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Abstract: An inexorable depletion of groundwater occurs where groundwater abstraction 16 

exceeds the natural recharge, a typical state of (semi-)arid regions, which calls for sustainable 17 

management of groundwater resources. This study aims to assess the available storage and 18 

recharge rates on a national scale in time and space by modelling the natural recharge in 19 

combination with a method to evaluate changing groundwater volumes, which revealed 20 

measures to quantify the overdraft of the observed national groundwater resources in Jordan. 21 

Applying the combination of hydrological model and method to evaluate changing groundwater 22 

volumes, a climate-driven systematic decline of groundwater recharge was eliminated as 23 

responsible process, while overdraft leads to dropping groundwater tables.  24 

The major findings are, the intensity of groundwater abstraction from a basin becomes visible 25 

through the fact, that simulated baseflow exceeds significantly the observed baseflow. About 26 

75% of Jordan’s groundwater basins are subject to intense groundwater depletion, reaching 27 
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annual rates of up to 1 meter in some basins. The most affected areas are the basins Zarka, 28 

Azraq and the predominantly fossil groundwater reservoirs in Southern Jordan.    29 

Contrasting the past, when variable annual precipitation patterns did not negatively influence 30 

groundwater recharge, simulations show significantly reduced annual groundwater recharge 31 

all over Jordan. Particularly affected is the agricultural backbone in the Jordan Mountains, 32 

where recharge rates are predicted to vary between -30 mm/yr and +10 mm/yr in the coming 33 

decades, being reflected in the disappearance of freshwater springs and ascending saltwater. 34 

The applied methodology is relevant and transferable to other data- and water scarce areas 35 

worldwide, allowing (i) a fast estimation of groundwater reservoir development on a national 36 

scale and (ii) an investigation of long-term effects of overdraft. 37 
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1. Introduction 42 

Particularly in regions, where aridity strongly limits the natural replenishment of exploitable 43 

water resources, water scarcity significantly restricts the environment and the socio-economic 44 

development (Alley et al., 1999; Dillon et al., 2012; UNCCD 2012; FAO, 2015). In addition, 45 

increasing population, expanding irrigated agricultural land and economic development results 46 

in a steadily growing demand for water, which can only be supplied by increasing abstraction 47 

of groundwater (Scheffran and Brauch, 2014; FAO, 2015). The consequences of overdraft are: 48 

i) dropping groundwater levels and associated dry-falling springs and production wells, and ii) 49 

intrusion and upconing of saltwater from the sea and deeper horizons, respectively. If an 50 

aquifer suffers from groundwater level dropping, called groundwater depletion (GWD), it is 51 

either the result of reduced groundwater recharge (GR), increased abstraction (V) or a 52 

combination of both. The problem of groundwater depletion is associated with deterioration in 53 

water quality due to the lack of a multi-year source of surface water, inadequate rainfall and 54 
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excessive exploitation. That situation affects groundwater resources worldwide (Hanasaki et 55 

al., 2008; Gleeson et al., 2010; Purushotham et al., 2010; Litovsky et al., 2016; MacDonald et 56 

al., 2016; Houria et al., 2020). Groundwater depletion is even recognizable from space in more 57 

than 60% of the world’s major aquifers (Richey et al., 2015). Nonetheless, a correct 58 

quantification of depletion is often missing due to sparse data (Rödiger et. al., 2014; Richey et 59 

al., 2015).  60 

However, model-based aquifer management concepts must include groundwater depletion but 61 

often fail due to unavailability of abstractions rates, either due to missing metering or due to 62 

political issues. Since the early 1970s, when Jordan’s industrialization significantly increased, 63 

population grew continuously but particularly from 2007 to 2020 from 6.1 to 10.2 Mio (World 64 

Bank 2020). The population increase caused tremendous groundwater overdraft and 65 

associated groundwater depletion. On national average the depletion reached values of 1 m/yr 66 

with highest rates of up to 2 m/yr in the basins along the western flank of the Jordan Highland 67 

(Goode et al., 2013). 68 

Such depletion is either subject to climatic changes, which result in reduced groundwater 69 

recharge (GR) (Changnon, et al., 1988; Zektser & Loaiciga, 1993; Alley et al., 1999; De Vries 70 

& Simmers, 2002) or to overdraft (Gleeson et al., 2010). To evaluate both on the national scale 71 

is an objective of the present study. The evaluation is based on spatially discretized estimations 72 

of groundwater depletion for each of the 12 groundwater basins of Jordan for the last five 73 

decades. We analyzed the spatiotemporal variable natural water balance components 74 

applying the HBV-based hydrological model J2000g (Kralisch and Krause, 2006). 75 

Subsequently, the observed groundwater volume changes in the considered aquifers have 76 

been compared to the simulated groundwater recharge rates in order to estimate volumetric 77 

changes due to abstraction. Where available, estimated abstraction rates were compared to 78 

measured data to validate groundwater depletion. In a last step, representative concentration 79 

pathway (RCP) climate scenarios (RICCAR, 2020) were applied to force the calibrated 80 

hydrological model to predict changes in groundwater recharge for the region and to predict 81 

natural caused changes of groundwater tables in the next decades. By following a 82 
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retrospective to forward-oriented perception on the development of groundwater resources on 83 

a national level, the present study is intended to provides an additional dimension to the 84 

analyses of such essential and hence strategic resource. Subsuming, this study aimed to find 85 

answers why available groundwater resources in the region show negative volumetric 86 

changes. 87 

2. Study area 88 

The Hashemite Kingdom of Jordan (ca. 89,400 km2) is divided into three main physiographic 89 

provinces: i) the Jordan-Dead Sea-Rift Valley (JDSR), ii) the Western Mountain Highland and 90 

iii) the Eastern Desert, which covers ca. 70% of the territory (Fig. 1A). The meridional JDSR is 91 

a deeply incised valley that starts at mean sea level (msl.) at the Gulf of Aqaba, and drops to 92 

-430 m msl. at the Dead Sea and reaches -210 m msl. at Lake Tiberias (Fig. 1B). Parallel 93 

located to the JDSR is the Western Mountain Highland. With an average elevation of 900 m 94 

msl., it rises steeply from the JDSR and is frequently interrupted by deeply incised Wadis, 95 

which drain the highland. Eastward, the highland pass into the Eastern Desert Plain that 96 

reaches maximum altitudes of 900 m msl.   97 

 98 

Fig. 1: A) Location map of the study area and B) morphological overview showing isohyets, location of 99 

meteorological stations and the location of secondary data for rainfall analyses) 100 
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The climate in Jordan is characterized by a strong gradient: Mediterranean with moderate 101 

rainfall of 200-600 mm/yr in the northwestern mountainous area to arid (<200 mm/yr) in about 102 

90% of the country in the east and south (Fig. 1B). Precipitation is restricted to the hibernal 103 

months, while hot and dry climate prevails between April and September. Annual average 104 

temperatures are highest in the JDSR and in the Eastern Desert (30 °C) and lowest in the 105 

Western Highland (16°C).  106 

Due to these dry climatic conditions, the only natural perennial surface water bodies of Jordan 107 

are the Dead Sea, which is shared with Palestine and Israel, the Lower Jordan River that 108 

emerges from Lake Tiberias and discharges into the Dead Sea and the Yarmouk River, which 109 

originates in the Syrian/Jordanian Hauran and feeds the Lower Jordan River (LJR). The 110 

Highlands are drained westward by ephemeral Wadis which either feed the LJR (Arab, Zarqa, 111 

Shueib, Kafrein and Hisban), or the Dead Sea (Mujib, Zarqa-Ma’aeen, Karak, Hasa and Ibn 112 

Hamad) (Fig. 2A).  113 

The Ministry of Water and Irrigation divides Jordan’s groundwater bodies into 15 basins (A-O 114 

in Fig. 2B), which depend on natural surface drainage basins and comprise a roughly 4,000m 115 

thick multi-layered aquifer complex. That aquifer package contains (i) the deep sandstone 116 

aquifer complex (DSA) of Paleozoic to Lower Cretaceous age, (ii) the upper aquifer complex 117 

(UCA) of Upper Cretaceous to Paleogene age and (iii) within the JDSR only a third, thin and 118 

shallow, locally used Cenozoic aquifer complex (CAC) exists (Fig. 2B).  119 
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 120 

Fig. 2: showing considered (A) surface and (B) groundwater basins in Jordan. Boundaries of the 15 121 

groundwater basins (A-O) are taken from MWI (2015) and surface catchments (1-11) are calculated on 122 

the base of a 30m digital elevation model derived from the SRTM datasets, provided by USGS (2016). 123 

Only those basins are shown, which provide gauging information (MWI, 2015) 124 

Due to the fully arid conditions in the recharge areas of the DSA, groundwaters in that complex 125 

are considered to be non-renewable, contrasting the groundwaters hosted in the UCA and 126 

CAC. Following the dipping of the strata, groundwater in the DSA flows from its outcrops in the 127 

south northward and gets confined the moment the UCA overlies it. Contrastingly, groundwater 128 

in the UCA flows radial from the recharge area in the mountainous highland either northward 129 

towards the Yarmouk River, westward into the JDSR or eastward into the Azraq depression 130 

and the Eastern Desert. 131 

3. Material and Methods 132 
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The hydrological model is based on 45-years long time-series (1970 - 2015) of monthly 133 

meteorological input data and in addition on spatially distributed information on topography, 134 

soil types and land-cover to describe the physio-geographical conditions of the study area. 135 

However, the setup of the model is challenging, since most watersheds in the region lack 136 

meteorological and hydrological measurements, and/or inconsistent or discontinuous time 137 

series or insufficient data quality. The spatial resolutions of alternative rainfall products (i.e. 138 

Tropical Rainfall Measuring Mission (TRMM) and Climate Prediction Centre Morphing 139 

Technique (CMORPH)) were too coarse to close the gap in meteorological data, since 140 

climatological gradients along the rift margins are extremely steep (Sachse et al., 2017). 141 

However, to generate a spatiotemporal consistent meteorological input dataset for the 142 

hydrological model missing rainfall data were complemented by re-analysis data (REA) 143 

(Smiatek et al., 2014). REA is based on rainfall data sets of the National Centres for 144 

Environmental Prediction (NCEP) and provide daily rainfall data with a spatial resolution of 6x6 145 

km, fine enough to reproduce the intense climatic changes along the JDSR (Kunstmann et al., 146 

2007). Furthermore, Representative Concentration Pathway (RCP), which is a greenhouse 147 

gas concentration (not emission) climate scenario adopted by the IPCC (IPCC, 2014) have 148 

been used to force the calibrated hydrological model to assess future possible changes in 149 

groundwater recharge over Jordan.  150 

Climatological data. The applied climatological time series (MWI, 2015) comprise air 151 

temperature, radiation, wind speed and relative humidity from 55 stations and monthly 152 

precipitation data from 119 stations (Fig. 1B) collected between the years 1970 and 2015. The 153 

latter are predominantly distributed over the Western Highland, where the highest amount of 154 

rainfall occurs, while their density becomes extremely sparse elsewhere, particularly in the dry 155 

Eastern Dessert (Fig. 1B). In addition, 405 REA data sets were used, which simulate daily 156 

rainfall on an appropriate 6x6 km raster for the period 1970-2000 and allow hydrological 157 

modelling of the northern JDSR (Kunstmann et al., 2007). To assess the changes in 158 

groundwater recharge as a consequence of climatological changes, RCM-based predictions 159 

of precipitation changes (RICCAR, 2020) for two Representative Concentration Paths (i.e. 160 

https://en.wikipedia.org/wiki/Greenhouse_gas
https://en.wikipedia.org/wiki/Greenhouse_gas
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RCP 4.5 and RCP 8.5) were applied to force the calibrated hydrological model until the years 161 

2046 and 2081, respectively. The results of all four simulation runs were translated into 162 

changes of groundwater recharge ∆GR according to Equation (1).  163 

∆GR = GRS - GRo     (Eq. 1) 164 

with GRS as average mean groundwater recharge of each of the four scenarios while GRo is 165 

the mean groundwater for the time period 1970-2015. Negative numbers indicate a decline 166 

and positive numbers indicate an increase in GR.  167 

Geographical information. Applying a 30x30 m SRTM DEM (USGS, 2016), slope and aspect 168 

were derived and the terrain was classified according to Tilch et al. (2002) into six slope ranges 169 

(s) (Table 1a), into eight 45°-wide aspect classes (A) (Table 1b), and their respective surface 170 

ratios.  171 

Table 1a. Classification of land surface into slope classes 172 

Slope range s 0°< - 2° 2°< - 5° 5°< - 10° 10°< - 15° 15°< - 20° 20°< - 30° 

Surface ratio 0.41 0.47 0.07 0.03 0.01 0.01 

Table 1b. Classification of land surface into principal cardinal directions 173 

Cardinal direction NNE ENE ESE SSE SSW WSW WNW NNW 

Surface ratio 0.42 0.08 0.08 0.17 0.11 0.06 0.08 0.003 

Land cover was differentiated into 12 land cover classes analyzing ASTER images from May 174 

2008. They were later reduced to five classes, which have been identified to be relevant for 175 

the model (Table 2). Specific parameterization variables like leaf area index and stomata 176 

resistance were adopted from literature (Dorman and Sellers, 1989; Körner, 1994; Schulze et 177 

al., 1994; Rödiger et al. 2014) and are given in Table 2. 178 

Table 2: Data for surface resistance and leaf area index of land covers used for the hydrological 179 

simulation (derived from Dorman and Sellers (1989); Körner (1994); Schulze et al. (1994); Rödiger et 180 

al. (2014). 181 
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Land cover/  Area Surface resistance of  Leaf Area Index  
subclasses (%) land cover (s/m) (m2/m2) 
Bare soil / sparse vegetation 84.73 120 – 150 0.2 
Urban 0.59 20 - 
Shrubs 9.32 102 – 323 0.8 
Agriculture (cultivated) 3.82 141 – 303 0.17 - 0.53 
Rangeland (grass)  1.54 80 – 1000 0.2 - 1.6 

Soil properties (i.e. grain size, porosities, field capacities (FCA) and thickness) have been 182 

derived from National Soil Map of Jordan (Ministry of Agriculture, 1994) and used to discretize 183 

the land surface into 162 classes, which were subsequently aggregated within the respective 184 

morphological provinces (Table 3).  185 

Table 3: Soil properties, derived from the National Soil Map of Jordan (Ministry of Agriculture, Jordan, 186 

1994).  187 

 188 

Discontinuous time series of groundwater level measurements were available for the period 189 

1968-2006 and for 123 wells, distributed over the groundwater basins A-O (Fig. 2B) (MWI, 190 

2015). Surface runoff data for the period 1970-2005 (MWI, 2015) were available for 13 surface 191 

catchments (Fig. 2A; Table 4). Among these catchments, Wadi Zarqa is outstanding since it 192 

perennially conveys on average 50 million cubic meters per year (MCM/yr) of treated 193 

wastewater (Al-Omari et al., 2009), which must be subtracted from the observed total 194 

discharge to receive natural flow patterns. 195 
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Table 4: Shows characteristics of observed Wadis (catchment size; the percentage of DSA and UCA 196 

outcrops relative to the entire catchment, observed hydrological parameter and the time period of the 197 

data set. 198 

 199 

Data for mean storage coefficients S (Table 5) were derived from literature (El-Naqa, 1993; 200 

Ayed, 1996; Abdullah et al., 2000, Abdullah and Al-Assa’d, 2006; Rimawi et al., 2012; UN-201 

ESCWA and BGR, 2013; Shawaqfah et al., 2016). The maximum percolation capacities of 202 

each geological unit (Fig. 2B) were derived from Berndtsson and Larson (1987).  203 

Table 5: Characteristics of groundwater basins. 204 

 205 

To evaluate the mid- to long-term changes of groundwater volumes, above described data and 206 

methodologies have been used following the flowchart in Figure (3), which is described in detail 207 
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in the following chapters. 208 

 209 

Fig. 3: Flowchart of methods used in this study. 210 

4. Modelling Runoff and Groundwater Recharge 211 

4.1 Model Setup 212 

Natural groundwater recharge and runoff were estimated for all 15 groundwater basins of 213 

Jordan (Fig. 2B; Table 5) applying the hydrological model J2000g. The core of J2000g is the 214 

soil moisture balance module, which calculates the hydrological water balance components 215 

(evapotranspiration (ET), groundwater recharge (GR), direct runoff (DQ) and soil moisture 216 

content) by taking spatially distributed information about topography, land use, soil type and 217 

climatological input data (rainfall, air temperature, sunshine duration, relative air humidity, wind 218 

speed) (Fig. 3). The detailed mode of operation of J2000g is given in Krause (2001), Krause 219 

and Hanisch (2009) and Krause et al. (2010). 220 
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To spatially discretize the study area, a mesh of regular square elements with varying edge 221 

lengths (500m, 1,000m and 2,000m) was generated. The element size was defined according 222 

to the morphological, climatological and resulting hydrological gradients in a way that the mesh 223 

became finer the stronger gradients are. Hence, within the Western Mountain Highland with 224 

steep hydrological gradients and sufficient density of climate data, elements of 500 m edge 225 

length were defined, while the plains in the east and southeast, with low morphological and 226 

climatological gradients are represented by a mesh with edge lengths of 1-2 km. The basic 227 

mesh was intersected with the river network, whereby additional irregular polygonal elements 228 

were generated. All input parameters were spatially integrated to generate a spatially 229 

discriminated mesh of 88,398 so called hydrological response units (HRU). An HRU is 230 

assumed to respond hydrologically homogenous (Flügel, 1993).  231 

To calculate water balance components for each HRU, discrete climatological input data have 232 

to be spatially interpolated by inverse distance weighting and optional elevation correction. 233 

Accounting for the coarse temporal resolution of the climatological input data, the calculation 234 

is pursued in monthly time steps. For each time step, the model allocates the soil water content 235 

for each HRU considering the soil type specific maximum field capacity (mFC). Soil moisture 236 

storage below mFC can be emptied by ET only. Potential evapotranspiration (PET) is 237 

calculated using Penman–Monteith (described in e.g. Allen et al. (1998)) and can be adjusted 238 

globally for all HRUs by a calibration parameter β (Table 6).  239 

Runoff from HRUs is produced, when rainfall intensity exceeds the infiltration capacity of the 240 

soil or soil moisture exceeds mFC. Then, runoff is divided into GR and DQ. The ratio between 241 

both is controlled by surface slope (α) and the ratio of vertical to horizontal discharge (LVD), 242 

which varies between 0 and 1. The generated GR is further split by the calibration coefficient 243 

(γ) into two groundwater reservoirs, which react fast (GWS1) and slow (GWS2). Each of the 244 

reservoir types is characterized by a retention coefficient (k) and represented by a linear 245 

storage cascade (Nash, 1958) of n reservoirs and forms baseflow (BQ). Eventually, total 246 

stream flow of a catchment is the sum of DQ and BQ from each HRU.  247 
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Most of the observed catchment areas are dominated by outcropping UCA (Table 4). Hence, 248 

an initial uncalibrated J2000g model was set up with an a-priori parameter set (Table 6), which 249 

has been successfully applied in a typical UCA catchment with a double porosity aquifer (Wadi 250 

Al Arab, cf. Rödiger et al. (2014)).   251 

Table 6: A-priori input parameter for the initial uncalibrated model run 252 

Parameter Value Implication 

mFC 1 National Soil Map of Jordan; (Ministry of Agriculture, Jordan, 1994) 

β 1.2 Correction factor for the calculated PET (1.2 slight increasing PET) 

LVD 0.7 increased vertical discharge 

γ 0.7 70% fast (DSW1) and 30% slow (DSW2) 

k1  1.75 
well-drained karst aquifer 

n1 4 

k2 45 
considerable matrix flow of the aquifer 

n2 2 

4.2 Parameterization  253 

To determine the ability of the model to reproduce measured total surface runoff as a function 254 

of the applied rainfall input datasets, in particular the usability of REA, three runs were 255 

performed as initial test to compare simulated versus observed runoff data applying i) available 256 

rain gauge data, ii) REA data and iii) a combination of rain gauge and REA data. Correlation 257 

coefficients of determination were calculated for each catchment and finally combined to a 258 

mean R2 value. The results indicate that for runs driven by rain gauge data, the simulated 259 

runoff exceeds the observed runoff, while results are inverted for REA driven simulations. 260 

Figure 4 shows results for two exemplary catchments. Since the best results are achieved 261 

when taking a combined input file, containing rain gauge and REA data, the model’s calibration 262 

was performed using these combined datasets.  263 
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 264 

Fig. 4: Comparison of observed and simulated runoff at 2 exemplary catchments a) Wadi Karak and b) 265 

Wadi Zarka. The results are presented as function of applied input data: (i) available rain gauge (RG) 266 

data (black squares), (ii) rainfall reanalysis (REA) data (white circles) and (iii) combination of both 267 

RG+REA data (grey circles). The black line indicates the 1:1 line.  268 

4.3 Calibration and Validation 269 

The standard split-sample tests (see e.g., Klemeš, 1986) were used for the calibration-270 

validation approach. Observed total runoff from catchments draining towards the JDSR (Fig. 271 

2A, Table 2) was used to calibrate the a-priori model and validate the simulated runoff. Since 272 

runoff is composed of direct surface runoff (DQ) and baseflow (BQ), the model was calibrated 273 

step-by-step against both (DQ and BQ), to identify the best parameter sets. That process 274 

revealed that baseflow dynamic is predominantly controlled by groundwater reservoirs GWS1 275 

and GWS2. For this reason, only k1, n1, k2 and n2 were adjusted by best-fit method, while other 276 

parameters remained constant (Table 6). From Figure 5 it becomes obvious, the highest 277 

correlation between simulated and observed runoff was achieved using parameter set k1=1.8, 278 

n1=1, k2=40 and n2=2 (Fig. 4d). To validate the model the simulated annual groundwater 279 

recharge rates is compared to available data from studies investigating surface drainage 280 

basins (Amro et al., 1999; Schulz et al., 2013; Rödiger et al., 2014) and groundwater basins 281 

(Al Kuisi and El-Naqa, 2013; UN-ESCWA and BGR, 2013; Al-Naber, 2016) all over Jordan 282 

(Fig.6). The simulated mean annual groundwater recharge rates fit well (R2 0.96) to those of 283 

the previous studies, indicating the validity of the simulated recharge and hence the 284 

reproducibility of the general hydrological behavior of the entire study area.  285 
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 286 

Fig. 5: Observed vs. simulated baseflow for four exemplary catchments (W. Mujib, W. Kafrein; W. 287 

Shueib and W. Hisban) for different parameter sets of k and n, having fast (k1 and n1) and slow (k2 and 288 

n2) reacting reservoirs. The 1:1 line is given as grey line.  289 

 290 
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Fig. 6: Boxplot of calculated groundwater recharge rates for exemplary catchments. For comparison, 291 

results from literature sources are shown in or nearby the respective catchment boxes.  292 

5. Determining Groundwater Depletion 293 

The observed annual GWD in Jordan is most probably not the result of climate change, since 294 

climate data show no negative trend in rainfall during the simulation period (1970-2015). Time 295 

series of groundwater tables have been assessed for each of the groundwater 296 

basins/catchments and any observed annual groundwater depletion (GWDA) (Fig. 2) is 297 

interpreted by Wada et al., (2010) as result of groundwater abstraction, exceeding the natural 298 

recharge rates (Equation (2),  299 

𝐺𝐺𝐺𝐺𝐺𝐺𝐴𝐴 =  |𝐺𝐺𝐺𝐺𝐴𝐴 − 𝑉𝑉𝐴𝐴|  (Eq. 2) 300 

with GRA [m3/yr] as groundwater recharge, derived from the hydrological model and 301 

aggregated for each groundwater basin, and VA [m3/yr] as mean annual groundwater 302 

abstraction rates. Hence, in this study we define groundwater depletion (GWDA) as the rate of 303 

groundwater abstraction in excess of natural recharge rate. To determine VA, the following 304 

calculations are necessary. 305 

The changes in groundwater volumes ∆V [m3] in the basin over the entire observation period 306 

Tobs in years [aobs] can be determined according to Equation (3) (Hölting and Coldeway, 2013):  307 

∆𝑉𝑉 = 𝑆𝑆 × ∆ℎ𝑚𝑚 × 𝐴𝐴𝐴𝐴  (Eq. 3) 308 

with S [-] as storage coefficient (Table 6), ∆hm [m] as mean groundwater table change in the 309 

entire basin over the observation period Tobs and AA [m2] as lateral extension of the aquifer. To 310 

reproduce ∆hm for each groundwater level measurement in the respective aquifer, the total 311 

groundwater table change ∆hobs are calculated according to Equation (4): 312 

∆ℎ𝑜𝑜𝑜𝑜𝑜𝑜 =  𝐻𝐻𝑡𝑡 − 𝐻𝐻0   (Eq. 4) 313 

where ∆hobs [m] is the total water level change [m], H0 and Ht represent the absolute 314 

groundwater level [m msl.] at the begin and end of the observation period, respectively. 315 

Thereafter, all calculated hobs of the respective aquifer in the entire basin are averaged to the 316 
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mean groundwater table changes hm. Finally, mean annual groundwater abstraction rate (VA) 317 

[m3/yr] are estimated according to Equation (5).  318 

VA = ∆V / Tobs   (Eq. 5) 319 

with ∆V [m3] representing change in groundwater storage and Tobs as respective length of 320 

observation period [aobs] of each of the groundwater basins. 321 

While intensive exploitation of the water resources started in 1975 (Courcier et al., 2005), water 322 

levels changes were considered from 1980 onward only to have a consistent time series for 323 

the calculation of the mean annual groundwater abstraction rates VA. To verify the calculations, 324 

estimated VA was compared with available abstraction rates (MWI, 2015). The results are 325 

summarized in Table 5.  326 

6. Results and Discussion 327 

The regionalized rainfall pattern represents well the climatic gradients, which show highest 328 

rainfall in the NW (>600mm/yr) that steeply declines towards E and SE (Fig. 7a). Being 329 

predominantly controlled by precipitation, calculated groundwater recharge rates resemble its 330 

spatial pattern with highest rates in the mountainous NW (>200 mm/yr) and rapidly declining 331 

rates to less than 20 mm/yr in the JDSR and the eastern and southeastern desert plains (Fig. 332 

7b).  333 
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 334 

Fig. 7: (a) Interpolated mean annual rainfall; (b) estimated mean annual groundwater recharge for 335 

entire Jordan based on an empirical rainfall–runoff relation in the model period 1970-2015 336 

Since groundwater recharge depends on precipitation events, it is restricted to the hibernal 337 

rainy season (Fig. 8).  Average annual precipitation slightly decreases (black dashed line), 338 

groundwater recharge (black solid line) remains constant during simulation period but is 339 

neglectable (<3mm/yr) during dry years and wherever annual rainfall falls below 50 mm/yr (Fig. 340 

8). From these observations, it can be concluded the nationwide observed aquifer depletion 341 

(Figs. 11 and 12) is rather caused by overdraft than climate change.  342 

Applied and evaluated for the entire Kingdom of Jordan, the model gives averaged annual 343 

water budget components for the period 1970 to 2015 as follows: rainfall 92.5 mm, actual 344 

evapotranspiration 83.9 mm, surface runoff 2.7 mm. The resulting groundwater recharge 345 

amounts to 5.9 mm. All resulting values are comparable to data from NWMP (2004).  346 
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 347 

Fig. 8: Simulated monthly groundwater recharge (red) and monthly rainfall (dark blue) in (mm/month) 348 

versus annual rainfall (grey column) in [mm/a]. Trend of monthly rainfall are shown as black dashed 349 

line, trend of monthly groundwater recharge is shown as black solid line. Mean annual rainfall is shown 350 

as dotted line. Red and blue arrows mark exceptional dry and wet years, respectively, during which 351 

average precipitation deviates by >36% from average (Salameh et al., 2018).  352 

The results by the hydrological model show a general conformity between observed and 353 

simulated runoff. Simulated runoff varies within certain ranges which depends on the applied 354 

calibration parameter sets (Fig. 9). However, if baseflow sources originate partly from UCA but 355 

predominantly from DSA (Figs. 9c-f), simulated runoff is much smaller than observed runoff. 356 

That observation reveals the limited applicability of hydrological models in catchments, which 357 

either have more than one groundwater stockwork contributing to the baseflow formation or 358 

where subsurface drainage basins differ significantly from the surface catchment. In all four 359 

catchments (Ibn Hammad, Shueib, Hisban and W. Drea) baseflow is generated from both, 360 

UCA and DSA. Models such as J2000g simulate hydrological processes within the catchment 361 

of a certain river and consider the water-bearing geological formations as restricted to the same 362 

surface catchment boundaries. However, deep large-scale aquifers like the DSA often possess 363 
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subsurface drainage basins exceeding the overlaying local surface catchments. Hence, in 364 

surface catchments, which receive groundwater discharge from both, a local shallow and a 365 

much larger deep aquifer, simulated total runoff considerably underestimates baseflow as 366 

observed in the Wadis Ibn Hammad and Drea (Figs. 9e, f).  367 

 368 
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Fig. 9: Showing exemplary results for simulated vs. observed runoff (a, b) and simulated vs. observed 369 

baseflow (c-f), using best fit calibration parameter set k1=1.8, n1=1, k2=40 and n2=2. Geologically, in 370 

catchments a and b the formations of the Upper Cretaceous Aquifer Complex (UCA) dominate and in 371 

catchments c-f the Deep Sandstone Aquifer complex (DSA) contributes considerably. 372 

A second phenomenon is observable in many catchments, where simulated versus observed 373 

total monthly runoff may resemble each other (i.e. Wadis Wala, Mujib, Shueib, Isal, Hisban). 374 

With onset of the 1990s, simulated runoff significantly exceeds the observed total runoff. A 375 

phenomenon, which is even observable in Wadi Ibn Hammad, where J2000g systematically 376 

underestimates baseflow due to the above described facts until the 1990s. That discrepancy 377 

is interpreted as anthropogenic impact. The increasing overdraft particularly of the UCA, 378 

resulted in dropping groundwater tables and accompanied by a reduction of baseflow. Such 379 

changing conditions show circumstances, where the applicability of hydrological models is 380 

again limited. They are not able to consider groundwater abstraction, which may cause 381 

dropping groundwater tables not to mention conditions, where baseflow disappears. 382 

Consequently, continuously declining baseflow cannot be processed and the simulated runoff 383 

(as sum of baseflow and surface flow) exceeds the observed.  384 

6.1 Future groundwater recharge scenarios  385 

To assess, how groundwater recharge will react on future climate changes, the calibrated 386 

hydrological model was forced with climate input files, which base on scenarios of seasonal 387 

precipitation changes (RICCAR 2017). The results of both RCP scenarios (4.5 and 8.5) show 388 

a dramatically declining average annual groundwater recharge for Mid (2046) and End (2081) 389 

of the century (Fig. 10). Depending on the scenario, the decrease of groundwater recharge is 390 

low (ca. 1%) taking RCP 4.5, while it worsens to 5-13% until 2046 and 2081, respectively under 391 

RCP 8.5 conditions. These results are in good agreement to model-based estimations by 392 

Siebert et al. (2014). The most important result is that the Western Mountain Highland, as 393 

agricultural backbone of the Kingdom, will suffer most under all scenarios. There, groundwater 394 

recharge will be reduced by up to 30 mm/yr. Contrastingly, in the rest of the country, particularly 395 
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in the eastern and south-eastern desserts, an increase in groundwater recharge of 1-2 mm/yr 396 

can be expected.  397 

 398 

Fig. 10: Base on predictions of seasonal precipitation changes of RICCAR (2017) the calibrated 399 

hydrological model was used to assess changes in groundwater recharge. The shown groundwater 400 

recharge difference in mm/a was calculated by average annual groundwater recharge for the 401 

scenarios RCP 4.5 (b-c) and RCP 8.5 (e-f), Mid (2046) and End (2081) centuries) minus the average 402 

annual groundwater recharge for the time period 1970-2015.  403 
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6.2 Groundwater depletion 404 

Taking the groundwater hydrographs from 123 wells all over Jordan, changes are well 405 

observable (Figs. 11, 12). For each basin, a minimum of 5 representative groundwater 406 

hydrographs (solid lines in Fig. 11, 12) are used to analyze the average fluctuation range of 407 

the water level change (grey areas in Fig. 11, 12). The averaged hydrograph for each basin is 408 

shown as dotted line, clearly indicating the generally falling water tables. Courcier et al. (2005) 409 

report a moderate drawdown of up to 10 m until mid 1970s for most basins, while the 410 

exploitation of the water resources increased sharply during the following decades and caused 411 

steep groundwater table droppings until the end of the observation period. The largest 412 

drawdown occurred in the heavily exploited A7/B2 aquifer, where groundwater tables dropped 413 

locally by more than 40 m (i.e. Fig. 11a). In contrast and due to the late onset of abstraction in 414 

the 1990s, groundwater tables in the alluvial aquifers of the JDSR dropped comparably 415 

moderate (maximum of 25 m) during the observation period (Fig. 12). The mean groundwater 416 

level changes ∆h of each groundwater basins are shown in Table 5.  417 
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 418 

Fig. 11: Analyses of the groundwater level changes ∆h (max, min, mean) for aquifer A7/B2 and B4/B5. 419 

The mean annual groundwater abstraction rate (VA) was estimated according to Equation (5). 420 

To validate VA the simulated numbers were set in correlation to abstraction rates provided by 421 

UN-ESCWA and BGR (2013) and MWI (2015). Table 5 illustrates, predicted vs. known annual 422 

abstraction of the respective groundwater basins are in good agreement. Exceptions are the 423 

Yarmouk and Disi basins, which had to be cut at the borders to Syria and Saudi Arabia, 424 

respectively, since their extensions into the neighboring countries is unknown. Consequently, 425 

the size of the two catchments is too small causing insignificant values for both, groundwater 426 

recharge and abstraction rates. The estimated VA very much varied between the groundwater 427 

basins, e.g. in the Ajloun, where almost no abstraction occurs, the abstraction rate was 0.2 428 

MCM/yr only, while in the Zarka catchment the abstraction rate reaches a value of 118.4 429 
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MCM/yr. The results show that abstraction rates are up to four times larger than the 430 

groundwater recharge in the respective basin. It is apparent, beside A7/B2, that also the 431 

shallow B4/B5 and the predominantly fossil and deep DSA (e.g. Jafr and Disi basins) suffer 432 

significantly from overdraft.  433 

 434 

Fig. 12: Analyses of the gw level changes ∆h (max, min, mean) for alluvium aquifer, Ram-Sandstone 435 

aquifer, basalt aquifer and aquifer A1/A4.  436 

 437 

All previous results in terms of annual groundwater recharge (Fig. 13a), groundwater level 438 

changes (Fig. 13b), annual groundwater abstraction rates (Fig. 13c), and average annual 439 

groundwater depletion (Fig. 13d) are mapped for Jordan for the observation period 1970-2015. 440 
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Negative values for groundwater depletion (Fig. 13d) indicate basins, where abstraction 441 

exceeds the natural recharge. Hot spots of groundwater depletion are observable in Azraq, 442 

Disi and Zarqa basins, where deficits exceed 30 MCM/yr (red color). Similar dimensions were 443 

estimated analyzing GRACE data (Wada et al., 2010; Döll et al., 2014). According to our 444 

analyses, more than three-quarter of Jordan’s groundwater resources are seriously affected 445 

by strong groundwater depletion. Moreover, the consequences are not only dropping 446 

groundwater level and accordingly increased pumping costs, but also the deterioration of water 447 

quality that is increasingly observable in each of the affected groundwater basins. 448 

 449 

Fig. 13: (a) Simulated average groundwater recharge by J2000g [MCM/yr] (letters A-O indicate 450 

groundwater basins), (b) analyzed mean water level changes Δh [m], c) estimated mean annual 451 
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groundwater abstraction [MCM/yr] and (d) mean annual groundwater depletion [MCM/yr]. 452 

Applying the combination of hydrological model and a method to evaluate changing 453 

groundwater volumes, a climate-driven systematic decline of groundwater recharge was 454 

eliminated as responsible process, while overdraft leads to dropping groundwater tables in 455 

Jordan. The major findings are, the intensity of groundwater abstraction from a basin becomes 456 

visible through the fact that simulated baseflow by the hydrological model exceeds by far the 457 

observed. 458 

 459 

7. Conclusions 460 

The aim of the study was to provide an overview about the level of anthropogenic groundwater 461 

depletion in Jordan. The very limited data availability that often characterizes arid regions adds 462 

a significant challenge in obtaining reliable results. Here, the development of a hydrological 463 

model, the interpretations of water level changes and the estimations of annual abstraction 464 

rates were realized to evaluate groundwater depletion. The different processing steps were 465 

affected by (i) a limited hydrogeological dataset (e.g. hydraulic parameters, water levels) and 466 

(ii) incomplete datasets of abstraction rates, precipitation data and hydrograph gauging 467 

stations.  468 

The high spatial data uncertainty of rain data in the hydrological model was partly improved by 469 

a combination of measured rain gauge data and REA data. It was shown that the proposed 470 

approach could help to improve the model adaptations and thus the model prediction. At the 471 

example of Jordan the limits of hydrological modeling when predicting heavily overused 472 

groundwater resources could be clearly shown. The falling groundwater levels in the study 473 

area lead to dropping baseflow and hence observable surface runoff. That process cannot be 474 

represented in the hydrological model, which means that a continuously decreasing baseflow 475 

cannot be processed and the simulated runoff (as the sum of baseflow and surface runoff) 476 

exceeds the observed value.  477 

Nevertheless, the modeling enables the seasonal fluctuations in groundwater recharge to be 478 
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reconstructed over a period of 45 years. Results show a very slight decrease in the rainfall, 479 

which does not affect groundwater recharge.  480 

We found that changes in groundwater recharge were mainly driven by changes of 481 

precipitation. Base on predictions of seasonal precipitation changes of RICCAR (2017) we 482 

estimated the potential changes of groundwater recharge: following RCP 4.5 groundwater 483 

recharge ranges between -1% and +7%. In contrast, a general decline in groundwater 484 

recharge between -5 and -13% is expected under RCP 8.5. Furthermore, all scenarios show 485 

that the major changes of groundwater recharge are highly likely in the Jordan Mountains with 486 

decreases of over 30mm/yr and increases of over 10mm/yr. The RCP 4.5 and 8.5 scenarios 487 

also show that an increase in groundwater recharge of 1-2 mm/yr can be expected in the 488 

Eastern Desert.  489 

The estimated abstraction rates indicate that beyond the overexploited aquifer A7/B2, also the 490 

B4/B5 aquifers and the predominant fossil groundwater reservoirs in the southern part of 491 

Jordan are highly affected by overdraft.  492 

The intense abstraction and the comparable low amounts of natural groundwater recharge are 493 

reflected by the dimension of groundwater depletion. In some parts of the country the depletion 494 

reaches more than 30 MCM/yr, particularly in the Zarka and Azraq basins that both host the 495 

City of Amman and its periphery. Apart from those, also in the predominant fossil groundwater 496 

reservoirs in southern part of the country we observe higher depletion values. Based on the 497 

proposed methods we were able to show that already three-quarters of the country are affected 498 

by severe groundwater depletion.  499 

We consider the applied methodology as relevant and transferable to other data- and water 500 

scarce areas worldwide, allowing (i) a relative quick estimation of groundwater reservoir 501 

development on a national scale and (ii) investigation of long-term effects of overdraft.  502 
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