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Abstract

:

Regions of scarce fresh water resources, such as the Middle East and North Africa, are facing great challenges already today, and even more in the future, due to climatic and socioeconomic changes. The Middle Drâa valley in Morocco is one of many semi-arid to arid mountainous areas struggling with increasing water scarcity threatening self-sufficient husbandry. In order to maintain people’s livelihoods water management needs to be adapted. The Water Evaluation And Planning System (WEAP) software has been widely used to examine complex water systems in the water resource planning sector all around the world and proved to be a helpful asset to show the various interactions of water supply and demand. This paper presents the application of WEAP on the Middle Draâ valley’s water demand and supply, including several socioeconomic and land use scenarios under one basic climate change scenario. The climate scenario shows a significant decrease in available water resources up to 2029 while all socioeconomic scenarios show an increase in water demand. In years of droughts groundwater is used for irrigation, leading to increasingly depleted aquifers. The aquifers are recharged by percolation losses from irrigation and by river bed infiltration the latter of which is stronger in the northern oases than in the southern oases due to water withdrawal rules. A drastic reduction of irrigated agricultural area is the only solution to guarantee sustainable water use.
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1 Introduction


Today, local water availability depends strongly on demographic changes, the local economy and ecology, and the impact of land use and climatic changes [1,2]. Particularly, regions of scarce water resources, such as the Middle East and North Africa, are currently facing great challenges concerning water scarcity, which are very likely to increase in the future [1]. Agriculture is the mainstay of the African national economy and the majority of the poor works and lives in rural areas and is highly dependent on water availability [3].



Rising average temperatures in addition to less and more irregular precipitation events result in higher water demand for agricultural irrigation [3,4,5,6]. Particularly, mountainous regions where altitudinal differences already cause high spatial variability of precipitation and evaporation losses [5,7] struggle with the additional pressure of climatic changes [8,9,10]. In the mountainous regions of Morocco where the elevation gradient ranges from semi-arid subtropical mountains to arid/hyper-arid pre-Saharan foothills water availability is at risk [6,11,12,13]. Several studies about current and future water availability in arid and hyper-arid mountainous regions have shown that disparities of water supply and water demand are increasing. Concomitance of declining renewable water resources in [1,5,10] and increasing water demand reveals a strong need for water resource management in Northern African arid regions [6,9,14,15].



In order to manage such complex systems that combine hydrological, cultural, and political aspects, effective Integrated Water Resource Management (IWRM) models are needed [15]. The Water Evaluation And Planning System (WEAP) software developed by the Stockholm Environment Institute has shown to be useful for the simulation of possible demand and supply-based changes in water resources systems [16,17]. In the last decade WEAP has been widely used to examine complex water systems in the water resource planning sector all around the world [18,19,20]. As an example, in several studies of the arid regions of North Africa WEAP revealed connections between vulnerable hydrological systems and social influences and their management concepts [1,14,15,16,21]. Recently several WEAP models were applied to basins in the arid and mountainous areas of Morocco. WEAP proved to be helpful in showing the various interactions of water supply and demand [1,5,6,8,9,10].



The aim of this paper is to study the impact of climate change on water availability and water demand on the Middle Drâa valley in Morocco under varying socioeconomic and land use scenarios in order to see how e.g., investments in better irrigation techniques or changes in crop shares may alter water availability in the water system of the Middle Drâa valley. By using socioeconomic and land use scenarios together with climate change scenarios, the study seeks to contribute to an understanding of the system and its possible development and to the development of strategies for a sustainable future of the region.



The present study uses data from the GLOWA IMPETUS-project, with the aim being to analyze the impact of global change on the water cycle in Benin and Morocco. For more details concerning this project refer to [22,23].




2 Study Area


The Middle Drâa valley south of the city of Ouarzazate is part of the region Souss-Massa-Drâa in the south east of Morocco comprising an area of about 15,000 km2 (Figure 1) [24]. Climatic conditions are arid to hyper-arid. Rainfall adds up to 200 mm annually in the north of the basin and 30 mm in the south, with an average potential evaporation of up to 3000 mm [11] (Figure 2).



Before 1972 the Wadi Drâa river, which originates from the High Atlas Mountains, ran through the Middle Drâa valley feeding the agriculture of six oases before discharging into the endorheic Lac Iriki [11]. After building the reservoir Mansour Eddahbi surface water distribution of the oases has been managed by periodical reservoir releases, the so-called ‘lâchers’ in which each oasis receives a specific amount of water [4]. It was thought to open the reservoir seven times a year with a release of 35 million m3 each, based on an estimated annual demand of 250 million m3 for irrigation [24]. Together with evaporation losses from the reservoir of at least 50 million m³/year, the total water demand for sustainable agricultural use of the Middle Drâa valley sums up to 300 million m3/year [7]. The actual water releases depend on the reservoir’s filling level, which can be less than 100 million m3 per year or may even overstep 600 million m3 [25]. High erosion rates in the semi-arid area have decreased the reservoir’s volume from its original capacity of 583 million m3 to 438 million m3 in 1998 [24]. High precipitation variability in the region results in sufficient filling of the reservoir only in 13 of 30 years (1972–2002) [24].



Several crops are cultivated in the oases husbandries, such as wheat, barley, date palms, alfalfa, maize, henna, and some vegetables. Depending on the amount of available water in the reservoir for the coming season and the crop rotation, farmers adapt the extent of cultivated area [26], which fluctuated between 19% and 100% in the past (1978–2007). Furthermore, in years of water scarcity, farmers use groundwater for irrigation, which has led to a decline of the groundwater table and a widespread salinization of soils [11,24]. The farmer’s livestock comprising cattle, sheep, and goats provide meat for own consumption and, somewhat, for income. Another source for income in the oases is tourism, which comprises safaris into the Sahara and oases scenery [26].



About 280,000 people live in the Middle Drâa catchment, distributed over the six oases and the city Ouarzazate which has about 100,000 inhabitants [27]. Inhabitants of the rural oases are mostly farmers living off self-sufficient husbandry, which does not yield much income. The little income earned due to cash crops, such as henna and dates, are sold at local markets in order to afford fertilizers and fuel for the groundwater pumps [28]. The calculation of income for agriculture is hard to define or evaluate, due to the farmer’s prevailing illiteracy and lack of bookkeeping [26]. In comparison to the water consumption of agriculture, the water consumption of the households is much smaller [28]. In the Drâa valley, only about 2% of the water withdrawal is used for human water consumption.




3 Methods


3.1. WEAP


WEAP (Water Evaluation And Planning System) is an integrated decision support system that is capable of simulating the water demand and supply for a specific region under parameterized assumptions [17]. It combines bio-physical factors influencing the water runoff, such as climate, groundwater hydrology, and land cover with socioeconomic factors such as land use, infrastructure, and water management priorities [17,20]. WEAP has been successfully used for the simulation of climate, land use, and population growth changes [18,19,29].




3.2. Input Data


The simulations were run on a monthly basis. 1978 was chosen as the current account year which is the starting year in the model. The model consists of six units representing the oases’ husbandry and seven demand sites for the city of Ouarzazate and other households within the oases (Figure 1). Irrigation requirements are calculated for seven different crop types. Water is provided by the upstream situated reservoir Mansour Eddahbi and six groundwater bodies situated in the oases. Surface water was defined as the primary source for irrigation demands. The households in the oases receive their water solely from the groundwater bodies, and the city of Ouarzazate exclusively from the reservoir. The model used a historical dataset from 1978–2007. From this baseline all other scenarios were created.



3.2.1. Hydrologic Parameterization


Monthly reservoir inflow was provided by [7] for the past period 1978–2007, as well as projection data for the future. Downstream of the reservoir, river bed infiltration and river evaporation values were simulated for each oasis. Groundwater storage is filled by infiltration losses from the Wadi Drâa and by the excess of the irrigation amount.



Annual precipitation data and evapotranspiration for the reservoir were taken from the IMPETUS project and [7]. Potential evapotranspiration for each oasis was calculated using the Hamon equation and a linear relationship based on the gradient in elevation and temperature data from Ouarzazate and Zagora (Figure 2). The relation between elevation difference and evapotranspiration between the two locations was applied to the other oases elevation differences, the result of which was each oasis’ specific potential evapotranspiration. The aquifer’s properties such as storage capacity, specific yield, and initial storage were taken from [11] (Table 1). The specific yield of the oases varies between 10% and 22% (sandy clay to fine sand) and is the only parameter defining the soil’s and aquifer’s properties.




3.2.2. Reservoir and Households


The water balance in the study area is strongly influenced by the operation of the Mansour Eddahbi reservoir. For calculating evaporation losses depending on reservoir filling, a volume elevation curve was taken from [7]. A minimum threshold of 35 million m3 was implemented to guarantee drinking water supply for the city of Ouarzazate. On basis of the agricultural water demand and the reservoir’s water storage WEAP calculates the required amount of water to satisfy water requirements downstream [17].



Data of the population of Ouarzazate and the oases were obtained from the IMPETUS project. For the future years, census data was extrapolated linearly. The people’s mean annual water demand was determined to 50 liters per capita per day in the cities and to 30 liters per capita per day in the oases [11].




3.2.3. Agricultural Area and Irrigation Requirements


According to the husbandry of the six oases, seven different crop categories were simulated, which were wheat, barley, date palms, alfalfa, maize, vegetables, and henna [26]. Figure 3 shows the crop type area shares for each oasis in 1978. The crop growth parameters (Kc-values) were taken from FAO [30]. Due to technical reasons, date palms were simulated as field of crops although, in practice, the date palms frame the fields.



When reservoir filling is low at the beginning of the growing season, farmers reduce their field sizes as an adaptation method. This strategy was implemented by a factor multiplied to the maximum potential field size with a value between 0 and 1, which is called ‘oases factor’ in the following. It was taken from the ORMVAO (Organisation de Mise en Valeur Agricole Ouarzazate) for the years 1978–2007 [7,26]. Irrigation efficiency of the agricultural area was specified by WEAP’s option of irrigation fraction, which describes the share of water supply being available for evapotranspiration [17]. The irrigation efficiency was set to 85% representing flood irrigation, and means that only 85% of irrigation water is available for the crops and 15% cannot be used by the crops.



The transmission links from the river to the oases and back represents irrigation channels for flood irrigation. In these channels losses to groundwater and evaporation were simulated on the basis of [11]. Flow requirements determine the oases’ serial order to receive irrigation water. The last oasis, M’Hamid, gets its water first, followed one after another by the other upstream oases, until the uppermost oasis, Mezguita [26]. This inverse order was implemented by the water authority to guarantee a fair distribution of the water resources over the oases.





3.3. Future Scenarios


Based on the current account year 1978 the baseline scenario comprising the years 1979–2007 was constructed. Adapted from the baseline scenario, three main scenarios and two sub-scenarios for the period from 2008 until 2029 were constructed. These scenarios show different socioeconomic changes under the assumption of climate change.



3.3.1. Climate Scenario


The impact of climate change on water inflow within the Upper Drâa valley into the reservoir was analyzed by [7]. He applied an adapted version of the SWAT-model which was calibrated and validated for the period 1978–2007 for quantifying the IPCC climate scenarios A1B and B1 up to 2030. He showed that climate change effects for the period 2000–2029 are subject to considerable uncertainties. Nevertheless, a mean decrease in precipitation (−11%) and especially snowfall (−31%) was computed. Busche [7] used two climate scenarios (A1B, B1) and analyzed the uncertainty in future climate related to downscaling methods and ensemble simulations. Since variability in future climate was low, a mean climate scenario was calculated and used as boundary condition in this study. Busche showed that, in the past, in 41% to 52% of the years the threshold of 300 Mm3/year [7] was exceeded, this reduces to 27%–46% of the years up to 2030. For all socioeconomic scenarios the same climate scenario is applied, which shows an increasingly infrequent precipitation and a decreasing precipitation amount, as well as a slow rise in temperature.




3.3.2. Socioeconomic Scenarios


The three socioeconomic scenarios developed in the IMPETUS project consider environmental, technological, economic, political, and social changes [31]. In this study the three IMPETUS scenarios were reconstructed and applied (Table 2).




3.3.3. M1: Marginalization—Non-Support of the Drâa Region


Scenario M1 describes a situation of stagnation of the industrial, touristic, and agricultural sector due to the withdrawal of governmental and international institutions. Work migration towards the cities is occurring, although the industrial sector in Ouarzazate is slowly declining. Tourism focuses almost solely on the city of Ouarzazate on a low activity level and does not provide opportunities for economic development. Although, not supported either, subsistence farming is the only choice for many to earn their livelihood. In the oases the agricultural productivity remains constant as a result of no innovations in irrigation and farming techniques. Due to the lack of farming resources, e.g., fertilizers, farmers cannot compete with their cash crops on other regional or world markets. These developments lead to high work migration rates of young people from the oases to cities such as Ouarzazate. As a consequence marginalization is happening in all economic sectors [31,32].



Those changes were generated in WEAP through different parameter adaptations (Table 2): change in population size, sedimentation of the reservoir, the agriculture area, and irrigation efficiency. High migration rates of young people, lead to an increase in population of the city Ouarzazate by 6%, while in the oases population decreases by 6%. The decrease in storage capacity of the reservoir symbolizes the state of non-support, due to the lack of financial grants to delay the erosion processes upstream of the Mansour Eddahbi reservoir. The assumption that no more than 90% effective cultivated area will be occupied in the model period represents old, inefficient farming techniques and the demographic polarization in the oases of very young and very old inhabitants. Lacking maintenance is constituted by a low irrigation fraction of 75% due to sedimentation of irrigation channels, which leads to water losses and an increase in evaporation.




3.3.4. M2: Rural Development through Regional Funds


M2 in contrast to M1 describes a scenario of social stability, as well as rural and economic development. A positive change can be seen in the city and the oases, due to the improvement of the infrastructure and the job market in tourism. National subsidies and positive effects on global markets lead to increases in the agricultural sector. The access to more effective irrigation techniques enables farmers to cultivate larger areas. Livestock farming decreases but still plays an essential role in the oases. Work migration processes slow down due to better living conditions such as educational programs for farmers or the introduction of family planning programs in the rural area [31].



Table 2 shows the parameter changes for the M2 scenario implemented in WEAP. Ouarzazate’s population increases by 3% and remains constant in the oases, because of improving living conditions in the whole area. The decrease in the reservoir’s storage volume is slower than in the scenario M1, due to investments in soil protection actions. The assumption for the agriculture area is that at least 60% is effectively cultivated in the future, due to the improvements in the cultivation processes. The installation of better irrigation techniques leads to an increase in irrigation efficiency to 95%.




3.3.5. M3: Business as Usual


The third scenario, business as usual, describes the current socioeconomic trends of the region to remain constant in the future. M3 shows that individual tourism focuses solely on a few selected areas. The population increases, while labor offers stay constant, leading to an increase in work migration. Investments in the agricultural sector are very hesitant. Only the use of motor pumps and fertilizers are common. A small number of farmers profits from rare funding projects by regional organizations [31].



Population growth in the urban area increases by 4% and reduces by 3% in the oases. Due to regional investments the storage volume decrease (sedimentation) is slower than in M1, but higher than in M2. The oases factor determining the effective cultivated area was not changed. Regarding the non-investment in irrigation techniques, the irrigation efficiency has a constant value of 85%.




3.3.6. Sub-Scenarios for the Middle Drâa Region


The two sub-scenarios L1—Pro dates and L2—Fallow land show hypothetical developments in the study area. The additional scenarios are based on the same parameterization as the main scenarios M1, M2, and M3 but consider changes in the used crops as an adaptation strategy to climatic changes.




3.3.7. L1—Pro Dates


In the first sub-scenario, Pro Dates, farmers in the oases increase the amount of date palms and focus on dates as an economic product. Dates are one of two cash crops in the Middle Drâa region [26], which have low production costs because of low demand on nutrients. Henna, the second cash crop, is very water-demanding and cannot compete with cheaper products from e.g., India, and, as such, it is not further considered here. In addition, the households of the oases profit from the tourism effect of date palms, which show the typical scene of an oasis [26]. Fodder crops for livestock are reduced due to a very high water demand [33]. Animals do not only need drinking water, values vary from about 10 liters per day for a goat up to 50 liters per day for cattle [34], but also water for the production of the fodder, which is about 50–100 times the drinking amount [35]. In the Middle Drâa valley sheep, goats, and cattle are the main domestic livestock [26].



In scenario L1 the area for dates increased by 10%, while the fodder crops barley and alfalfa were reduced to 3% and 7% (Table 3).




3.3.8. L2—Fallow Land


In the sub-scenario L2 farmers reduce their domestic livestock further to its minimum for the same reasons as illustrated in scenario L1. The area that was formerly used for fodder crop production is now lying fallow in order to save water for essential crops. Due to the high water demand of henna [11] and its low economic value, Henna production was set to zero. Additionally, the cultivated area of barley and alfalfa were reduced to 2% (Table 3).






4 Results and Discussion


4.1. Water Demand


Figure 4 shows the oases’ past water demand and unmet demand from 1978–2007 in relation to the oases factor. It can be seen that the oases’ water demand was strongly corresponding to the cultivated area. The oases factor fluctuated between 19% (1984) and 100% (1994). Even though field size was reduced significantly, water demand could not be met in the years 1983, 1986, 1995, and from 1999–2005.



The largest proportion of water demand is required for irrigational purposes for agriculture. Only between 0.08% (M1), 0.1% (M2) and 0.09% (M3) of the water demand is required for domestic use. In general, the water demand of all three scenarios is similar, except of the years 2008 to 2010 and 2026 to 2029 (Figure 5). In those years irrigated area in scenario M1 is enlarged by about 10% what causes higher irrigation demands. Within years of equal farm size reduction (oases factor) in 2011–2025 water demand of scenario M2 is calculated to be the lowest due to the enhanced irrigation efficiency. Although the farmed area is enlarged in M2 (2008–2010; 2026–2029), the average annual water demand of M1 exceeds M2 by 50 million m3. The growth before 2017 and the reduction of water demand after 2017 is induced by the reduction of field size as a reaction to water scarcity [26]. After 2017 the field size never surmounts 70%, after 2020 it declines further to 60%. The decline to 20% of field size in 2026 only accounts for scenarios M1 and M3, because the field size of M2 is never allowed to sink below 60%.



Ghallabi et al. [8], who studied groundwater resources in the Moroccan Tensift-Basin, stated that a change in irrigation efficiency by investments in better techniques is not favored by farmers due to the financial risk. It is particularly traditional practices of cultivation area adaptation or the choice of crops that are changed which show large differences in water demand in their scenarios [8].



In the following, the Oasis Mezguita, which is the first one after the reservoir and the Oasis M’Hamid, which is the last oasis at the Wadi Drâa will be discussed for comparison. The two oases are of similar field size and show the biggest difference in evapotranspiration due to the temperature gradient. The aquifer of M’Hamid has twice the capacity than the aquifer of Mezguita. The difference in water demand between the oases M’Hamid and Mezguita is not caused by the share of crops, but by the difference in ETpot between the most northern and southern oases. The averaged ETpot values (2008–2029) are 2760 mm/year for the northern oasis Mezguita (SD = 105.9 mm/year) and 3704 mm/year for the southern oasis M’Hamid (SD = 106 mm/year), which makes a difference of about 945 mm/year. The higher evapotranspiration is the more water is needed for total irrigation, because near to the surface water is evaporating faster and plants transpire more. If temperatures and therefore ETpot is further increasing, agriculture might not be profitable in M’Hamid first, particularly considering that M’Hamid is suffering of increasing salinization problems resulting from the augmented use of groundwater. Salinization as a water quality parameter and its effects on crops cannot be evaluated with WEAP, but has essential consequences on farmers’ yields [11].




4.2. Reservoir


WEAP’s calculations on past annual reservoir water discharge in the time period from 1978 to 2007 averages to 322 million m3 per year (Figure 6). In comparison the predictive years 2008–2029 average annual water outlets between 292 million m3 (M3) and 296 million m3 (M2). The future scenarios, thus, predict about 8.1% (M2) to 9.3% (M3) less annual reservoir outlet, which comply with all assumptions concerning changing precipitation patterns [13] or the reservoir’s sedimentation [24]. Although, the average precipitation is reducing in the future, precipitation stays highly infrequent, also leading to unusual wet years [1,36], such as 2010–2012, which average to an annual reservoir outlet of 840 million m3 (M2) to 878 million m3 (M1).



Accordingly, the future years up to 2029 show infrequent and smaller recharge events of the reservoir Mansour Eddahbi (Figure 6), which were also found by Karmaoui et al. [6]. These inflows are not sufficient for irrigation of the Middle Drâa valley and to keep an additional surplus in the reservoir, whereas the reservoir’s water storage is repeatedly reaching the minimum threshold in all three scenarios.



Within the projected years 2008–2029, the reservoir’s actual capacities (1978: 560 million m3) are only exceeded from 2010–2012 after years of extremely high inflow (inflow 2009: 281 million m3; 2010: 969 million m3). In the subsequent years there are only small peaks in the inflow, which cause some annual surpluses in reservoir storage, which are depleted in the next dry year. Altogether, the reservoir is rarely filled to its whole capacity, although Mansour Eddahbi’s total storage capacity is constantly shrinking due to sedimentation (2018: M1: 295 million m3, M2: 327 million m3, M3: 304 million m3).



If the water storage does not reach the threshold of 35 million m3, the highest storage capacity is simulated in scenario M2, due to a general lower water demand. This lower water demand is part of the advanced irrigation efficiency (95%), considering that evapotranspiration is the most influential parameter in semi-arid areas [36]. After 2027 the reservoirs storage of M2 is lower than in the other scenarios, because the agricultural area stays at minimum value of 60%, while the field size of M1 and M3 reduces to 20%. Accordingly, M2 has a higher water demand and requires more reservoir water after 2027.



All in all, the water resources in the reservoir show a declining trend, which was also found by Droogers et al. within the whole Middle Eastern and North African region [1].




4.3. Groundwater Storage


Figure 7a shows drastic groundwater storage fluctuations in all aquifers with a general negative trend. In 2023 all aquifers are exhausted the first time and do not show any permanently improved condition afterwards. The aquifers’ storage level reflects the filling of the reservoir, because the reservoir’s total outlet determines the amount of water infiltrating into the aquifers [11]. The model shows that in years of high inflow into the reservoir (2010–2013) the aquifers in all scenarios are recovering very well (Figure 6). In times of drought, farmers use groundwater to compensate the missing river inflow [37]. Therefore, groundwater in the Middle Drâa oases functions as a buffer when no surface water is available [38]. In the following dry years after 2013 the reservoir cannot release enough water, whereas groundwater is used for irrigation, stressing the aquifers to its limits by 2017 and 2023 at the latest.



Looking at the three scenarios M1, M2, and M3, it is surprising that the aquifer of scenario M2, “rural development”, shows the worst conditions. Due to better irrigation efficiency and less water demand, one would expect higher volumes of groundwater storage in scenario M2 compared to M1 and M3. However, because groundwater recharge through precipitation is very low in semi-arid to hyper-arid areas, the aquifer refill relies on indirect infiltration of, e.g., the river bed [11] and on excess of flood irrigation. With improved irrigation techniques, irrigation demand reduces [39]. The part that does not evaporate percolates to the aquifer. Since the irrigation efficiency is 10% higher in scenario M2 than in scenario M3, less water percolates to the aquifer, resulting in a reduced refilling of the aquifer. The resulting decrease in water demand in M2 leads to less water releases from the reservoir, reducing the amount of water free for percolation. Summing up, the aquifer storage is declining when flood irrigation is replaced by more efficient irrigation techniques and less irrigation water demand. The saving of reservoir water by the new techniques in M2 is still not enough to satisfy the crops’ water demand. Still, additional groundwater has to be used. The saving of water by new irrigation methods must be efficient enough to save sufficient reservoir water to satisfy irrigational purposes in ‘regular dry’ years. The aim should be to use groundwater only in very dry years in order to give the aquifers time to recover and to provide a buffer in years of need. To reach this stable and sufficient state, the supply-demand imbalance must be overcome. Since no additional water can be provided, the water needed must be reduced [14], either by installing better irrigation techniques or by reducing field size. The surplus in reservoir water in scenario M2, however, is not sufficient in order to relieve groundwater bodies in a regular dry season. As a result, the lower water demand of scenario M2 caused by better irrigation efficiency cannot counterbalance the lack of aquifer recharge when groundwater is used for irrigation.



Looking at the aquifer conditions of Mezguita and M’Hamid (Figure 7b,c), the two aquifers show different developments. Mezguita’s groundwater table is depleted much slower in comparison to M’Hamid’s. There are two reasons for this. First, the general temperature gradient from the north to south of the Middle Drâa valley generates a higher potential evapotranspiration in the south than in the north. Hence, water applied to the fields by flood irrigation in M’Hamid evaporates faster and is not available for groundwater recharge. Second, Mezguita’s location as the first oasis downstream of the reservoir leads to extended riverbed infiltration. Although Mezguita receives surface water for irrigation latest, due to distribution rules, water is running through the riverbed for a longer period compared to the other oases. Hence, riverbed infiltration is recharging the aquifer throughout the whole time when the reservoir is open. This effect loses strength with the subsequent order of oases downstream. M’Hamid’s aquifer, which is the oasis last in line, recharges only about 20 to 30 million m3, while Mezguita’s aquifer recharges about 50 to 70 million m3 in the years of high water supply from 2009–2012. This lack of recharge is also the reason why M’Hamid’s groundwater body is empty in 2017 before Mezguita’s in 2021.



Although, M’Hamid is the last oasis in line with less riverbed infiltration it shows very high initial groundwater storage in 2008. The aquifer’s initial good condition in 2008 can be explained by the relation of the M’Hamids’ very small cultivated field size to the large aquifer capacity of 333 million m3 (Table 1). Surface water is mostly capable of satisfying the oasis’ water demand, however, if not, M’Hamid’s aquifer is able to buffer for a long period of time.



Groundwater Storage in the Land Use Scenarios


Years of drought and recovery show different dimensions in the two land use scenarios L1 and L2 (Figure 7). Due to the high water demand of date palm trees, groundwater bodies are utilized stronger in scenario L1. For L1 groundwater bodies are nearly emptied by 2016–2017 while, in the fallow land scenario L2, the aquifers are emptied by 2027 because L2 needs less water. For that reason, exploitation happens slower and recharge events have more effect on the aquifers in L2.



No matter what scenario is chosen, within 20 years the aquifers will be empty. For that reason, none of the scenarios show sustainable water management solutions. The reduction of field size is the key factor for a sustainable solution that may spare the aquifers. Other variables, such as irrigation efficiency and crop type, significantly influence water demand, but are less likely to be considered by farmers [8]. The conditions and depletion of aquifers in the Middle Drâa valley are not a single case in Morocco. Messouli et al. state that groundwater storages are strongly affected by human overexploitation due to uncontrolled groundwater use [5].





4.4. Unmet Demand


For all three scenarios water release from the reservoir in 2010 until 2014 is sufficient to feed the needs of all farms in the Middle Drâa valley (Figure 8). Afterwards, the reservoir’s storage drops within a year because storage capacity is not enough to compensate for longer droughts. From 2012 to 2014, the filled up groundwater reserves are capable to buffer parts of the lacking surface water in all oases. The farmer’s choice of enlarging cultivated field sizes lead to a growing unmet demand from 2015 on. The reduction of field size and large precipitation events in the High Atlas Mountains, which refill the reservoir and groundwater storages reduce the unmet demand in 2018. Afterwards, field size is constant causing an increase in unmet demand because reservoir and groundwater resources are depleted (Figure 6). In the year 2023 the maximum unmet demand of 362 million m3 (M1) is simulated caused by an extreme low inflow into the reservoir. In this year groundwater storages and the reservoir storage are empty. After a significant reduction in field size and a refill of aquifers and reservoir, the unmet demand reduces to zero in 2028–2029. The unmet demand. hence, reflects the interactions between groundwater and reservoir storage, as well as the cultivated field size (under the assumption of the same share of crops grown).



Scenario M2 shows most of the time the lowest unmet demand, but excels with respect to the other scenario’s unmet demands in the years of extended farm sizes. When comparing the ratio between unmet demand and water demand of each scenario M2 shows 31% of water demand being unmet, M1: 26%, and M3: 28%. These results are surprising, considering the water demand of M2 to be much smaller than of scenario M1 or M3. The higher water demand of scenario M1 and M3 are buffered by the aquifers, which show higher storage levels due to differences in the scenario’s irrigation efficiencies. Due to less fillings in the reservoir in scenario M1 and M3, groundwater has to buffer agriculture’s water demand. This causes the higher groundwater levels of scenario M1 and M3 to approximate to those of M2 by 2023.



At the scale of a single oasis the unmet demand mirrors the depletion of the aquifer. Mezguita shows a peak of unmet demand due to its depleted aquifer in 2009 (Figure 8b), while the aquifer of M’Hamid buffers the lack of surface water in the same year (Figure 8c). The more the aquifers are depleted, the higher is the unmet demand, until the aquifers are empty and only surface water is the remaining source for irrigation. In general, unmet demand of M’Hamid is higher due to its southernmost location, which is prone to higher evapotranspiration losses and less refilling by riverbed infiltration.



It must be considered that WEAP’s groundwater budgeting lacks accuracy and is, thus, bonded with high uncertainties. Important parameters for groundwater infiltration as e.g., aquifer characteristics, aquifer interactions, or mixed soil properties cannot be taken into consideration. For a certain quantitative analysis of the aquifer’s volume, another model, e.g., MODFLOW, should be linked to WEAP. The simulated trends showed that subsidies for better irrigation techniques would help reducing water demand in future.



4.4.1. Water Demand and Unmet Demand in the Land Use Scenarios


The change in crops in the land use scenarios result in changed water demands (Figure 8). Date palms need more water than barley or alfalfa, which is why the water demand in scenario L1 is generally higher than for the other scenarios. Accordingly, unmet demand rises. Fallow land in scenario L2 reduces irrigated area, which lowers water demand (Figure 8d–f). Thus, scenario L2 always has less water demand and less unmet demand than all other scenarios.



Mezguita shows a surprisingly small unmet demand through all land use scenarios (Figure 8b,e), here exemplarily shown for L2-M3 (Figure 8e). This is due to the aquifer of Mezguita, which maintains stable for a long time due to riverbed infiltration. Together with the reduction in field size in scenario L2, the aquifer of Mezguita stays filled until 2027. The development of the aquifer of M’Hamid in scenario L1 does not show much difference between the three scenarios (Figure 8c) although the aquifer is filled much longer in scenario L2. Still, scenario L2 is not a sustainable solution for this oasis.



When reducing field size, it must be considered that husbandry in the Middle Drâa valley oases is for self-supply [26]. To assess future water demand and supply for the Middle Drâa valley, it needs to be analyzed how much yield is necessary to guarantee a satisfying lifestyle for the farmers. Already, today, farmers reduce fodder production when water is scarce [26].



When growing cash crops as modeled in scenario L1, farmers would be able to buy meat or food in times of severe droughts. A safe income would give farmers independence from dry years and remittances. A survey conducted by Storm [40] revealed that in the oasis Ternata 33% of farmers already receive remittances from their sons, which they need in order to buy diesel for the groundwater pumps or fertilizers. Date palms have a high water demand, which results in a lower unmet demand for land use scenario L2 than for land use scenario L1. However, date palms tolerate soil and water salinity [41], which are basic prerequisites for future crops in the Middle Drâa valley’s agriculture [11].



In this paper only water quantities are taken into account. Another important factor for crop yields, though, is water quality. As mentioned before, the Drâa region suffers of growing salinization due to groundwater irrigation. Since salinity is observed to increase and aggravated the situation of water demand, particularly in the southern oases, further research should concentrate on the salinization of aquifers, e.g., using the FAO AquaCrop model.






5. Conclusions


Self-sufficient crop farming in the future of the Middle Drâa valley will be highly endangered by water scarcity under global change conditions. The WEAP model of the water resources in the Middle Drâa valley showed the inhabitant’s high dependency on surface water from the high Atlas Mountains which might increasingly become unreliable due to climate change impacts. Additionally, it was shown that compensatory water taken from the oases’ aquifers is only a temporary and non-sustainable solution, because recharge events are not sufficient to keep the groundwater table stable.



The gained insights into the Middle Drâa valley’s future water demand and supply show that the way farming is performed today in the oases of the Middle Drâa valley will not work out in future and, therefore, needs management solutions in order to preserve water and food resources [5,6,10,37,42].



The management solutions looked at in this paper are better irrigation techniques, the prevention of the reservoir siltation, the adaptation of field size, and the choice of crops. Enhanced irrigation leads to less water infiltration to the aquifers, but lessens the overall water demand of surface water. Through the prevention of reservoir siltation, more water can be stored in case of high precipitation events, such as simulated in the years 2010–2012. Adaptation of field size showed the strongest impact on water demand reduction, but lessens the outcome of already sparse yields. The choice of crops also has an impact on water demand, but decreases crop variety and fodder crops for livestock. Further research should focus on the question if the profit out of increased date palm cultivation is sufficient to guarantee the farmer’s livelihood.



The two land use scenarios showed the influence of crop types grown and field size reduction. Both possibilities of coping with water scarcity showed no satisfying results. The reduction of fodder plants reduces agriculture’s water demand significantly so that aquifers stay stable longer, but still show a decreasing trend. When focusing on the production of cash crops, water demand rose even higher. Further research might show how much food farmers could buy for the benefits of dates and if this exchange might balance the water they have to use for own food crops. In this case field size of food crops would reduce further and lead to less water demand.



Altogether, the system shows a decrease in water resources and all presented scenarios showed no way to handle these for a sustainable agriculture in the six oases of the Middle Drâa valley. If nothing is done by the stakeholders, self-sufficient husbandry will not be possible in the close future.
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Figure 1. (a) Drâa catchment in an administrative context showing the city of Ouarzazate, the reservoir Mansour Eddahbi and the order of oases along the Wadi Drâa (modified from [24]); (b) WEAP structure as used in this study (GW: groundwater; FR: river network link; HH: domestic water use; LW: agricultural water use; blue arrow: river; green arrow: water transmissions to demand sites; dashed blue arrows: runoff or backflow). 
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Figure 2. Climate diagram of (a) Ouarzazate showing lower temperatures and higher precipitation than (b) the city Zagora located in the south of the Drâa valley (modified from [7,24]). 






Figure 2. Climate diagram of (a) Ouarzazate showing lower temperatures and higher precipitation than (b) the city Zagora located in the south of the Drâa valley (modified from [7,24]).



[image: Water 08 00313 g002]







[image: Water 08 00313 g003 1024] 





Figure 3. Area used for agriculture in ha per oases and crop type in the current account year 1978 [26]. 






Figure 3. Area used for agriculture in ha per oases and crop type in the current account year 1978 [26].



[image: Water 08 00313 g003]







[image: Water 08 00313 g004 1024] 





Figure 4. Mean annual water and unmet water demand in the six oases for the period of 1978 to 2007 in relation to the oases factor determining field size. The oases factor shows a strong correlation to the total water demand. 
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Figure 5. Mean annual water demand in million m3 of the three IMPETUS scenarios M1 (red), M2 (green), and M3 (blue) (2007–2029) for (a) all demand sites; (b) for the oasis Mezguita; and (c) for the oasis M´Hamid. The drastic decrease of water demand in 2028 and 2029 in scenario M1 and M3 is caused by the reduction of the field size due to water scarcity. 
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Figure 6. Mansour Eddahbi’s reservoir storage in the reference scenario (1978–2007) in gray, continued by the three scenarios M1 (red), M2 (green), and M3 (blue) in million m3 from 2008–2029. The black line shows the reservoir’s inflows in million m3 and the blue bars depict the reservoir’s net surface evaporation in million m3/year for the whole time period. The reservoir’s inflows show large fluctuations, as does the reservoir’s filling level. 
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Figure 7. Mean annual groundwater storage in million m3 of the sub-scenarios L1 (small dashed line) and L2 (long dashed line) within the three IMPETUS scenarios M1 (red), M2 (green), and M3 (blue) (2007–2029) for (a) all demand sites; (b) the oasis Mezguita; ans (c) the oasis M’Hamid. The groundwater bodies of L2 are emptied slower than those of L1. The oasis Mezguita shows a strong stability in groundwater table, particularly in scenario L2. After strong recharging events in 2010 and 2011 all aquifers are running empty with time. 
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Figure 8. Mean annual water demand (wd, small dashed lines) and unmet demand (ud, long dashed lines) in million m3 (a,b) of the three scenarios M1 (red), M2 (green), and M3 (blue) (2007–2029) under the sub-scenarios L1 and L2; (c,d) of the oasis Mezguita; (e,f) of the oasis M’Hamid. Water demand and unmet demand show less magnitude in the sub-scenario L2. 
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Table 1. Properties of the six oases aquifers, initial aquifer storages in 1978, the maximum total field size, and the share of each oasis on the water release from the reservoir [11,26].
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Oasis Name

	
Aquifer Size/Storage Capacity (Million m3)

	
Aquifer’s Specific Yield

	
Aquifer’s Initial Storage (Million m3 in the Year 1978

	
Max. Total Field Size (ha)

	
Share on Total Water Release from Reservoir






	
Mezguita

	
119

	
19%

	
46.4

	
2419

	
8%




	
Tinzouline

	
254

	
22%

	
74.5

	
4015

	
8%




	
Ternata

	
166

	
15%

	
42.6

	
5858

	
30%




	
Fezouata

	
156

	
10%

	
101.5

	
3825

	
14%




	
Ktaoua

	
5201

	
13%

	
363.8

	
7770

	
28%




	
M’Hamid

	
333

	
15%

	
264.0

	
2231

	
12%
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Table 2. Characteristics of the IMPETUS scenarios M1, M2, and M3 (2008-2029) [24,31] (OZZ: city of Ouarzazate).
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Topic

	
M1—Marginalization

	
M2—Rural Development

	
M3—Business as Usual






	
Population

	
OZZ: 6% increase

	
OZZ: 3% increase

	
OZZ: 4% increase




	
Oasis: 6% decrease

	
Oasis: constant growth

	
Oasis: 3% decrease




	
Siltation of the reservoir

	
Storage volume decrease: 206 Mm3 by 2029

	
Storage volume decrease: 284 Mm3 by 2029

	
Storage volume decrease: 214 Mm3 by 2029




	
Agriculture area

	
Effective cultivated area do not exceed 90% of the possible agriculture area

	
Effective cultivated area does not fall below 60% of the possible agriculture area

	
Effective cultivated area follows the traditional climate adaption practices




	
Irrigation efficiency

	
Decrease of irrigation efficiency down to 75%

	
Increase of irrigation efficiency up to 95%

	
Constant value of 85% for irrigation efficiency
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Table 3. Modified agricultural areas for the land use sub-scenarios (2008–2029).
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L1—Pro Dates

	
L2—Fallow Land






	
Dates increased by 10%

	
Barley set to 2%




	
Barley reduced by 3%

	
Alfalfa set to 2%




	
Alfalfa reduced by 7%

	
Henna set to 0%
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