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Abstract

:

One of the areas that show the most visible effects of human-induced land alterations is also the world’s most essential resource: water. Decision-makers in arid regions face considerable difficulties in providing and maintaining sustainable water resource management. However, developing appropriate and straightforward approaches for quantifying water use in arid/hyper-arid regions is still a formidable challenge. Meanwhile, a better knowledge of the effects of land use land cover (LULC) changes on natural resources and environmental systems is required. The purpose of this study was to quantify the water consumption in a hyper-arid region (New Valley, Egypt) using two different approaches—LULC based on optical remote sensing data and groundwater storage changes based on Gravity Recovery Climate Experiment (GRACE) satellite data—and to compare and contrast the quantitative results of the two approaches. The LULC of the study area was constructed from 1986 to 2021 to identify the land cover changes and investigate the primary water consumption patterns. The analysis of groundwater storage changes utilized two GRACE mascon solutions from 2002 to 2021 in New Valley. The results showed an increase in agricultural areas in New Valley’s oases. They also showed an increased in irrigation water usage and a continuous decrease in the groundwater storage of New Valley. The overall water usage in New Valley for domestic and irrigation was calculated as 18.62 km3 (0.93 km3/yr) based on the LULC estimates. Moreover, the groundwater storage changes of New Valley were extracted using GRACE and calculated to be 19.36 ± 7.96 km3 (0.97 ± 0.39 km3/yr). The results indicated that the water use calculated from LULC was consistent with the depletion in groundwater storage calculated by applying GRACE. This study provides an essential reference for regional sustainability and water resource management in arid/hyper-arid regions.
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1. Introduction


New Valley is the largest governorate in Egypt and represents 46% of Egypt’s area, comprising about 440,098 km2. It includes the Dakhla, Kharga, and Farafra oases, which are linked to each other. The population of New Valley has quadrupled from 1960 to 2020, with an increase from 34,000 in 1960 [1] to 141,774 in 1996 [2] to 257,752 in 2021 [3], representing about 0.3% of the national total. The annual population growth rate in New Valley is 2.6, higher than the national rate of 1.9 [4].



New Valley, as a significant agricultural society, has various industries that are of great importance to the local economy [5]. The cultivated area in New Valley increased from about 18,000 hectares in 1988 to approximately 29,000 hectares in 1998 [6] due to land reclamation [7]; crop cultivation is the primary water-consuming sector in this area, consuming more than 75% of the water available in New Valley [5]. The increase in the size of the cultivated areas in New Valley, therefore, poses a threat to the limited natural resources available in this region, especially water [8].



As one of the essential elements in the hydrological cycle in the Egyptian Western Desert, the Nubian Sandstone Aquifer System (NSAS) is a thick permeable sandstone formation located under the eastern end of the Sahara Desert, which extends across Egypt, Sudan, Chad, and Libya in northeastern Africa [9], occupying about 2 × 106 km2.



As the primary groundwater-consuming sector in New Valley since the 1990s, agriculture was expanded through the exploitation of water resources from the NSAS in response to the expected future population growth. However, the large-scale development of oasis agriculture is expected to lower the groundwater table around the oases [10]. As one of the largest and most extensively investigated fossil water aquifer systems in the world, the average depletion rate across the NSAS in Egypt is estimated to have been −3.38 ± 0.21 mm/yr (−2.23 ± 0.14 km3/yr) from April 2002 to June 2016 [11].



A total of 98% of the available freshwater utilized for agricultural, industrial, or domestic activities in this region is supplied by NSAS’s fossil water. However, the present water resource situation in the study area is quite bleak: about 30% of the land that was cultivated in 1965 is currently abandoned because of water shortages [5]. Unmanaged groundwater extraction in Egypt has led to several changes, as seen in the hydraulic head patterns and noticeable cones of depression that have appeared in the past 50 years [1]. Egyptian decision-makers face a challenge in providing and maintaining sustainable water resource management [11].



Accurate estimation of land use/land cover change (LULCC) is essential in order to obtain an improved understanding of its impacts on environmental systems and natural resources, enabling the provision of appropriate sustainable management practices. For this, an improved understanding of LULCC impacts on environmental systems and natural resources is necessary. While a few studies have shed light on the LULCCs of oases in New Valley [10,12,13,14,15,16], highlighting the space–time dynamics of oasis land use in New Valley, they are limited in terms of their geographic scope—i.e., they focus on the area of a single oasis comprising a few small districts. Nevertheless, the existing literature does not provide a detailed and comprehensive understanding of the pattern of LULCC across all of the oases in the entire New Valley. To overcome this research gap, the present study embarks on producing detailed, long-term LULC maps of the oases of the entire New Valley Governorate in Egypt in order to provide insights into the varying levels of interplay between humans and the physical environment in this region. At the same time, LULC can map the extent and distribution of agricultural areas to estimate the irrigation water volumes in irrigated areas. Estimating irrigation water consumption can not only help with determining irrigation water food production [17] but is also advantageous for the sustainability assessment of groundwater in arid regions such as the Western Desert of Egypt.



Furthermore, the quantification of water consumption is crucial in evaluating water sustainability projects and is of extreme importance to the current water policy. It is also one of the main goals of studies that use remote sensing observations for irrigation estimation [18]. Although several approaches for estimating water demand or water consumption have been tested and approved worldwide [19,20,21], these require accurate meteorological data, ideally measured in the field, even though in most parts of the world these are often unavailable. Moreover, it has been shown that crop coefficients are site- specific and should be determined locally, suggesting the need for dedicated experimental activities. Therefore, the accuracy of estimates decreases whenever farming or environmental factors cause limitations to crop growth and where local data on crop coefficients are missing. In particular, this inaccuracy can sometimes cause inconveniences when the method is used for irrigation management or scheduling [19].



For areas such as the oasis in Western Egypt, which is completely supported by groundwater, the use of water resources can also be quantified by the extraction of groundwater. The emergence of GRACE makes the quantification of groundwater resource consumption possible. Before GRACE, the existing time and spatial resolution observation networks were not sufficient to fully characterize the water balance on the regional to continental scale. Since its launch, GRACE has come to be used in hydrological analyses and has been deemed one of the most potent tools in the remote sensing field. Based on recent advances, it provides excellent opportunities for understanding the large-scale changes in polar ice, soil moisture, surface water, and groundwater storage and has led to significant results being achieved in these fields [22,23,24,25,26]. Significantly, GRACE satellites have been proven to be exceedingly successful for detecting groundwater changes that could not previously be analyzed. GRACE data have been widely used to calculate aquifer recharge, depletion rates, and variability [27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47]. Nevertheless, it is difficult to confirm depleted water volumes with actual water use given the lack of field monitoring networks as well as recent global groundwater studies carried out over the study area.



Thus, the main purpose of the present study is to produce detailed, long-term LULC maps of the oases in order to identify the land cover changes through investigating the primary water consumption patterns to quantify the water consumption of the study area by two different approaches (LULC based on optical remote sensing data and groundwater storage changes based on GRACE (Gravity Recovery Climate Experiment) satellite data) and compare and contrast the quantitative results obtained using the two approaches.



This paper assumed that the Nubian Sandstone Aquifer in the New Valley could not be recharged by external sources; there is negligible rainfall in northern parts of the Nubian Sandstone Aquifer System [48,49]. The aquifer depletion could only be attributed to water extraction in the Nubian Sandstone Aquifer Systems. According to a wide array of age dating techniques, the water in the Nubian aquifers comes from several past pluvial episodes [50]. The last rainy season caused the recharge that occurred 8000 years ago [51]. Rainfall currently delivers minimal recharge water to the recharge area, northwest Sudan and Uwein at Upland, situated on the border of Egypt, Libya, and Sudan [52]. Mohamed et al. [48] indicated that the Dakhla subbasin and the northern Kufra section of the Nubian Sandstone Aquifer System receive negligible recharge due to the scarcity of precipitation in these areas. Meanwhile, no correlation has been found between the atmospheric hydrological fluxes and the GWS in the NSAS, as would be expected for a fossil aquifer [49]. Thus, the irrigation water in the Dakhla oasis is mostly fossil water with ancient roots [53].



For arid areas such as Egypt’s oases, analyzing and clarifying the LULCCs and water usage are extremely important for formulating agricultural development, water resource utilization, and sustainability management plans.




2. Materials and Methods


2.1. Study Area


The New Valley Governorate or Wadi GedidGovernorate is located in the country’s southwest, comprising approximately half of Egypt’s area. This spacious governorate is the country’s largest and most sparsely populated; moreover, it is one of the most significant subnational divisions in the African continent and the world. The New Valley Governorate is 440,098 km2 in area. Its administrative centeris located in the Kharga Oasis. It is named after the New Valley Project, which the Egyptian government launched in 1960 to expand agricultural land outside the “old valley” along the Nile River.



The New Valley includes the Dakhla Oasis (25.34N, 28.56E), Kharga Oasis (25.26N, 30.33E), and Farafra Oasis (27.06N, 27.97E), as well as East Oweinat (22.42N, 28.28E) in the southwest (Figure 1). The rate of the increase in population in New Valley reached its peak in 1996, with Kharga having the largest population. The Farafra depression is the second biggest oasis in western Egypt and the smallest in terms of population (Table 1). East Oweinat is an area of ongoing development in Egypt; the initial phase of the project resulted in about 11,300 hectares of barren desert land being converted to fertile land. C. A. Robinson et al. [54] suggested that the wells in the vicinity of East Oweinat contain low-salinity water; this is the reason why the East Oweinat area was selected for large-scale water resource development.



In New Valley, the annual rainfall is exceptionally scarce and insignificant (~1 mm/yr). The average annual ETp of Dakhla Oasis from 2007 to 2016 was 1783 mm, while from May to August the monthly ETp exceeded 200 mm [55]. There is a small rain-fed area in the study region. The irrigation water mainly comprises fossil water from the Nubian aquifer that originated in ancient times.




2.2. Dataset


2.2.1. Optical Remote Sensing Data


This study integrated the following different multispectral satellite images for LULCC analysis from 1986 to 2021 every three years: Landsat Thematic Mapper (TM), Operation Land Imager (OLI), and Sentinel-2 Level-2A surface reflectance (total of 68 images taken from 1986 to 2021 downloaded from the official USGS website).




2.2.2. Landsat 7 Collection 1 Tier 1 8-Day NDVI Composite


The agricultural area of New Valley for each oasis was extracted using Landsat 7 Collection 1 Tier 1 8-Day NDVI Composite data from 2002 to 2021. Landsat 7 Collection 1 Tier 1 composites are created using computed top-of-atmosphere (TOA) reflectance [56] from Tier 1 orthorectified scenes. The Normalized Difference Vegetation Index (NDVI) of Landsat 7 Collection 1 Tier 1 composites was calculated as (NIR − Red)/(NIR + Red) [57] from the near-IR and red bands of each scene and ranged from −1.0 to 1.0. The Landsat 7 Collection 1 Tier 1 composites were created from all of the scenes for each eight-day period beginning on 1 January and ending on 31 December. The final composite of the year, beginning on day 361, would, therefore, be three days later than the first composite of the following year.




2.2.3. GRACE and GRACE-FO Mascon Data


The GRACE (Gravity Recovery and Climate Experiment) mission, launched on 17 March 2002 [58], maps the Earth’s gravitational field by accurately measuring the distance between two identical space crafts [59] in a polar orbit that is approximately 220 km (137 miles) apart and 500 km (310 miles) above the Earth and has a K-band microwave range and speed measurement system that means that the measurement accuracy of the rate change between the two satellites is expected to be better than 1.0 × 10−6 m/s [60].



The GRACE mission was terminated in 2017. GRACE Follow-On (GRACE-FO) [61,62] began to take measurements in May 2018, continuing to the present. It tests the laser ranging interferometer (LRI), a new instrument used for inter-satellite ranging, in addition to the microwave K-band ranging system (KBR) previously used on GRACE satellites. GRACE satellites track spatiotemporal variations in water mass globally. Variations in water mass or storage are generally expressed as their equivalent, Equivalent Water Height (EWH).



In this study, two mascon solutions of GRACE from the Jet Propulsion Laboratory (JPL) and Center for Space Research (CSR) are operated owing to the fact that mascon solutions generally show lower levels of uncertainty compared to most SH solutions [63]. However, mascon solutions should only be utilized for basin-level time-series analyses at dimensions broader than 200,000 km2.



The CSR mascon solutions (Release 06; version 02; 0.25° × 0.25° grid; available at: http://www2.csr.utexas.edu/grace/ (accessed on 4 October 2021)) approach applies the geodesic grid technique to model the surface of the Earth using an equal area grid [64,65]. In order to accurately reflect the coastlines defined in the RL06 mascon grid, the data are represented on a ¼ degree lon–lat grid. They also represent an equal-area geodesic grid of size 1° × 1° at the equator, which is the current native resolution of CSR RL06 mascon solutions.



The JPL mascon solutions (Release 06; version 02; 0.5° × 0.5° grid; available at: https://podaac-tools.jpl.nasa.gov/ (accessed on 4 October 2021)) provide monthly gravity field variations for 4551 equal areas of 3° spherical caps. This study relied on coastal resolution improvement (CRI)-filtered data (the CRI-filtered version of the mascon solution [62,66,67,68]), in which the coastlines are well-defined.




2.2.4. Other


Natural and agricultural statistical datasets were used to quantify the balance between water consumption and groundwater extraction. According to the Egyptian Statistical Yearbook from 2002 to 2020 [2,3,69,70] (Table 2), the population, total cropping area, and quantity of irrigation water used for the three agricultural seasons of Egypt were used. Furthermore, Google Earth was referenced to collect sample points and classify the accuracy of the LULC maps. Table 2 summarizes the characteristics of these datasets.





2.3. Methodology


The main framework of this study is shown in Figure 2. The LULC maps of three cases from 1986 to 2021 every three years in New Valley were constructed using optical remote sensing data in order to better understand the pattern of LULCC across the three main oases in the New Valley. The agricultural area data for each year from 2002 to 2021 were extracted based on the average results of the Landsat 7 Collection 1 Tier 1 8-Day NDVI Composite data from the late part of the growing season (January to March) and then combined with the threshold method (threshold 0.3 [55]). The groundwater storage changes from 2002 to 2021 in New Valley were quantified using the GRACE CSR and JPL mascon solutions. The statistical (e.g., Yearbook) data were used to quantify the irrigation water per unit value, which was combined with the agricultural area to calculate the total irrigation water use of New Valley (Figure 2).



2.3.1. Land Cover Mapping


Pre-Processing


All Landsat images used for LULC classification were geometrically corrected using the ENVI software. The reference system used was the UTM map projection Zone 35 North (Dakhla Oasis and Farafra Oasis) and Zone 36 North (Kharga Oasis) from the WGS 1984 datum. Sentinel-2 Level-2A provided orthorectified atmospherically corrected surface reflectance data. Clouds seldom obscure satellite images taken in the Western Desert of Egypt [55]. The chosen dates for each image fell in the late part of the growing season.




LUCC Classification Method


This study used the object-based image analysis (OBIA) method [71,72] to map LULC according to shape, landscape, and personal experiences. OBIA, which is a combination of multiresolution image segmentation [73] and the nearest neighbor (NN) classification method [74], was used to identify LULCCs. Research shows that the combination of segmentation into image objects, use of the NN classifier, and integration of expert knowledge yields a substantially improved classification accuracy for a scene, compared to a per-pixel method [75].



OBIA is implemented in the software “eCognition” [76], and the final feature extraction and classification are, therefore, highly dependent on the quality of segmentation [77]. It has provided a new bridge for the spatial concepts applied in multiscale landscape analysis and more possibilities for geographic information systems, geographic information science, and multiscale landscape analyses [78,79,80,81,82,83,84].



The classification of target categories was mainly carried out based on spectral features, geometric features, and custom features. The possible land cover types were divided into four categories: urban area, surface water body, agricultural land, and desert (Table 3). The scale parameter was set at 5 [85] for all LC classes, because all types of land in the study area were in small units and spread out. The color and shape parameters were adjusted to 0.9 and 0.1, respectively [86]. All of the collected images were dated from the late part of the growing season (January to March); thus, any trends related to seasonal differences were not taken into consideration.





2.3.2. Water Usage Quantification


After revealing the changes in LULC, we attempted to quantify the primary water consumption pattern (i.e., irrigation for agricultural use) in order to estimate the effect of LULC on the water consumption of oases in the study area. The irrigation water per unit value was calculated based on the irrigation water used in the three agricultural seasons of Egypt (from 2002 to 2019); the total cropping area of Egypt (from 2002 to 2019) [W Egypt/A Egypt] was determined from the Egypt Statistical Yearbook (Table 2).



The Landsat 7 Collection 1 Tier 1 8-Day NDVI Composite was adopted to extract the total available cultivated land in the area of New Valley (Dakhla, Kharga, Farafra, and East Oweinat) from 2002 to 2021 using a threshold of 0.3 [55]. The average irrigation water use per unit from 2002 to 2019 was used to quantify the irrigation water consumption in 2020 and 2021. In the agricultural area, the changes in agricultural irrigation water consumption (per year) from 2002 to 2021 were determined.



Using the agricultural land area identified from the Landsat 7 Collection 1 Tier 1 8-Day NDVI Composite [A New Valley Oases], the overall irrigation water consumption from 2002 to 2021 was calculated (Equation (1)).


W New Valley Oases = (W Egypt/A Egypt) × A New Valley Oases.



(1)







Here, W New-Valley oases is the irrigation water of the oases in the New Valley Governorate; W Egypt represents the quantity of irrigation water used for the three agricultural seasons of Egypt (from 2002 to 2019); A Egypt represents the total cropping area of Egypt (from 2002 to 2019); A New Valley oases represents the agricultural area of the oases in New Valley Governorate. Domestic water usage from 2002 to 2021 was estimated by applying population data.




2.3.3. Extraction of Groundwater Storage Changes


Groundwater storage changes from GRACE were computed from terrestrial water storage changes (ΔTWS) in other terrestrial water stores, including soil moisture storage (ΔSMS), surface water storage (ΔSWS), and snow water storage (ΔSNS) [27], utilizing data from land surface models (LSMs) either exclusively [87,88,89,90] or in combination with in situ observations [46,91].



Frappart [27] described several methods that could be applied to solve a wide range of hydro-climatic conditions; these included the use of in situ records, model outputs, and remotely sensed observations. He indicated that, in the most straightforward cases where surface water is negligible and snow is non-existent, the groundwater storage changes (ΔGWS) in arid and semi-arid areas can be calculated. The equation used for extracting the changes in groundwater storage (ΔGWS) in the study area is:


ΔGWS = ΔTWS − ΔSMS,



(2)







The soil moisture in hyper-arid areas is generally very low [92]; therefore, the effects of ΔSMS in the study area were not considered. The equation can be simplified to:


ΔGWS = ΔTWS,



(3)




where ΔGWS, ΔSWS, and ΔSMS represent the change in groundwater, surface water, and soil moisture storage, respectively, with respect to the temporal period mean.



The secular trend in groundwater storage changes was extracted from the GRACE data by simultaneously fitting the trend of each GWS time series. The standard deviation of the extracted time series was interpreted as the trend error for ΔGWS. The generated trend data were then statistically analyzed using change-point detection to identify trends.



Mask across New Valley’s area was applied to the two types of GRACE mascon solution. These GRACE mascon solutions were averaged over New Valley’s area. The arithmetic mean of the two mascon solutions was applied to extract the groundwater consumption by multiplying the New Valley’s area, as the average was found to reduce the noise in the gravity field solutions within the available scatter of the solutions [93]. Change point was analyzed on the ΔGWS time series.






3. Results


This paper mainly focused on the New Valley oases’ land surface characteristics and water usage quantification. Object-based image analysis was applied to investigate changes in land use classes. We produced land cover maps for three oases in New Valley. The land cover classes identified in the study area were desert, water, urban land, and agricultural land (Table 3). The domestic water use during the period of population growth and the irrigation water usage during the period of changes in the cultivated area were quantified. The level of groundwater depletion that took place over 19 years was extracted. Further details about each type of land cover in the study area will be presented in the following sections.



3.1. LULC Classification Accuracy Assessment


Thirteen periods were selected for each oasis, as shown in Table 4. The accuracy of LULC mapping was evaluated by stratified random sampling. The number of reference points for each category was adjusted according to the area of the category. The original Landsat and Google Earth images were used as reference sources to classify reference points, and the overall accuracy and Kappa coefficient were calculated (Table 4).



Table 4 presents the error matrix and accuracy assessment for the classification image of each oasis. The sampling points across the study area were taken randomly and were found to be relatively uniformly distributed among the types of LULC. The OBIA method was able to identify the LULC types successfully and with a relatively high accuracy.




3.2. LULC Classification Results of the Three Oases in New Valley


The 30 m resolution land cover map from 2002 to 2019 and the 10 m resolution land cover map for 2021 were created using the OBIA method, which involved sorting the classes into urban area, agricultural land, desert, and water bodies, as shown in Table 3 and Figure 3, Figure 4 and Figure 5. Bare land samples could not be filtered out by the sampling method applied because of the similarity between the spectra of bare land and urban area. Accordingly, bare land was not shown independently in the classification results.



LULC maps of the three oases in New Valley were established every three years. We summarize the six periods with apparent changes over the 35 years in each oasis in Figure 3, Figure 4 and Figure 5, and the remaining images are shown in the Supplementary Materials.



3.2.1. Dakhla Oasis


The LULC distribution of Dakhla Oasis consisted of three separate areas—namely, Mawhoub West in the northwest; Qasr, Gedida, and Mut in the southeast; and Balat in the east (Figure 3i).



The Mawhoub West area has been expanding outwards continuously since 1986 (Figure 3a–c) and has extended to the west and southeast since 2008 (Figure 3d). From 2008 to 2011, there was an eastward chain-like expansion from Mawhoub West (Figure 3e). After 2011, this chain-like expansion became more pronounced (Figure 3e–f). At the same time, Mawhoub West extended westward, expanding the entire area of Dakhla Oasis (Figure 3a–f). Since 2011, a small area of the center pivot has begun to appear in the lower southeastern part of the Dakhla Oasis; this expanded in 2017 (Figure 3e–f). The area consisting of Qasr, Gedida, and Mut in the southeast showed a trend of expanding outwards from 1986 to 2021 (Figure 3a–f and Figure S1). The Balat area in the east first showed a fragmented distribution; by 2019, it had developed into a compact area (Figure 3a–f and Figure S1).



During the development process of LULC in the whole region, agricultural land has changed the most. The changes in urban area closely follow the changes in agricultural land, and its growth generally relates to that of agricultural land.



Figure 6a shows the changes in LULC types in Dakhla Oasis. The observation of changes over the entire study area demonstrated that changes in agricultural land, urban land, and water bodies were all apparent over a period of 35 years. Each class showed an overall trend of growth from 1986 to 2021 (Figure S1). The overall trends in the agricultural land changes (increase) in Dakhla Oasis were the same as those in urban area changes. However, in the short term, opposite trends in agricultural land and urban area changes were seen (Figure 6a), since the definition of urban area zoning includes both human-made non-agricultural land and fallow and abandoned cultivated lands (Table 3). Spectral characteristics show the fallow and abandoned agricultural lands as urban areas. Therefore, the periodic downward trends in the area of agricultural land are likely a reflection of changes in the agricultural land use (i.e., unused or in preparation) rather than an actual decrease in their area.



The surface water body area in Dakhla Oasis revealed a marked trend of increase from 1986 to 1993 (Figure 6a). Except for the sharp trend of decrease demonstrated in the periods 1993–1996 and 2014–2019, the other changes showed the same trend of increase as that of agricultural land use. Surface water body changes were strongly related to the agricultural activity in Dakhla Oasis. All wastewater was discharged consistently throughout drainage facilities and accumulated in large artificial disposal ponds or flow into natural lowland spaces [94]. The four main largest ponds were created in the northwest and north of Mut City with depths ranging from 1 to 3 m.




3.2.2. Kharga Oasis


From 1987 to 2021, the distribution of LULC in Kharga Oasis expanded from north to south and developed from west to east along with the increase in the urban and agricultural areas (Figure 4a–d and Figure S2). The overall trends in the LULC types in Kharga Oasis were similar to those seen in Dakhla Oasis over the 35 years (Figure 6a,b). During the study period, there was a three-fold expansion in the agricultural area of Kharga Oasis, and the size of the urban area doubled. From 1987 to 2019, the agricultural land in Kharga Oasis showed a continuous trend of increase, with a slight trend of decrease seen from 2019 to 2021. Between 1987 and 2005, the agricultural and urban areas showed somewhat opposite trends in terms of change (Figure 6b). Similar to in Dakhla Oasis, this may be due to the classification of abandoned agricultural and fallow areas as urban areas. In contrast, from 2005 to 2019, these both showed trends of increase. This indicates that the urban and agricultural areas of Kharga Oasis have increased by a large extent since 2005.



The overall surface water body area showed a trend of increase, except for the trend of decrease observed in the periods 1999–2002, 2008–2011, and 2017–2021 (Figure 6b). The instability of water bodies is mainly related to the haphazard (and often illegal) exploitation of groundwater resources in Kharga Oasis, resulting in the accumulation of wastewater as surface water bodies and ponds [95].




3.2.3. Farafra Oasis


From observing the changes in the entire study area in Farafra Oasis (Figure 5i), the changes in agricultural land and urban area were found to be similar to those in both Dakhla and Kharga Oases. From 1987 to 2005, the Farafra Oasis agricultural area expanded from north to southwest (Figure 5a–d), from northeast to central from 2005, and then to the northwest in 2019 (Figure 5d–f). In 2019, a large center-pivot area appeared in the northwest of Farafra Oasis, but this area decreased in 2021 (Figure S3).



The three classes (agricultural, urban, and surface water areas) all showed an overall trend of increase over the study period (Figure 6c); this trend of increase is particularly apparent for agriculture, and urban area is a close second. Agricultural land and urban area divisions show an opposite trend of change during the period 1999–2005, then dis-played a consistent trend of increase after 2005 before decreasing between 2019 and 2021.



The surface water body area showed an overall trend of increase, with a rapid in-crease seen from 1987 to 1996. However, the period 1996–2011 showed an overall trend of decrease, followed by a trend of increase from 2011 to 2017 and a trend of decrease from 2017 to 2021 (Figure 6c). The surface water body in Farafra Oasis contains agricultural drainage (mainly shallow drainage), water bodies that are parts of tourist attractions, and rheocrenic ambient springs [96]. The main changes in surface water bodies were not the same as those seen in the Dakhla and Kharga Oases, since the trend of decrease seen from 1995 can be attributed to the intensive development of a new type of irrigation (center-pivot) in this oasis.



The results demonstrated that the main land types of LULC in the three New Valley oases were urban area and cropland. The LULC observed in these oases showed a 35-year increase in the area of agricultural land, urban area, and surface water bodies. The largest change at the three oases seen in the study period was the increase in agriculture cover area (Figure 3, Figure 4 and Figure 5).



The distribution of agricultural land in New Valley’s oases in the study period showed a trend of increase. The urban area divisions also showed the same trend as agricultural land. The surface water bodies in the oases again showed a trend of increase, representing groundwater use indices for agricultural irrigation. Generally, the evaluation of LULC revealed that agricultural land showed spatial progressions throughout the study period.





3.3. Spatial Pattern Changes in LULC


Agricultural land expanded primarily along the perimeters of the Dakhla and Kharga Oases (Figure 7 and Figure 8), invading the desert and changing from the mass of bare land (Figure 7, Figure 8 and Figure 9). The second-largest change was from urban area to agricultural land (Figure 7b, Figure 8b, and Figure 9a).



During the 35-year investigation, a new form of agricultural irrigation type, center-pivot (Figure 7d, Figure 8c and Figure 9b–d), appeared in the three oases of New Valley. Small areas of center-pivots appeared in the south of the Dakhla and Kharga Oases, whereas in Farafra large areas of center-pivots developed. This has led to the further development of the Farafra Oasis. The most important impact of such changes was on the surface water bodies.



This study indicated the proliferation and rapid change in the surface water body area (Figure 6a–c). In Dakhla Oasis, the surface water area was 0.8 km2 in 1986, 2.3 km2 in 2002, and 5.75 km2 in 2021. In Kharga Oasis, the area was 0.4 km2 in 1987, 0.8 km2 in 2002, and 2.5 km2 in 2021. In Farafra Oasis, the area increased from 5.3 km2 in 1987 to 24.93 km2 in 1995, then gradually decreased to 13.5 km2 in 2011. From 2014 to 2019, the area remained at approximately 21 km2 but decreased to 8 km2 in 2021. This is because New Valley began to extensively develop its center-pivot irrigation system for oasis agriculture, which is recognized as an effective method to improve the distribution of water to fields [97].



The LULC transition matrix (Table 5) and LULC change maps for the 35 years (Figure 7, Figure 8 and Figure 9) demonstrate some important spatiotemporal patterns in the three oases of New Valley. The LULC changes in the three oases exhibit many variations in land cover types, especially with regard to two classes: agricultural and urban land.




3.4. Water Usage Estimation of New Valley


3.4.1. Irrigation Water Usage Estimation


The irrigation water consumption per unit value [W Egypt/A Egypt] calculated from statistical data is shown in Table 6. The lowest value found was 0.85 m3/m2 in 2005 and 2011, and the highest found was 1.21 m3/m2 in 2008; the average irrigation water consumption per unit value between 2002 and 2019 was 1.03 m3/m2. The agricultural water consumption in 2020 and 2021 was calculated using the average irrigation water consumption per unit value between 2002 and 2019.



The agricultural land area data obtained from the LULC results every three years were deemed insufficient to quantify the overall water consumption of the past 20 years for reasonable comparison with the quantitative results for groundwater storage extraction. For this reason, we used the Landsat 7 Collection 1 Tier 1 8-Day NDVI Composite combined with the threshold method to efficiently extract the total available cultivated land [A New Valley oases] of the three oases along with East Oweinat in New Valley from 2002 to 2021 (Figure 10a). The results obtained using the threshold method and the OBIA (for LULC) method showed high correlations of 0.92, 0.93, and 0.95 for agricultural areas in the Dakhla, Kharga, and Farafra oases, respectively (Figure 11). Combining the irrigation water consumption per unit value [W Egypt/A Egypt] with the total agricultural area [A New Valley oases] (see Equation (1)), the calculated changes in agricultural irrigation water consumption (per year) from 2002 to 2021 [W New Valley oases] are shown in Figure 10b.



The results indicated that the area of cultivated land has expanded in each oasis of the study area (Figure 10a). With the increase in agricultural area, the overall water consumed for irrigation in the study area showed a tendency of continuous growth (Figure 10b). Combining all three oases with East Oweinat, the total water demand increased from 4.1 × 108 m3 in 2002 to 17.7 × 108 m3 in 2021. According to the estimations, New Valley’s overall irrigation water usage increased about three-fold. The overall irrigation water use from 2002 to 2021 was 18.1 km3. The results of the water consumption estimation indicate that agricultural water demand has been increasing since 2005 (Figure 10b). Compared with other years, the increase in agricultural irrigation water consumption reached the highest values in 2011–2014, and the increase in 2014–2017 was lower than the previous range.




3.4.2. Domestic Water Usage Estimation


In Egypt, in 1999, the amount of available water per capita for all purposes was 900 m3/yr, but this is estimated to drop to 670 m3/yr in 2017 and 536 m3/yr in 2025 [98]. The actual water consumption per capita may be lower than the estimated value [99]. Here, we use 98.6 m3/yr/capita [98] for calculating the domestic water consumption for New Valley, Egypt. The results show that the domestic water needs from 2002 to 2021 increased along with the population increase. The overall domestic water use from 2002 to 2021 was calculated as 0.52 km3. The population development of New Valley is described below in Section 4.1.





3.5. Extraction of Groundwater Changes


Higher spatial variations can be observed in CSR because of the higher spatial resolution (0.25°) than the JPL (0.5°) solutions (Figure 12a,b). Changes in Equivalent Water Height (EWH) from two GRACE mascon solutions (CSR and JPL) between the GRACE investigation period (April 2002 and July 2021), expressed in centimeters, are presented in Figure 13.



The groundwater storage changes of New Valley were extracted from the combination of GRACE CSR and JPL mascon solutions, expressed in cm, between April 2002 and July 2021 (GRACE investigated period), along with associated inter-annual trends obtained using a 199-month averaging window (Figure 13). The extraction results show a trend of decrease from 2002 to 2021. The overall depletion thickness was calculated to be 4.39 cm (standard deviation of 1.8105). The NSAS New Valley experienced a depletion of 19.36 ± 7.96 km3 (0.97 ± 0.39 km3/yr) during the investigated period (Figure 13).



Figure 13 shows the secular trend images for GWS estimates generated from CSR mascon (Figure 12a); JPL mascon (Figure 12b); and the average of the two solutions over NSAS, New Valley. Figure 13 indicates that the NSAS, New Valley, experienced average negative (−2.2 mm/yr) GWS trends over the investigated period.



The spatial distributions of GWS trends slightly varied with the source of the GRACE mascon data. For example, in the case of the CSR mascon solutions (Figure 12a), for areas witnessing a negative (−2.4mm/yr) GWS trend over the New Valley, the JPL mascon-derived trends (Figure 2b) were slightly (9%) lower than mean trends, which witnessed a uniform negative (−1.98 mm/yr) GWS trend. This is probably related to the approaches used to generate the TWS products. For example, the JPL mascon was generated from 3° spherical caps, and the CSR mascon was generated from a 1° hexagon (in Section 2.2.3).



A time series of ΔGWS was analyzed (Figure 14). According to the change detection analysis, there are two trends over the entire period. One was a downward trend in the first 12 years (April 2002–November 2013) of the investigation, with NSAS in New Valley experiencing depletion of 1.18 ± 0.42 km3/yr. The other was a flat or weak augmentation trend following this over the remaining eight years (December 2013–July 2021). The groundwater storage of NSAS in New Valley might experience a non-significant trend of increasing ΔGWS (0.38 ± 0.23 km3/yr) during this period (Figure 13 and Figure 14).





4. Discussion


4.1. Population Growth and Production Changes


The population of the New Valley Governorate grew from 160,281 in 2002 [69] to 257,772 in 2021 [3], increasing by approximately 60% (Figure 15a). Even today, the population of the study area is still increasing. The population of Egypt is also increasing.



Figure 15c shows the development index for the total agricultural and food production in Egypt, which was extracted from the Egypt Statistical Yearbook.



Generally, the growing population demands more land for basic living needs, such as food and housing. With the growth in the population in the three oases in New Valley, food production has increased correspondingly. It is an aspect that the agricultural land has increased as the population of the oasis residents and the residents’ demand; however, the most important reason is the land reclamation driven by the Egyptian government and agribusiness companies [7].




4.2. LULC Changes Analysis


In 1960, the Egyptian government proposed the “New Valley Project”, which was in-tended to cultivate new cropland and re-cultivate the ancient cropland, which had been gradually abandoned [100]. This project covered about 458,000 km2, extending across the Kharga, Dakhla, and Farafra Oases. The urban area in the Dakhla and Kharga Oases has been relatively stable in recent years; it has undergone small expansions, but there have been no significant overall changes. A detailed analysis of the transition of LULC classes (Table 5) revealed that human–environment interactions have shaped the LULC dynamics of the study area. For example, contrary to what is commonly believed, the urban area in all three oases of the New Valley has experienced conversion into other land cover types (e.g., agricultural land) (Table 5). This somewhat unconventional land-use transition may be linked with local land use habits, which are predominantly influenced by environmental disturbances and climate change [101,102]. In the desert areas, the decreased rainfall and increased evapotranspiration demand in the oases may lead to water scarcity and land degradation. These problems might be prevented by modifying agricultural practices (including irrigation and drainage techniques) and applying plant rotation. The progressive surface water body area changes in the three oases represent a response to the usage of groundwater [94,95], which might also be used as an indicator of groundwater use. Galal and Darwish (2020) [94] also indicate that the formation of wastewater can mainly be attributed to the rapid expansion of agricultural areas, which has placed the study area under substantial stress.




4.3. Water Usage Analysis


One of the main purposes of our study is to determine whether the amount of water extracted is consistent with the actual water used for agricultural and domestic purposes.



In 2011, there was a decrease in the per unit value irrigation water usage (Table 6). The specific reasons for this can be traced back to the Egyptian revolution that took place in 2011. This revolution was a remarkable event in the modern history of Egypt. Labor protests across Egypt reached unprecedented scales [103]. All industries were affected so much that the GDP levels were forecast to be the lowest in recent years [104].



Due to its extremely arid climate, with an annual precipitation close to 0 mm, the water used for irrigation in the study area is solely dependent on groundwater from the Nubian Sandstone Aquifer System. Changes in GWS can be attributed to climatic and anthropogenic factors. No correlation between GW changes and atmospheric hydrological fluxes (P, ET, PET) [49] can be seen. The human factors involved are described in Section 4.1: the human-related ongoing increase in water consumption in the study area heightens the competition between human needs (anthropogenic activities) and natural resources, supporting the idea that there is a strong correlation between increased cultivated area and groundwater extraction. From the results of this study, it can be seen that groundwater usage changed due to increased levels of human activities related to irrigation, which led to a decrease in groundwater.



The annual average depletion rate of GWS in New Valley was calculated to be 1.18 ± 0.42 km3/yr for 2002 to 2013 and 0.97 ± 0.39 km3/yr for 2002 to 2021. The overall amount of water used in New Valley for domestic purposes and irrigation was calculated as 18.62 km3. The groundwater storage changes in New Valley were extracted using GRACE and estimated to be 19.36 ± 7.96 km3. Thus, the water usage for domestic and agricultural purposes is comparable with the rate of groundwater depletion. As a result, in this study we analyzed the long-term (April 2002–November 2013, December 2013–July 2021) time series of monthly GWS calculated from GRACE observations over New Valley using breakpoint detection. The reported groundwater extraction rate, which is 19.36 ± 7.96km3 (0.97 ± 0.39 km3/yr), is consistent with the LULC-derived (irrigation and domestic) water use trends which is 18.62 km3 (0.93 km3/yr) over the entire investigated period. The overall irrigation water use from 2002 to 2021 was 18.1 km3—as the primary water consumption sector, agricultural land consumes more than 90% of the available water resources.





5. Conclusions


This study attempted to quantify the water consumption in a hyper-arid region—New Valley, Egypt—using two different approaches: LULC based on optical remote sensing data and groundwater storage changes based on Gravity Recovery Climate Experiment (GRACE) satellite data.



Land use land cover (LULC) distribution development was mapped in three main oases in New Valley, Egypt. The results show that rate of change in LULC in the three cases was increased. Deserts have increasingly been turned into agricultural land. The agricultural area and irrigation water use increased continuously from 2002 to 2021 because of the land reclamation. The progressive surface water body area changes, which might indicate groundwater use.



As the primary water consumption sector, agricultural land consumes more than 90% of the available water resources. The population and food production also increased. The total irrigation water was calculated as 18.1 km3, whereas the domestic water was calculated as 0.52 km3 from 2002 to 2021 in New Valley, Egypt. The overall water use was calculated as 18.62km3, which is 0.93 km3/yr on average.



GRACE satellite data for groundwater storage changes were calculated as 19.36 ± 7.96 km3 (1.01 ± 0.42 km3/yr) in the study area from 2002 to 2021.



The actual water use of New Valley and changes in the groundwater storage in this region were quantified for the first time and compared with the results of prior research. The trend of increasing groundwater storage seen since 2014 could be attributed to the in-creased irrigation efficiency, which will be further investigated in future studies. Such in-formation will be vital in the management and mitigation plans for this arid region.
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Figure 1. Location of the different oases in New Valley, Egypt. 
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Figure 2. Research framework. Green indicates the datasets used, orange indicates methods, blue indicates staged results, and yellow final objectives. 
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Figure 3. Land use and land cover classification maps of Dakhla Oasis; (i) distribution of regions in Dakhla Oasis, (a) 1986, (b) 1999, (c) 2002, (d) 2008, (e) 2011, and (f) 2019; refer to Supplementary Figure S1 for all maps from 1986 to 2021. 
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Figure 4. Land use and land cover classification maps of Kharga oasis; (i) distribution of regions in Kharga Oasis, (a) 1987, (b) 1999, (c) 2002, and (d) 2019; refer to Supplementary Figure S2 for all maps from 1987 to 2021. 
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Figure 5. Land use and land cover classification maps of Farafra Oasis; (i) distribution of regions in Farafra Oasis, (a) 1987, (b) 1990, (c) 2002, (d) 2005, (e) 2017, and (f) 2019; refer to Supplementary Figure S3 for all maps from 1987 to 2021. 
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Figure 6. LULC development of the main classes of the three oases in New Valley from 1986 to 2021: (a) LULC development of main classes in Dakhla Oasis from 1986 to 2021; (b) LULC development of main classes in Kharga Oasis from 1987 to 2021; (c) LULC development of main classes in Farafra Oasis from 1986 to 2021. 
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Figure 7. Dakhla Oasis LULC changes from 1986 to 2021. Regions of interest are magnified to display examples of changes from agricultural land to desert, (a) desert to agricultural land, (b) urban to agricultural land, (c) desert to water body, and (d) center-pivot agricultural land. 
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Figure 8. Kharga Oasis LULC changes from 1987 to 2021. Regions of interest are magnified to display examples of changes from agricultural land to desert; (a) desert to waterbody, (b) urban area to agricultural land and desert to urban area, and (c) center-pivot agricultural land. 
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Figure 9. Farafra Oasis LULC changes from 1987 to 2021. Regions of interest are magnified to display examples of changes from agricultural area to desert; (a) desert to agricultural land, desert to waterbody, desert to urban, and (b–d) center-pivot. 
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Figure 10. (a) Cultivated area of three oases and East Oweinat of New Valley; (b) irrigation water use estimation for the cultivated area of the three oases and East Oweinat in New Valley. 
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Figure 11. Correlation between agricultural area extracted using the OBIA (LULC) method and that extracted using the threshold method from 2002 to 2021 in the three oases of New Valley, (a) Dakhla Oasis, (b) Kharga Oasis, (c) Farafra Oasis. 
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Figure 12. The spatial changes of ΔGWS between April 2002 and July 2021 were extracted from two GRACE mascon solutions; (a) CSR-GRACE/GRACE-FO mascon solution and (b) JPL-GRACE/GRACE-FO mascon solution. 
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Figure 13. ΔGWS time series from two GRACE mascon solutions (shown in Figure 10) and its arithmetic mean during the study period in New Valley. Also shown (blue line) is the linear trend in ΔGWS for the entire investigated period (April 2002–July 2021). 
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Figure 14. Change detection analysis in ΔGWS (average of two GRACE mascon solutions). Blue lines represent two different trends for the periods April 2002 to November 2013 and December 2013 to July 2021. 
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Figure 15. (a) Total population development of the study area; (b) total population development of Egypt; (c) development index for the total amount of agricultural and food production in Egypt (2001–2019); source: Egypt Statistical Yearbook [2,3,69,70]. 
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Table 1. The population of the three oases in the New Valley Governorate (2017).






Table 1. The population of the three oases in the New Valley Governorate (2017).





	
Oasis

	

	
Population




	
Urban

	
Rural

	
Total






	
Kharga

	
Kharga

	
71,936

	
18,078

	
90,014




	
Baris

	
5568

	
7991

	
13,559




	
Dakhla

	
Balat

	
3457

	
8776

	
12,233




	
Dakhla

	
23,216

	
66,405

	
89,621




	
Farafra

	
Farafra

	
6817

	
29,003

	
35,820








1. Note: Kharga and Dakhla Oases have been divided into two administrative districts (markaz) since 2006. 2. Source: CAPMAS, Final Results of Population, Housing, and Establishments (in Arabic), 2017, Table 1.
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Table 2. Datasets used in this study.
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Dataset Category

	
Study Area

	
Sensor

	
Date

	
Resolution

	
Path/Row

	
Source






	
Remote sensing

data

	
Dakhla Oasis

	
Landsat TM

	
1986

	
30 m

	
P177/R42

	
USGS




	
~




	
2011




	
Landsat OLI

	
2014




	
~




	
2019




	
Sentinel-2

	
2021




	
Kharga Oasis

	
Landsat TM

	
1987

	
30 m

	
P176/R42-P176/R43




	
~




	
2011




	
Landsat OLI

	
2014




	
~




	
2019




	
Sentinel-2

	
2021




	
Farafra Oasis

	
Landsat TM

	
1987

	
30 m

	
P178/R41-P178/R42




	
~




	
2011




	
Landsat OLI

	
2014




	
~




	
2019




	
Sentinel-2

	
2021




	
Three oases

and

East Oweinat

	
Landsat 7 Collection 1

Tier 1

8-Day

NDVI Composite

	
2002~2021

	
30 m

	
Three oases

and

East Oweinat

	
Google Earth

Engine Platform




	
GRACE

	
New Valley

	
GRACE

	
2002~2021

	
0.25°/0.5°

	
-

	
CSR/JPL

	




	
Statistical data

	
Egyptian Statistical Yearbook [2,3,69,70]




	
Reference data

	
Google Earth Pro

	
P176/R42-P178/R42
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Table 3. Land use land cover classification system.






Table 3. Land use land cover classification system.





	
Level 1

	
Level 2

	
Definition






	
Agricultural land

	
-

	
Area cultivated for crops




	
Water body

	
-

	
Includes lake-covered land, agricultural drainage, and artificial water tanks




	
Urban

	
Man-made

	
Human inhabited areas such as cities and countryside




	
Bare land

	
Land with spectral characteristics close to fallow farmland, abandoned cultivated land, and residential areas




	
Desert

	
-

	
Barren areas with completely sandy ground, little vegetation, low levels of rain, dry air
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Table 4. LULC classification accuracy from 1986 to 2021.
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	Dakhla
	Kappa

Coefficient
	Overall

Accuracy (%)
	Kharga
	Kappa

Coefficient
	Overall

Accuracy (%)
	Farafra
	Kappa

Coefficient
	Overall

Accuracy (%)





	1986/03
	0.93
	95
	1987/02
	0.96
	97
	1987/01
	0.95
	97



	1989/03
	0.92
	95
	1990/03
	0.93
	96
	1990/03
	0.87
	94



	1992/03
	0.94
	96
	1993/03
	0.91
	94
	1993/03
	0.91
	95



	1996/03
	0.92
	95
	1996/02
	0.97
	98
	1996/03
	0.94
	97



	1999/03
	0.87
	92
	1999/03
	0.97
	98
	1999/03
	0.93
	96



	2002/03
	0.86
	89
	2002/01
	0.94
	97
	2002/01
	0.92
	95



	2005/03
	0.84
	88
	2005/03
	0.95
	97
	2005/03
	0.90
	93



	2008/03
	0.80
	86
	2008/03
	0.95
	97
	2009/03
	0.93
	95



	2011/03
	0.81
	87
	2011/03
	0.97
	98
	2011/03
	0.93
	96



	2014/03
	0.78
	84
	2014/03
	0.97
	98
	2014/02
	0.95
	97



	2017/03
	0.91
	94
	2017/03
	0.98
	99
	2017/03
	0.93
	96



	2019/03
	0.94
	95
	2019/02
	0.96
	98
	2019/03
	0.94
	96



	2021/03
	0.86
	91
	2021/03
	0.97
	98
	2021/03
	0.94
	96
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Table 5. Transition matrix showing the changes in the area of each class in the three oases of New Valley during the study period (km2).
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Dakhla Oasis_(km2)




	
1986–2021

	
Agricultural

	
Water

	
Urban

	
Desert




	
Agricultural

	
111.20

	
0.67

	
27.47

	
4.21




	
Water

	
0.05

	
0.94

	
0.10

	
0.08




	
Urban

	
48.70

	
0.84

	
46.18

	
13.90




	
Desert

	
246.87

	
2.86

	
161.90

	
-




	
Kharga Oasis_(km2)




	
1987–2021

	
Agricultural

	
Water

	
Urban

	
Desert




	
Agricultural

	
43.77

	
0.01

	
11.15

	
2.10




	
Water

	
0.17

	
0.11

	
0.10

	
0.05




	
Urban

	
36.71

	
0.08

	
38.90

	
11.28




	
Desert

	
86.41

	
2.31

	
120.90

	
-




	
Farafra Oasis_(km2)




	
1987–2021

	
Agricultural

	
Water

	
Urban

	
Desert




	
Agricultural

	
10.46

	
0.40

	
4.96

	
1.90




	
Water

	
1.71

	
1.466

	
1.42

	
0.75




	
Urban

	
4.10

	
0.26

	
2.62

	
1.90




	
Desert

	
261.60

	
5.80

	
230.30

	
-
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Table 6. Irrigation water use for per unit value [W Egypt/A Egypt] calculated from the Egypt Statistical Yearbook from 2002 to 2019.






Table 6. Irrigation water use for per unit value [W Egypt/A Egypt] calculated from the Egypt Statistical Yearbook from 2002 to 2019.





	Year
	2002
	2003
	2004
	2005
	2006
	2007
	2008
	2009
	2010



	Water

(m3/m2)
	1.03
	1.07
	1.09
	0.85
	1.16
	1.19
	1.21
	0.94
	1.03



	Year
	2011
	2012
	2013
	2014
	2015
	2016
	2017
	2018
	2019



	Water

(m3/m2)
	0.85
	0.87
	1.01
	1.02
	0.96
	1.14
	1.09
	1.06
	1.02
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