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Abstract

:

Addressing water use efficiency in the Middle East is challenging due to the geopolitical complexity, climatic conditions and a variety of managerial issues. Groundwater is the dominant water resource for Palestinians, while aquifers are shared with their neighbours. We assessed in this study the efficiency of the agricultural water use in Jericho, which we defined as the Water Use System (WUS), and its impact on the main source, the Eastern Aquifer Basin (EAB), using the Sustainable Efficiency (Sefficiency) method. The assessment considered the objectives’ difference between the farmers in the region and the water managers. As Sefficiency requires, the analysis also considered in addition to the quantities of the different water path types within our WUS, their quality and beneficial weights. The results highlighted efficiency improvement potentials, a substantial number of unreported abstractions and an impact of the use of chemical substances on the main source. In addition, through hypothesizing four scenarios, we demonstrated that: 1. Improving the quality of returns has a great positive impact. 2. Increasing water abstractions is not beneficial if it is not linked to an increase in yield production. 3. Precipitation rates can influence water use efficiency. 4. More careful treatment of the unwanted plants and a selection of high socio-economic value crops would enhance Sefficiency.
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1. Introduction


Water issues in Palestine extend beyond being a scarce resource. Other factors contribute to the water crisis in that region. Those factors include, but are not limited to: climate change impacts [1,2,3,4]; the exponential population growth [5,6]; and that the major freshwater resources are mostly transboundary with political complexity [7,8]. Furthermore, the absence of official strategic water policies and the low level of unconventional resources (e.g., wastewater reuse and desalination) development [9,10] are critical components of the crisis.



West Bank is one of the two main areas (the other is Gaza Strip) included in the international geographic recognition of Palestine [11]. As Palestinians have no access to the Jordan River since 1967 [12], which is their only conventional surface water resource, groundwater is the primary freshwater source and provides more than 95% of all supplies [13]. There are two main aquifer systems in Palestine: the Mountain Aquifer (for West Bank) and the Costal Aquifer (for Gaza Strip). The Mountain Aquifer, which is a high quality freshwater resource in the region, has three basins: the Western Aquifer Basin (WAB), the North-Eastern Aquifer Basin (NEAB) and the Eastern Aquifer Basin (EAB) [14]. EAB has an area of 2896 km2, which is a little more than 51% of the total area of the West Bank, and a long-term average recharge of 125–197 million cubic meter (Mm3) [15]. As per the Palestinian Water Authority (PWA), which is the governing body of water resources for Palestinians, the annual yield abstracted from EAB by Palestinians tends to increase: 23 Mm3 in 2003 [6], 42 Mm3 in 2011 [16], 53 Mm3 in 2012 [15], up to 64.8 Mm3 in 2015 (latest published PWA update) [13].



Israelis also abstract from EAB their allocation (40 Mm3) according to the Oslo II Agreement in 1995 (a follow-up agreement to the Declaration of Principles known as Oslo I, which both sides signed in 1993). The Palestinian’s share in the agreement is set to be 54 Mm3 per year, while “an additional 78 Mm3 are to be developed” [17]—presumably by both sides. PWA claims that the Israeli side abstracts from EAB an estimated additional 100 Mm3 [16], exceeding the agreed 78 Mm3 while preventing Palestinians from developing any further abstractions there. On the other hand, the Israeli Water Authority reports Palestinian undesirable practices, including the drilling of 300 unauthorized wells until 2011, the disposal of untreated wastewater, and the dereliction of developing unconventional sources [18,19].



The Palestinians have been placing their efforts into expanding access to the available resources and exploring the potentials to develop additional resources. An extensive review of the governmental reports exposes a clear absence of strategic planning and management insights apart from the aforementioned efforts. For instance, the PWA Strategic Water Resource and Transmission Plan [20] and the Water Sector Reform Plan 2016–2018 [21] tackle filling the water gap mainly through reallocation. There is absence of discussion about enhancing efficient use practices, facilities rehabilitation and demand management, however, multiple scholars have suggested the latter two approaches as viable options to address water shortage in the region [22,23,24]. Studies about assessments of water use efficiency in Palestine are rare, apart from a few but important publications that come across efficient irrigation techniques to maximize local crop yields, e.g., [25]. Other attempts [26,27] assessed the efficiency of local irrigation methods and the relative efficiencies of water supply systems at the municipal level as water management strategies. However, their assessments are based on an outdated efficiency evaluation approach (Classical Efficiency).



Classical Efficiency (CE) is defined as the ratio of the water beneficially used to total water applied. As simple and basic as it may appear, there is a fundamental flaw behind CE, which is the absence of water balance. Many researchers [28,29,30,31,32] highlighted the CE’s inability to address critical elements such as irrigation water recovery, water reuse, water quality and to distinguish between water consumption and water use. They emphasized the necessity of improving the definition of water use efficiency using a more comprehensive approach. Among the efforts to address this issue, some scholars introduced Effective Efficiency (EE) considering water quality as a component in efficiency evaluation [33]. Subsequent work led to the development of EE models based on water quantity and quality, taking water reuse and the environmental interactions into account [34].



Sustainable Efficiency (Sefficiency), which Haie and Keller first introduced in 2012 [35], is a multi-level (macro, meso, and micro-efficiency) efficiency assessment approach based on water balance. It incorporates, along with water quantity and quality, the beneficence of water use defined by the system’s stakeholders—whether it was economic, environmental, social or any other benefit(s). As evident in many cases, active stakeholders’ involvement in an integrated water resources management strategy is a key to achieve its sustainability [36,37,38]. Public participation of local communities in Palestine as an approach to prioritize their needs is a trending practice amid the limited funds allocated. Nongovernmental organisations (NGOs) conduct most of such activities since the international donors often require that. Despite the trend and having studies stressing the need for public participation in the decision making [39,40], no evidence of active stakeholders participation in water resources management in Palestine is available.



This paper will use Sefficiency as an approach to assess the agricultural water use efficiency in the Palestinian part of Jordan Valley during the 2010/2011 season. We selected this season in particular because it is the most recent season for which the Palestinian official sources provide a complete data set that fits the purpose of this study. Jericho governorate, which constitutes more than 70% of the Valley’s area, used more than 62% of the total Palestinian EAB’s abstractions [16] making the governorate’s agricultural sector the main user of EAB. It represents the major economic activity in the region due to its yearlong favourable climatic conditions. Although the area under consideration falls entirely within the West Bank, it is part of a region where Israel produces 80% of its dates and 45% of its bananas [41]. In addition, the Jordan Valley contains 50% of their agricultural lands in the West Bank, being responsible for 60% of the Palestinian’s total vegetable production [42].




2. Methods and Materials


2.1. Sefficiency Method


Sefficiency is a composite indicator to estimate efficiency using the law of mass conservation (water balance), considering two types of total flows: total inflow and total consumption. The preliminary steps are to characterize a water use system (WUS), whether that system was a farm, basin, region, city, or something else. WUS characterization in Seffeciency is to locate WUS boundaries; distinguish between the different inflow and outflow water path types (WPTs) (Figure 1); and define the associated attributes, namely: quality and benefits—the useful dimension.



Water path instances (WPIs) are the real water instances flowing in or out of the system. Any WPT can potentially consist of zero, one or more WPIs.



As shown in Figure 1, there are two categories of WPTs based on the instance’s flow direction, namely, inflow and outflow pathways. Inflow paths can be of three types:




	
VA: Volume of abstracted water from the main source or alternatively, VU: the level of aquifer at the beginning of the period;



	
PP: Precipitation; and



	
OS: Volume of water from other sources (e.g., purchased water)








Outflow paths can be of four types:




	
RF: Return flow to the main source or alternatively, VD: the level of aquifer at the end of the period);



	
ET: Evapotranspiration;



	
RP: Potential return (the water returned to the environment, but not the main source, hence, aquifer replenishment is considered as RF not RP); and



	
NR: Nonreusable, water consumption (e.g., evaporation resulting from non-agricultural activities).








Useful remarks about the distinction between these WPTs are available in [30].



The change in storage over the analysis period (for example annually) should sum to zero, thus: total inflow = total outflow. Translating water balance:


(VA + OS + PP) − (ET + RP + RF + NR) = 0



(1)







It is important to bear in mind the consistency of flow units, e.g., Mm3.



The (VA + OS + PP) part of the equation is the total inflow, which will be denoted by index   i  . (inflow models), and subtracting ET and NR from the total inflow (   VA + OS + PP − RF − RP   ) represents the WUS effective consumption, which will be denoted by index   c  . (consumption models).  i  and  c . are binary indices with values 0 or 1, where   i + c = 1  , in order to differentiate between the two models. To clarify, Equation (1) can be rewritten to include these two types of totals:


[(VA + OS + PP) − c(RF + RP)] − [(ET + NR) + i(RF + RP)] = 0



(2)







For example, giving the values i = 1 and c = 0 in Equation (2) will result in Equation (1). The significance of considering these two totals is a result of their association with real-water saving mechanisms, whether it was consumptive or abstraction savings. Further details about the link between the two totals and the saving mechanisms can be found in the method’s development publications [34,35].



Sefficiency considers two dimensions for making a variable useful: beneficial dimension, b, and quality dimension, q. Having both dimensions defined, then, the useful dimension of a WPI = X is Xs:


       X q  =  W   q X    × X        X b  =  W   b X    × X        W   s X    =  W   b X    ×  W   q X           X s  =  W   s X    × X      



(3)




where:




	
   X q   : the quality dimension of X.



	
   X b   : the beneficial dimension of X.



	
   W   q X     : the quality weight of X.



	
   W   b X     : the beneficial weight of X.



	
   W   s X     : the usefulness weight of X.








Weights are between zero and one with zero being the poorest. The quality weight of a water instance can be quantified based on its physical and chemical characteristics. While its beneficial weight, however, can be quantified according to a stakeholder participation process.



Sefficiency assesses the WUS’s performance at three different levels: macro-, meso-, and micro-Efficiencies (3ME). Macro-Efficiency (  M a c r o E  ) assesses the impact of a WUS on the main source. Meso-Efficiency (  M e s o E  ) relates to a situation between micro and macro levels indicating, for example, the impact of return instances generated by a WUS. Micro-Efficiency (  M i c r o E  ) is about the internal efficiency of a WUS, i.e., no consideration of its returns nor impact on the main source [30,35,43].



  M a c r o E   is more suitable for a larger (transboundary) scale assessment that is centred on the aquifer. It would require measures of water table level at the beginning and end of the analysis period to replace VA and RF with VU and VD, respectively.   M i c r o E  , on the other hand, ignores the impact of the return flow on the main source, which is an important objective for this work. Therefore, the assessment in this study will focus on the efficiency at meso level in order to reflect on the interaction between the useful outflow and total flow. A proper application would be the impact of return instances the system generates. Such application examines, among different aspects, the impact of the WUS on the downstream users, including the ecosystem.



To calculate the efficiency of a WUS at the meso level, we use the following equation given [35] its proof:


  MesoE =    [    ET +  NR  + i  (  RF +  RP   )    VA +  OS  +  PP  − c  (   RF  +  RP   )     ]   s   



(4)







The presence of  i  or  c  before the efficiency level indicates the model, i.e.,   i M e s o E   means   M e s o E   calculated as in full inflow model, while   c M e s o E   means meso-efficiency calculated as in consumption model. Full inflow   M e s o E   gives the percentage of total useful inflow that is useful outflow, whereas consumptive   M e s o E   provides the percentage of effective consumption that is useful consumption.




2.2. Study Area


The Jordan Valley extends between the Nablus, Jerusalem and Hebron Mountains chain (known in Israeli sources as Judaean and Samaria Mountains) in the west and northwestern Jordanian highlands in the east. The Palestinian part of the valley has an estimated area of 845 km2 [44]. Administratively, two Palestinian governorates share the vast majority of the valley: the entire Jericho and Al-Aghwar Governorate (in short, Jericho) and the eastern half of Tubas and the Northern Valleys Governorate (in short, Tubas). The area under consideration for this study is Jericho Governorate (Figure 2) since it constitutes more than 70% of the total area (592.9 km2), has a weather station providing metrological data, and uses more water from EAB than any other governorate including Tubas (26 out of 41.7 Mm3 [16]).



Elevations vary from around 300 m above to 400 m below sea level (elevation tends to decrease heading southeastward closer to the Dead Sea). The area is generally characterized as arid and the soil classification ranges from clay loam to sandy loam [44]. Meteorological characteristics of Jericho are summarized in Table 1. Weather conditions are suitable for growing fruits and vegetables, including dates, banana, tomato and cucumber. In addition, the typical Jordan Valley’s warmer winters enable farmers to have early harvest seasons, which is economically advantageous, especially for exports.



Precipitation rates vary within a short distance from up to 300 mm per year in the north, down to less than 100 mm per year close to the Dead Sea [45]. The 25-year-average of annual precipitation recorded by the Jericho weather station is 147 mm. These precipitation rates accompanied with high evaporation records result in a greater dependence on irrigation. The Palestinian Central Bureau of Statistics (PCBS) reported in 2011 that 97% of the cropland area was irrigated [46].



Regarding water supplies, as mentioned earlier, Palestinians rely on groundwater for 95% of their supplies. Purchased water from Israel, treated wastewater and desalination constitute the remaining 5%. The primary use of the purchased water from the Israeli national water company Mekorot is for municipal uses only. In addition, the level of wastewater treatment is below the standards for direct reuse in municipal and agricultural uses. Last, the desalinated Mediterranean Sea water is a source that is only available in Gaza Strip. In 2011, all PWA reports suggested that Palestinians in Jericho solely depended on abstracted water from EAB for their agricultural activities [13,15,16,21].



According to the latest PCBS census in 2017, the population of Jericho is 50,001, which accounts for 1.1% of Palestine’s population and makes it the least populous governorate [47]. The main reason behind this low population density is due to constraints that are limiting the economic development, especially in agriculture as suggested by multiple local, Israeli and international reports [12,48,49]. That is of no surprise considering the geopolitical complexity of this specific part of West Bank. The Oslo Accords I and II come in interest once more. The agreement designed the territorial jurisdiction dividing the West Bank into areas A, B and C. Palestinians have control over areas A and B, but substantial restrictions in regards to land access, infrastructure and water resource development in area C [50]. 87% of the Palestinian part of Jordan Valley falls within Area C [45], making the sustainability of the Palestinian agricultural activities in that area very difficult. According to an economic monitoring report to the Ad Hoc Liaison Committee of The World Bank [51], agriculture´s contribution to the Palestinian GDP dropped from 9.3% in 1999 to 4% in 2012.



Considering the aforementioned complexity and the involvement of various parties in the region, including both sides’ governments, international bodies, academic institutions, and a wide range of NGOs and local research centres, data collection is a challenging task. For the quantitative characterisation of our WUS, we prioritized the official PWA and PCBS published data for 2010/2011 as it is the latest documented season [16,46]. In addition, in order to acquire the stakeholder and public participation data, we interviewed the Director General of Water Resources Management at PWA, Eng. Theeb Abdelghafour, and surveyed a random sample of 40 local farmers. The selection of farmers considered both population density and geographic distribution across the study area. For instance, 30% of the sample were farmers from Jericho city, which is the area of highest density, another 30% from the northern villages (green areas in the north of Jericho in Figure 2) and the remaining 40% were from the remaining villages across the governorate.




2.3. WUS Characterisation Data


2.3.1. Water Instances Quantities


Considering the hypothetical schematic in Figure 1, the three main inflows are water abstractions from EAB, precipitation and other sources. The total abstracted water from the Eastern Aquifer Basin for agricultural use during the 2010/2011 season was 24.19 Mm3 [16] (VAPWA). Precipitation inflow during the same season (PP) was remarkably low, with a total of 99 mm, which is 48 mm below the 25-year-average. In fact, multiple Palestinian sources refer to 2010/2011 as a drought season. Finally, as there was no water supplied from other sources than EAB, OS was assumed to be negligible. In the opposite direction, outflow numbers suggest that there must be additional inflows to satisfy the law of water balance. Due to the absence of any further data in regards to water supplies, thus we will need to consider an inflow slack variable for water balance.



The four main outflows are evapotranspiration (ET), aquifer basin recharge (RF), other return types replenishing any area or source other than the aquifer (RP), and what flows out without replenishment potentials within the system itself or its neighbor(s) (NR).



In regards to ET, or alternatively the total crop water demand (CWD), we used the CROPWAT model, which is based on Penman–Monteith method [52]. Metrological data from the Jericho station were used to estimate the reference crop evapotranspiration (ETo) per growing period. The growing period and the crop coefficient (kc) for each of the different crop types was estimated based on the extensive local research work in this field conducted by the Applied Research Institute—Jerusalem (ARIJ) in 1998 [53]. Then, we utilized kc in order to estimate the actual crop evapotranspiration (ETc) per the growing period of each crop. Irrigated areas in the governorate for each crop were acquired from the 2010 agricultural census [46].



In order to estimate RF, RP and NR we analyzed the spatial characteristics and the used irrigation methods in the region. The soil classification of the area under consideration ranges from clay loam to sandy loam. In addition, the entire sample of farmers who participated in our survey mentioned that they use drip irrigation as their only irrigation technique, which confirms the PCBS and Ministry of Agriculture 2010 agricultural census results shown in Table 2.



Despite the common perception among farmers that drip irrigation’s non-beneficial water consumption is nearly negligible, scholars have been less keen on this idea. A number of studies such as [54] demonstrated that classic (surface) drip irrigation could produce non-beneficial consumption in evaporation. Moreover, one of the main issues of drip irrigation is the high potential of excess deep percolation [55], which can occur as a result of applying the total crop water demand to a relatively small soil surface area.



We have asked the farmers to assess the drip irrigation systems they use in terms of technical quality. Survey results in Figure 3 indicate 42% of farmers use the best available drip irrigations options in the market, while 45% and 13% use systems that need improvements or require replacement, respectively. Although drip irrigation systems’ design imperfections and technical malfunctions are beyond the scope of this paper, we understand that such issues lead to a higher percentage of water consumed in non-beneficial forms for the farmers.



On a different note, we asked the farmers about the time interval of their irrigation application, which helps in understanding the direction of these non-beneficially consumed quantities. Irrigation application during warm times of the day could lead to higher evaporation, while application during the cold times of the day potentially generates higher infiltration rates. The entire surveyed sample reported they irrigate during the cold periods, in either mornings, evenings or a combination of both.



To summarize, we are assessing the agricultural water use of an area that has precipitation in low intensity and frequency, high permeable soil types, semi-arid to arid weather conditions all-year-long and a dominance of irrigated farmlands via drip irrigation. Based on the available data and survey results, it was estimated that 15% of the applied irrigation from abstraction were flowing into directions other than satisfying CWD, which agrees with previous studies, e.g., [56]. Thus:


    RF   Eq   +   NR   Eq   = 0.15 × VA  



(5)




where:




	
    RF   Eq    : Infiltration back to EAB due to irrigation equipment shortcomings.



	
    NR   Eq    : Evaporation caused by irrigation equipment shortcomings.








Similarly, we cannot anticipate that the crop will benefit from the entire rainfall quantity to achieve its water demand under the aforementioned circumstances. Following the FAO guidelines about effective rainfall [52,57], if the monthly precipitation rate is lower than 17 mm, the effective rainfall is negligible, meaning that the crop will get none of this rain to meet its water demand. In only 3 months (December, January and February), the precipitation exceeded the 17 mm/month threshold by a small margin, which indicates that only 8 mm of effective precipitation out of the 99 mm total precipitation was available over the entire growing season.



The remaining 91 mm, therefore, flows into other directions. Due to soil type, low intensity and quantity of rain events and weather conditions, it was assumed that the surface runoff was negligible. Thus, RP = zero and:


    RF   PP   +   NR   PP   = 91    mm  × Area  



(6)




where:




	
    RF   PP    : Infiltration back to EAB after rainfall events.



	
    NR   PP    : Evaporation after rainfall events.








Applying water balance (Equation (1)) of the quantities calculated thus far indicates an excess of water flowing out of the system compared to inflows from groundwater withdrawal and precipitation. According to local agricultural experts, there are no other water resources available, hence, the difference is compensated through unreported abstractions from local wells or springs (VAUnr). Engineer Theeb Abdelghafour confirmed this conclusion during our interview. He also explained that a substantial number of unreported wells and springs are old and family inherited properties, which farmers do not report in fear of closure.



Therefore, and in order to reflect the actual flows in and out of the WUS, Equation (1) was adapted to:


    VA   PWA   +   VA   Unr   + PP = ET +   RF   Eq   +   NR   Eq   +   RF   PP   +   NR   PP    



(7)







As a result, the hypothetical WUS schematic in Figure 1 can be transformed to represent the actual water flow instances depicted in Figure 4.




2.3.2. Quality Weights


Water quality variables are of a high complexity due to the variety of conditions and characteristics under consideration. Moreover, the quality dimension is not only about the quality of water and the system that water flows through, but also about the level of toleration for a design quality [35]. For instance, PWA reported around 45% of EAB wells’ abstraction in 2011 from shallow layers of poor water quality (i.e., brackish). Therefore, the quality weight should reflect that (being less than 1). This becomes more noticeable among the springs’ abstraction, especially the closer we move towards the Dead Sea area. Yet, if farmers used such water for planting high tolerance crops, such as dates, that should mitigate the impact of salinity on the quality weight.



As farmers adapt their practices to the available level of water quality, it was assumed that the quality of the water abstracted would be as high as 0.9. Note that, as Eng. Abdelghafour confirmed, the PWA applies some basic level of treatment on the abstracted quantities, hence, we could not set this value to be 1.



In regard to the precipitation, evapotranspiration, and the nonreuseables, since they are WPTs of pure water forms, their quality values were assumed to be 1 for each.



The nitrate concentration results of the PWA-tested samples of randomly selected wells in the region between 2005 and 2009 (Figure 5) indicate an increase trend. It is important to note here that: 1. FAO guidelines for interpretations of water quality for irrigation suggest a slight to moderate degree of restrictions on use at 5–30 mg/l nitrate concentration range [58], which includes 3 of the 5 tested wells and provides a sense of controllability. 2. Nitrate is not the only parameter that defines water quality. Despite these two facts, the aim here is not to assess the water quality itself but to estimate the impact weight of the WUS’s return flow on the main source. Although this trend is more apparent in certain wells than others, it indicates a considerable intensity of agricultural activities, especially between 2007 and 2009. Consequently, the quality weight of the return flow would be significantly low. We assumed this weight to be 0.2, and then made part of the scenario analysis later.




2.3.3. Beneficial Weights


Sefficiency reflects on the system’s objectives of each of the stakeholders via quantifying the benefit of a water use accordingly. Typically, the different interests of stakeholders vary from being economic, social, environmental and even political. The key here is to realize the differences in objectives and in water management and efficiency perceptions between farmers and the Palestinian Water Authority (PWA).



From the survey conducted, farmers clearly expressed their main objective from using the abstracted water is to maximize their yield. While 4 out 10 farmers expressed difficulty in getting access to the water they need, around 58% mentioned they will expand their agricultural activity if they get access to more water.



From the decision makers’ perspective, the Director General of Water Resources Management at PWA, Eng. Theeb Abdelghafour, mentioned that their main objective is, on the one hand, to keep a balance between satisfying the high demand, which is vital for the economy and, on the other hand, to preserve the aquifer from its steady state of deterioration. He added that the PWA plans to do that through getting access to other resources, mainly unconventional resources such as wastewater treatment, in order to mitigate the pressure on the EAB system. In fact, 70% of the surveyed farmers indicated they were willing to use treated wastewater in irrigation.



When it comes to the beneficial weight for all forms of inflow, both sides agree to set the beneficial weights for these instances at relatively high values. Although this is true for the abstracted water instances (VAPWA and VAUnr), our analysis of the effectiveness of rainfall events for crop demand suggests that the beneficial weight of PP cannot be as high. Based on that analysis, we estimated the beneficial weight of PP for both managers and farmers as equal to 0.6.



For the outflow instances, however, managers consider preserving the long-term level of the basin, while farmers do not share such concerns. Thus, the beneficial value for RF is quite different between the two parties. Engineer Abdelghafour confirmed that all returned quantities to the aquifer are essential, hence we set the beneficial values of RF instances to be as high as 1 for managers. On the other hand, only 2 out of every 10 farmers expressed interest or showed awareness about the significance of these quantities, thus we set the    W   b  RF       value for farmers to be 0.2. Note that the aforementioned 70%, who are willing to use treated wastewater, were referring to the planned PWA projects of municipal wastewater treatment plants.



The NR instances are non-useful by definition. Neither the interviewed manager nor the surveyed farmers expressed any interest in it. Therefore, we assumed the beneficial weight values of NR instances to be as low as 0.1 for both stakeholders. We could have assumed this weight to be 0 as well, nevertheless, the influence of such difference (0 or 0.1) on the final results is negligible.



In regard to ET’s beneficial value, which represents the yield, although the entire WUS is designed to maximize it, in reality, it cannot be set to the highest possible value. This is because of the unwanted plants (weed) issue. In the survey, 47.5% of farmers claimed they treat these plants proactively using pesticides and do not suffer this issue. The remaining 52.5% of farmers estimate the size of these plants as a percentage of their total farmlands: two-third estimated 15%, while the other third estimated 10%. Based on these estimates, the beneficial weight value of ET was set to 0.92.






3. Results and Discussion


3.1. WUS Characterisation Results


For the inflow quantities, PWA reported that main source abstraction (VAPWA) was 24.19 Mm3. PCBS surveyed 36.28 km2 of irrigated farmland in the area [46], hence, the 99 mm precipitation produced 3.59 Mm3 (PP). For the outflow quantities, the CROPWAT model estimated ETo and the actual crop evapotranspiration (ETc) for each crop according to its respective kc. The final estimated value of the total crop water demand was 33.09 Mm3 for 2010/2011 season. Table 3 shows CWD modelling results for the top five planted crops of each category (categorized into trees, vegetables and field crops following the baseline of PCBS).



Applying Equations (5), (6) and (7) resulted in the values of RFEq, NREq, RFPP, NRPP and VAUnr, taking into consideration that VAUnr is the slack variable in order to maintain water balance as explained in Section 2.3.1. Table 4 summarizes the full characteristics of our water use system, including the WFIs quantities, quality and beneficial weights.




3.2. Sefficiency Results and Scenario Analysis


The efficiency assessment at meso level (  M e s o E  ) will help us understand the WPIs’ impact on the aquifer and the potential downstream users with respect to the WUS’s objectives, which differ between the stakeholders. The   M e s o E   results were calculated based on Equation (4). It distinguishes between the full inflow model (  i M e s o E  ) that reflects on the percentage of total useful inflow that is useful outflow, and the consumptive flow model (  c M e s o E  ) that reflects on the percentage of effective consumption that is useful consumption. We also assessed the performance according to the classical efficiency approach for comparison.



The results in Figure 6 show that the WUS’s efficiency in season 2010/2011 considering farmers and managers objectives for both inflow and consumption models was 84% and 86%, respectively. It is not surprising to see that the efficiency results are higher with respect to the managers’ objectives since the assessment considers the return flow. On the other hand, CE results indicate lower efficiency percentages regardless the system’s objectives since it does not consider the return flows. It is evident here that neglecting the other water path types, even if relatively small, could reflect significantly (around 13 percentage points in this case) on the assessment.



From the management perspective, there is a small difference between   i M e s o  E s    and   c M e s o  E s    as the low quality of return flow (RF) in the inflow model reduces the efficiency nearly as much its beneficence does in the consumption model. In order to illustrate this, we assessed the difference between   i M e s o  E b    and   c M e s o  E b    values, where the quality weights were excluded (all set to be one) and only the beneficial weights were considered, and thus the percentage difference became wider. Another trend is the difference between   M e s o  E b    and   M e s o  E s    (especially in the inflow model). This is a clear evidence of the heavy agricultural activities’ impact in the area and the excessive use of chemical substances (Figure 5).



From the farmers’ perspective, the changes are minor between the inflow and consumptive meso efficiencies due to their low interest in any type of returns (beneficial weights for these instances are very low). The impact of low interest in RF, which is a system objective, is clearer in the values of   i M e s o  E b    and   c M e s o  E b   . While the efficiency from a managers’ perspective slightly improved when we excluded the quality weight, it decreased significantly on the farmers’ side.



One key variable does not directly appear in the efficiency percentages, but it appears in the water balance equation (Equation (7)). That is the high value of VAUnr. We estimate that farmers get at least 37% of their supplies from channels that PWA does not monitor nor report. Such an anomaly makes PWA’s efforts to manage the available resources, develop future supplies and manage the demand imperfect.



In a water scarce region, improvements are necessary. In order to help understanding what changes could lead to improvements, we hypothesized four scenarios (Figure 7):



SC1: Improving the quality of the returns from 0.2 to 0.8.



SC2: Increasing the reported abstractions by 10% for the same yield production.



SC3: Increasing the precipitation to reach the 25-year-average (147 mm).



SC4: Increasing the beneficial weight of ET to 0.99.



In the first scenarios SC1, we have only changed the value of    W   q X     . of both RF instances (RFEq and RFPP) to be 0.8 while keeping all of the other variables and weights as they were. Such a change, in reality, can take place as a result of one or a combination of activities such as reducing the use of chemical substances in agriculture and reusing the agricultural wastewater. Although the values of RF are relatively small, results in Figure 7 show the hypothesized increase in its quality can potentially lead to more than a nine percentage point increase in the overall meso efficiency from the management perspective in both inflow and consumption models. Such high efficiency from the managers’ perspective (around 97%) in this case actually makes sense because the high quality of returns satisfies an important system objective for managers, which is the ecological sustainability of the resource.



SC2 represents the consistent PWA efforts to increase the Palestinian water share of EAB withdrawals. This will arguably lead to an increase in the agricultural activities in the regions as confirmed by 58% of the surveyed farmers who stated that if they get access to more water, they would expand their business. In order to perform sensitivity analysis on efficiency results, we hypothesized a 10% increase in the reported withdrawals (VAPWA) and maintained the current size of agricultural activities unincreased. Such an increase will result in a series of changes in the system. First, as we have to maintain water balance, the additional inflow should appear in the outflow as well. In numbers, 10% increase in VAPWA will result 26.61 Mm3 total reported abstraction, and assuming no changes in ET values, the added quantity will flow out of the system via RFEq and NREq. Consequently,    W   b X      for the three variables and    W   q X      for VAPWA and NR by definition should not change, but    W   q  R F       should. As RFEq showed a 42% increase in high-quality water in its volume, its quality weight will increase as result to 0.5.



The results of SC2 are discouraging for both managers and farmers because, despite supplying more water into the system, that did not have any positive impact on the overall efficiency. There was not even an increase in the efficiency from managers’ perspective despite the increased quality of RF that we saw in SC1. In fact, for better judgement under this scenario, we will have to understand if and how much the agricultural activities will actually increase, if more water become available. The argument we are making here, however, is that stakeholders have to consider any increase in supply carefully.



Furthermore, the results of SC2 scenario reflect on the consequences in case we underestimated the unreported abstractions. As proven in this scenario, if the unreported abstractions were higher, the efficiency will consequently be lower. This conclusion underlines the necessity for the water authorities in Palestine to tackle this matter as it occurs in the core efficiency assessment of the system under their management.



SC3 demonstrates how the efficiency results would change if our season had a PP value equals to the 25-year-average of annual precipitation (147 mm), which helps us understand the inter-annual variability of the water use efficiency. As mentioned earlier, PP of season 2010/2011 was 33% lower than the 25-year-average. In fact, between 1996 and 2018, there were two other dry seasons: 1998/99 with 48.7 mm and 2016/17 with 45.8 mm. On the contrary, 1996/97 and 2014/15 seasons with 224.6 mm and 200.5 mm [59,60], respectively, may be considered as relatively wet.



Assuming no changes in the size of agricultural activities, an increase in PP, similar to the increase in VAPWA in SC2, will lead to a sequence of changes in the quantity and quality of the return flow. In addition, we needed to account for the changes in the effective precipitation values in order to estimate the values of     RF   PP     and     NR   PP    . In numbers, PP volume increased to 5.33 Mm3. Quantity of     RF   PP     increased 30%, and thus its quality weight increased from 0.2 to 0.3 (with no significant changes in     NR   PP    ). Moreover, as precipitation increased, the effective PP ratio had also increased; hence, we can deduct that value (0.85 Mm3) from VAUnr.



The efficiency results of SC3, in contrast to SC2, show an improvement in Seffeciency for both managers and farmers. This is an indication of the positive impact of PP since its effective portion directly contributes to the abstraction savings and the other portion improves the quality of returns.



The fourth scenario SC4 results demonstrate that a 7% increase in a single weight (   W   b  E T      ) led to a significant improvement in the overall efficiency results (6% increase in   i M e s o  E b    and   c M e s o  E b    for both farmers and managers). The beneficial weight of ET could increase by actions from both stakeholders. Farmers could contribute to a higher value of    W   b  E T      , if they treat the unwanted plants at higher rates. It is important to carefully consider the treatment method, especially the use of pesticides. An additional increase in the nitrate levels in Figure 5, would affect the sustainability of EAB’s water quality. Hence, classic methods such as mulching, had-digging and solarizing, are more advantageous. Likewise, managers could also contribute through establishing policies and programs that enhance the selection of high socio-economic value crops. Since yield production is the center of this WUS, the results of this scenario show a significant increase in the system performance with such a change. The performance of both farmers’ and managers’ objectives increased significantly in both models.





4. Conclusions


In regions such as Palestine, the question of water scarcity expands beyond the availability or accessibility of water. Water use systems and the assessment of their efficiency are complex due to the nature of their variables’ dynamics. This study proved that a simple change in these dynamics could lead to a substantial impact on the overall WUS’s performance.



Through analyzing the water path instances of the agricultural water use in Jericho Governorate, we highlighted areas of improvement that are worthy of the Palestinian Water Authorities’ attention. On the one hand, the efficiency results, the significant number of unreported abstractions and the need for more water to expand agriculture in the region are three conclusions supporting the PWA demand for a larger share of EAB withdrawals. However, we have demonstrated that an increase in supply without a planned and coordinated expansion of the agricultural activities could have no positive impact on the system’s performance.



The WUS’s efficiency results at meso level (  M e s o E  ) indicate a potential for improvement on the impact of return flow quality. Although we do not count for the Israeli side’s use in the scope of this paper, which is reportedly higher, the meso level and sensitivity analysis results demonstrated the impact of the use of chemical substances on the basin. Putting politics aside, for the sustainability of EAB, joint managerial efforts to assess the performance and impact of the regional water use systems on EAB are crucially important.



Finally, the relationship between the different WUS’s variables is not linear, especially when considering the quality and beneficence dimensions of those variables. A water balance-based assessment approach is fundamental to reach a thorough understanding of the system’s nature and conclusion about its performance. Furthermore, active participation of all stakeholders involved within the WUS’s boundaries, which constructs a clear definition of water use objectives, enhances the sustainability of our available resources.
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Figure 1. Hypothetical water use system (WUS) schematic including all water path types. 
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Figure 2. Location of Study Area. 
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Figure 3. Farmers’ assessment of their drip irrigation systems’ quality. 
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Figure 4. Schematic of the actual water path instances (WPIs) flowing in and out of water use system (WUS). 
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Figure 5. Annual average nitrate content in selected wells in the Jordan Valley. 
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Figure 6. Sefficiency results at meso level considering farmers and managers objectives.   i M e s o  E s   : inflow meso-efficiency;   c M e s o  E s   : consumptive meso-efficiency;   i M e s o  E b   : inflow meso efficiency without considering quality;   c M e s o  E b   : consumptive meso efficiency without considering quality; CE: Classical Efficiency. 
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Figure 7. Scenarios analysis results of SC1, SC2, SC3 and SC4. 
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Table 1. Meteorological characteristics of study area extracted from Jericho weather station. Weather conditions data cover years 1972–1997. Evaporation and precipitation data cover years 1988–2012. Source: Palestinian Meteorological Department—Ministry of Transport.
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	Month
	Jan
	Feb
	Mar
	Apr
	May
	Jun
	Jul
	Aug
	Sep
	Oct
	Nov
	Dec





	Avg. high Temp. (°C)
	19.1
	20.9
	24.3
	29.3
	33.7
	36.7
	37.8
	37.6
	36.1
	32.3
	26.4
	20.5



	Avg. low Temp. (°C)
	7.4
	8.3
	10.5
	14.2
	17.6
	20.4
	22.1
	22.4
	21.2
	17.9
	12.9
	9



	Mean Temp. (°C)
	13.2
	14.6
	17.4
	21.7
	25.6
	28.5
	29.9
	30
	28.6
	25.1
	19.6
	14.7



	Avg. relative humidity (%)
	70
	65
	57
	45
	38
	38
	40
	44
	47
	51
	60
	70



	Avg. daily sun (h)
	5.5
	5.9
	7.7
	9.3
	9.4
	11.8
	11.7
	11.6
	10.5
	8.7
	6.5
	5.6



	Avg. atm pressure (mbar)
	1048
	1046
	1044
	1041
	1040
	1037
	1034
	1035
	1039
	1042
	1046
	1048



	Avg. wind speed (km/h)
	4.5
	5.2
	6.5
	8.1
	7.9
	7.7
	8
	7.4
	6.3
	4.7
	4
	3.8



	Avg. evaporation (mm)
	71
	74
	128
	182
	259
	288
	294
	274
	225
	148
	96
	62



	Avg. precipitation (mm)
	36
	29
	20
	9
	1
	1
	0
	0
	0
	6
	17
	28
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Table 2. Area under different irrigation methods (km2). Source: [46].
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	Crop Type
	Surface Irrigation
	Drip Irrigation
	Sprinklers Irrigation





	Field Crops
	0.17
	1.91
	0.07



	Vegetables
	1.28
	24.65
	0.37



	Trees
	0.43
	5.46
	0.06



	Total (%)
	1.88 (5.5%)
	32.01 (93.0%)
	0.51 (1.5%)
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Table 3. Evapotranspiration (ET) modelling results for the top 5 planted crops of each category.
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Crop

	
Area (km2)

	
ETo (mm/period)

	
kc

	
ETc (mm/period)

	
CWD (Mm3/y)






	
Trees

	
Date

	
4.79

	
1668

	
0.935

	
1559

	
7.47




	
Banana

	
1.11

	
1330

	
0.872

	
1160

	
1.29




	
Lemon

	
0.25

	
1668

	
0.796

	
1327

	
0.33




	
Grape

	
0.25

	
1668

	
0.509

	
850

	
0.22




	
Valencia Orange

	
0.14

	
1668

	
0.678

	
1132

	
0.16




	
Vegetables

	
Squash

	
7.60

	
983

	
0.904

	
888

	
6.75




	
Eggplant

	
3.88

	
1504

	
0.751

	
1130

	
4.38




	
Maize

	
3.83

	
806

	
0.720

	
580

	
2.22




	
Tomato

	
2.38

	
806

	
0.832

	
670

	
1.59




	
Jew’s Mallow

	
0.71

	
1668

	
0.832

	
1388

	
0.98




	
Field Crops

	
Wheat

	
0.66

	
925

	
0.840

	
777

	
0.51




	
Sorghum

	
1.18

	
257

	
0.720

	
185

	
0.22




	
Dry Onion

	
0.10

	
1145

	
0.916

	
1049

	
0.10




	
Mint

	
0.04

	
1668

	
0.832

	
1388

	
0.05




	
Barley

	
0.29

	
240

	
0.715

	
171

	
0.05
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Table 4. WUS full characteristics.






Table 4. WUS full characteristics.





	Variable
	  X   (Mm)3
	     W   q X       
	    W   b X       Farmers
	    W   b X       Manags
	    X s     Mm 3     Farmers
	    X s     Mm 3     Managers





	PP
	3.59
	1
	0.6
	0.6
	2.15
	2.15



	VAPWA
	24.19
	0.9
	1
	1
	21.77
	21.77



	VAUnr
	14.40
	0.9
	1
	1
	12.96
	12.96



	ET
	33.09
	1
	0.92
	0.92
	30.44
	30.44



	RFEq
	3.47
	0.2
	0.2
	1
	0.14
	0.69



	NREq
	2.32
	1
	0.1
	0.1
	0.23
	0.23



	RFPP
	1.98
	0.2
	0.2
	1
	0.08
	0.40



	NRPP
	1.32
	1
	0.1
	0.1
	0.13
	0.13
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