	
✓

	
✓




	
Heavy Metals

(ppb)

	
Pb

	
<1

	
-

	
✓

	
✓

	
✓

	
✓

	
✓




	
Cd

	
<1

	
-

	
✓

	
✓

	
✓

	
✓

	
✓




	
Ni

	
<1

	
-

	
✓

	
✓

	
✓

	
✓

	
✓




	
Cr

	
100

	
-

	
X

	
X

	
X

	
✓

	
✓
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