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1. Introduction 
Auja is the biggest spring in the eastern basin of the Judea and Samaria mountains. Between the years 1967-1999 the annual average discharged of the spring was 9.5 million cubic meters (Mm3; data from the Israeli Hydrological Service). The spring drains the upper region of the Judea group aquifer. The aquifer is laid on top of a formation of marl aquiclude, and is divided into two sub-aquifers: the lower (Kefira formation unto Kesalon) and the upper (Aminadav formation unto Bina). The Moza and Beit Meir formations constitute an intermediate aquitard that separate the two hydrologic sub-aquifers. Over the years, the groundwater of this aquifer has been drown mainly from its lower part in two locations; close to the spring (Mekorot wells, approximately 5 Mm3 per year) and the upper basin areas (Ein Samia wells of the Jerusalem Water Undertaking, approximately 5 Mm3 per year). According to Guttman (2007), the first well in the spring vicinity – the Auja 1 well - was drilled in 1964 by the Jordanian authorities. In the last decades, an established discharge of ~10 million m3 per year is produced from the lower aquifer. At the same time, the discharge from the Auja spring was observed to decrease, so much so that in the last few years the spring is drying out during the summer and flows for only short durations during the winter and spring seasons. In 2009, for instance, the spring discharged only 2.45 Mm3 in total, and in 2010 only 3.25 Mm3.
2. Survey Objectives
The survey objective was to examine the rain-discharge relation of the spring, and to explore the correlation between the pumping from the Mekorot’s Auja-Na’aran and the Ein Smaia wells, and the Auja spring discharge. The survey was conducted in order to draw the attention of decision makers in the appropriate authorities to a possible decreased discharge of the spring. The survey included the following subjects: 
1. Review of previous studies conducted on the basic hydrogeology of the Auja spring (Guttman, 2007; Laronne Ben-Itzhak and Gvirtzman 2005.)

2. Analysis of the rain, groundwater levels, wells discharge and spring discharge data, over a long time range (some of the data was gathered from the 1960s until today). We have examined basic correlations among rainfall, water consumption to wells, static groundwater levels and spring discharge. We have also examined the quality of the data and the degree of its availability and reliability, for the purpose of achieving sound hydrological conclusions.

3. Analysis of the Auja spring discharge mechanism was made by three simple models: (a) “Discrete convolution” model which allows for the examination of the long term stability of a hydrologic state; (b) Reservoirs model which allows the examination of the hydrological mechanisms of a spring discharge and the characterization of the factors that affect it; (c) Multi-variant regression model which allows the examination of the factors that affect the spring discharge.
4. General conclusions regarding the factors that affect the reduction of the spring discharge.

3. Hydrogeology
The aquifer of the Judea group is laid upon a small marl aquiclude and is divided into two subunits (See Figure 1 which is based on the original section of the Auja 2 well conducted on 14.02.1978 by Mekorot and Tahal group), the lower aquifer (Kefira, Giv'at Ye'arim, Sorek and Kesalon formations) and the upper aquifer (Aminadav and some of the Veradim and Bina formations). The Moza and Beit Meir formations are an intermediate aquitard which is a hydrological divide between the two sub aquifers. The aquifer is being recharged from the west by the exposed formations of the upper aquifer Aminadav, Veradim and Bina (marked by C2, C3 and t in the geological map shown in Figure 2), and the lower aquifer exposures (marked by Ic and C1 in the geological map shown in Figure 2.) Since there is a significant hydrological separation between the sub aquifers, in the western part the groundwater level of the upper aquifer is about 400 meters above sea-level, while it is only +200 meters in the lower aquifer. The Auja spring drains the upper configuration of the Judea group, and flows at the altitude of 20 meters below sea level (-20; the Hydrological service data). Hence, the spring is fed by an aquifer layer that has a sharp gradient of groundwater level of ~400 vertical meters over a horizontal distance of only 6-7 Km.
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Figure 1. A stratigraphical and lithographical section near the Auja Spring, based on the original section of Auja 2 well, conducted on 14.02.1978 (Mekorot, Tahal group). Symbols and classification are in accordance with the Laronne Ben-Itzhak and Gvirtzman study (2005).
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Figure 2. Geological exposures in the Auja Area.
4. Hydrology - Data 
4.1. Precipitation
Analysis of the rainfall in the recharge areas of the Auja spring was conducted according to the rainfall depth measured in the Jerusalem and the Jericho stations (The Israeli Meteorological Service data, IMS), starting from the years 1949 and 1963, respectively. The overall annual average of rainfall depth in the Jerusalem station is 580 mm and in the Jericho station 177 mm (30% of the Jerusalem rainfall.)  The monthly rainfall distribution in the two stations is shown in Figure 3. The time distribution of the annual rainfall (in mm) during the 63 years of measurements in Jerusalem is shown in Figure 4a. The variance of the annual rainfall is high, with a standard deviation of 170 mm per year. The graph in Figure 4b examines the assumption that the rainfall follows a normal distribution by arranging the measurements points along a linear fit, where the horizontal axis is the normal distribution. The graph indicates a significant normal distribution. Point color is coded by decade (1950s, 1960s and so forth). Many of the 50s and the 60s rainy years are located in the lower left side of the graph, indicating that these decades were especially arid, a phenomena that is also known from other areas in Israel. This result can also be seen in Figure 4b that compares the average rainfall between the decades. The quartiles distribution of the seasonal rainfall in the Jerusalem station is presented in Figure 4c and demonstrates that the average annual rainfall varies between 1134 mm in the highly rainy season of 1991-1992, to 205.4 mm in the exceptionally arid season of 1950-1951.
Another evidence that the 1950s and the 1960s were exceptionally arid can be found in the recent summary of the annual rainfall published on 2010-2011 (the Hydrological service, 2011), which is presented in Figure 5 and clearly shows that these were drought years. This information is important for the understanding of the decreased discharge observed in the Auja spring. This subject will be further discussed in the following sections.   
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Figure 3. Monthly average rainfall as measured in the Jerusalem (1949-2003) and the Jericho (1963-2000) stations. The meteorological service data. 
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Figure 4. Statistical characteristics of the annual rainfall (mm) in Jerusalem during the 62 years of measurements (1950-2011.) (a) Normal distribution of the annual rainfall; (b) The measured points are arranged along a linear graph where the horizontal axis represents significant normal distribution; (c) Arranging the Jerusalem rainfall distribution by quartiles; (d) Comparing the annual rainfall by decades (1950-2011.)     
[image: image6.wmf]
Figure 5.  A temporal series of the drought index in Jerusalem (adopted from the publication of the Hydrological Service 2011).
4.2. Flow
According to Guttman (2007) records of the Auja spring discharge exist since 1944, but he presents in his paper a graph that only starts at 1954 (Figure 6.)
[image: image7.wmf]
Figure 6. Measured discharge of the Auja spring from 1954 to 1962 (adopted from Gutmann, 2007.) The discharge ordinate is logarithmic. 
Between the years 1976-2000, the spring discharge was consistently and reliably measured by the Israeli Hydrological Service, and these data are used for the current study. Since the middle of the year 2000, the data collection became erratic and is no longer sufficient to be used for the spring discharge analysis. In the hydrological years 2008-2009 and 2009-2010 we utilized the monthly measurements performed by Schmidt and Sauter (2011). The basic data utilized for the hydrological analysis is presented in Figure 7 which shows the spring annual discharge. As mentioned above, we do not have reliable data regarding the annual discharge for the years 2000-2008. 
Typical discharge of the Auja spring during the winter months is naturally dependent on the quantity of the monthly rainfall, and on the aquifer water storage. Under the Israeli climate, the most important factor in analyzing spring discharge is the decrease pattern of the discharge during the dry months (usually starting from the month of May) in which the rain that recharge the aquifer stops completely. In the Auja spring, the higher the discharge during the winter months, the more linear is the discharge graph during the dry period months and the slope of the decrease is smaller. When the discharge of these years is plotted on a logarithmic scale, it remains nearly constant (see for example years 1981 and 1993 in Figure 8, in which the May discharge was intermediate and very high, respectively). However, when the winter discharge is low, it declines during the dry period months in a significant exponential manner, and when the discharge of such years is plotted on a logarithmic scale the discharge decreases very rapidly (for example see the arid years 1987 and 1999 in Figure 8, in which the May discharge was relatively low). 
Analysis of the discharge characteristics during the dry periods allows us to examine simple models of rain-discharge relations, and to reach conclusions regarding the comparison between current and past discharges. This subject will be further discussed in the sections below.   
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Figure 7. Measured discharges in the Auja spring. Top panel – Monthly (liter per second); bottom panel – annual discharge (M m3 year-1)
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Figure 8. An example of monthly discharges in the Auja spring. Right panel – monthly discharge in 1000 m3. Left panel – same discharges on a logarithmic scale. 
An important factor to be considered is the spring discharge as a function of previous year rainfall. In his paper Guttman (2007) rejects this possibility, and subsequently analyzes the declines in the Auja spring discharge as if they were influenced by different spatial distribution of the rainfall. This was his explanation to the fact that different spring discharge rates are observed in years with similar rainfalls. However, it is relatively simple to show that the rainfall of a previous year affects the Auja spring discharge significantly (in contrast to Guttman, 2007), by plotting regression lines between rainfall in given sequential years vs. sequential spring discharge during the same years, year +1, year +2 and year +3 (Figure 9). The results demonstrate that the dependency of spring discharge on rainfall in the past one year (R2=0.28) is almost as strong as the dependency between the spring discharge and the rainfall in the same year (R2=0.32). This effect of past rainfall on the spring discharge completely disappears after two and three years (R2=0.003 and R2=0.0013 respectively), and, of course, later years. This subject will be further demonstrated below in additional ways. 
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Figure 9. Linear regression between rainfall in a given pair of sequential years and sequential spring discharge in the same years (R2=0.32), in year + 1 (R2=0.28), in year + 2   (R2=0.003) and in year +3 (R2=0.0013).
4.3. Groundwater level
Measures of the static water levels in the Ein Samia wells are available only from 1998 and thereafter (Figure 10). The groundwater level in the Ein Samia 1 well is ~400 m above sea level, representing the upper aquifer. The reference point for the well is at 440 meters, and therefore the groundwater depth is about 40 meters. The groundwater levels of the other wells Ein Samia 2, 3, 4 and 6 are much lower (~120 to ~250 meters) representing the lower aquifer. The Rimonim 1 and the Kochav Hashar wells also represent the situation of the lower aquifer. From the available data, we can conclude that the hydrological system ~6 km upstream the Auja’s groundwater basin is steady in time, even though rainfall levels were on decline between the years 2004 to 2010.   
The measurements of the static water levels in the Auja - Na’aran wells are available from the date that these wells commenced - in 1975 (Figure 10). All of the groundwater level data represent the height of the piezometric head of the lower Judea group aquifer near the spring. Joining all the data into one general graph shows a drastic decline in the static water levels, from the -100 meters that was measured in Auja 1 in 1975 to about -280 meters today. It seems that over the years a nearly exponential decline in the groundwater level occurred, a decline that lasted about sixteen years (from 1975 to 1991). The extreme winter of 1992 raised the levels by ~80 meters, but since 1994 the level has returned to ~ 280 meters. It is our assumption that the pumping from the wells caused a significant change of the steady groundwater level of the lower aquifer system from -100 meters, which was observed in the beginning of the 1970s, to the new -280 meters currently. In the following sections we will further discuss the possible implications of this level reduction.
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Figure 10. Groundwater levels. Top panel: Ein Samia, Kochav Hashar and Rimonim wells; Bottom panel: Auja–Na’aran wells separately, and as an annual average value
4.4. Wells and pumping
4.4.1 Field of wells – Auja-Naaran
According to Guttman (2007) the first well in the spring vicinity is Auja 1, which was drilled in 1964 by the Jordanian authorities to a depth of 288 meters. Years later, the Israeli authorities further deepened the well to 536 meters. In 1976 well Auja–Na’aran 2 was drilled to a depth of 615 meters to replace the old Auja 1 well (the Hydrological Service data). In 1978 the Auja–Na’aran 3 well was drilled to the depth of 738 meters, and in 1980 the Auja–Na’aran 4 well was also drilled to the depth of 650 meters. Additional wells Jericho 5, Rimonim 1 and Fazael 9 that take advantage of the lower Cenomanian aquifer were drilled in nearby areas. The rate of pumping in these wells over the years is presented in Figure 11.
Table 1. Properties of the wells Auja, Fazael, Rimonim and Kochav Hashar that draw from the Ma’ale Efraim basin. 
[image: image12.emf]ID Name Code Cell Aquifer User X Y Depth mrefference Year

14618801MK Jericho 5 661 Ma'ale EfraimL. CenomanianMekorot 238250 646850 731 -40.16 1980

14918601MK Uja Na'aran 4 661 Ma'ale EfraimL. CenomanianMekorot 236730 649590 650.5 52.23 1980

15018001MK Rimonim 661 Ma'ale EfraimL. CenomanianMekorot 230910 650240 747 571.85 1989

15018601MK Uja Na'aran 3 661 Ma'ale EfraimL. CenomanianMekorot 236800 650050 738 81.22 1978

15118701MK Uja 1 661 Ma'ale EfraimL. CenomanianMekorot 237300 651200 536 0 1972

15118702MK Uja Na'aran 2 661 Ma'ale EfraimL. CenomanianMekorot 237350 651150 615 -24.4 1976

15318201MK Cochav Hashahar 661 Ma'ale EfraimL. CenomanianMekorot 232100 653000 758 415.1 1979

15418901MK Pazael 11 661 Ma'ale EfraimTuronian U. CenomanianMekorot 239300 654050 265 -70 1975

15618901MK Pazael 9 661 Ma'ale EfraimL. CenomanianMekorot 239060 656730 680.5 7.98 1980


4.4.2 Field of wells – Ein Samia
Ein Samia Field: Facts and Numbers from the Jerusalem Water Undertaking (JWU) 

The average production capacity for this field is ranging between 550-600 m3hr-1 which is equivalent to 5.7 million m3 yr-1. According to the database of the Israeli Hydrological Service the amount of pumped water from Ein Samia field of wells is given in Figure 11. The following is a description of the operating wells in the Ein Samia Area: 

Well #1: The well has been drilled manually in the year 1964 (1967 according to the IHS) to replace the old Ein Samia Spring. The average production capacity for the well is 100 m3hr-1 in a regular winter time. The well pumps from the upper Judea group aquifer and has fluctuating amounts of water which depends on the season. According to the IHS database the average production from 1986 to 1997 was ~1.2 million m3 yr-1. 
Well #2: This well was drilled in 1965/1966 with a production capacity of 45 m3hr-1 that was reduced to about 34 m3hr-1 in 1991. For this reason the JWU asked the German government to fund the drilling of a new well. The drilling of 2A started in 1994 (GTZ project funded by the German government) in a nearby location. The depth of well 2A is 250 meters and its production capacity is 165 m3 hr-1 and draws from the upper Judea group aquifer. According to the IHS database the average production from 1984 to 1994 was ~0.3 million m3yr-1, and from 1995 to 1999 it increased to ~0.8 Mm3yr-1.
Well #3:  Was drilled in 1980 and penetrated the lower aquifer at 526 meters. It was rehabilitated in 1996 through the same GTZ project. Since then, this well is considered to have the highest production capacity for the JWU reaching 180 m3 hr-1. According to the HIS database the average production from 1986 to 2000 was ~0.63 million m3 yr-1. 
Well #4: Was drilled in 1990. It is one of the deepest wells (616 meters) drawing from the lower aquifer. The well production capacity is equivalent to 62 m3hr-1. The low production capacity is related to a complex hydrologic situation that reduces the well capacity. According to the IHS database, the average production from 1993 to 2000 was ~0.17 million m3 yr-1.

Well #6: This Well was drilled in the year 1999 with German funding GTZ and the drilling was finished in July of the same year. The drilling reached a depth of 640 meters and then was abounded to 590 meters, and covered with a pipe of 18.6 inches for a depth of 411 meters under ground level. Since August 2000, this well produces 200 m3hr-1. 
Table 2.  Properties of the Ein Samia wells that draw from the Ma’ale Efraim basin
[image: image13.emf]ID Name Code Cell Aquifer User X Y Depth mrefference Year

15418102P Ein Samia 2 661 Ma'ale EfraimL. CenomanianPrivate 231700 654900 252 430 2000

15518001P Ein Samia 6 661 Ma'ale EfraimTuronian U. CenomanianPrivate 231952 654569 580 440 1999

15518101P Ein Samia 1 661 Ma'ale EfraimL. CenomanianPrivate 231600 655250 63 440 1967

15518102P Ein Samia 3 661 Ma'ale EfraimL. CenomanianPrivate 231535 655218 526 440 1980

15518201P Ein Samia 4 661 Ma'ale EfraimL. CenomanianPrivate 232316 655420 616 475 1988
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4.4.3 Total annual pumping
The data presented in Figure 11 shows the pumping from the reporting cell Ma’ale Efraim (cell 661 of the Hydrological Service) at a range of up to 6 km from the Auja spring (all the wells that appear in Tables one and two). It appears that the most complete set of data is for the years 1989-1999, in which the general annual production rate was 9 Mm3. We do not have the complete set of data from previous years, but a known fact is that pumping started at about 1976. Starting from the year 2000 we do not have orderly annual pump data from the Ein Samia wells, but if we include the 5.7 million m3 reported by the JWA, with the Auja–Na’aran and other wells, an annual yield of 9 to 10 million m3 is estimated. 
The Auja–Na’aran and other wells of the Jordan valley are utilized more in the summer (more than 0.5 million m3 per month; Figure 12) while the winter use is more moderate (0.2 million m3 per month.) The Ein Samia, on the other hand, has a uniform monthly use across the year.  
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Figure 11. Annual production rate in the Auja region in Mm3 from the Hydrological Services data during 1984 – 2010. (a) Annual pumping from the Auja–Na’aran, Fazael 9 and the Jericho 5 wells during the years 1989-2010. (b) Ein Samia wells. The data begins at 1984 and ends at the year 2000. (c) Rimonim and Kochav HaShahar (1989 – 2000). 
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Figure 12. Average monthly pumping production in the years 1984-2010. Top panel: Auja–Na’aran, Fazael 9 and Jericho 5 wells. Bottom panel: Ein Samia wells. 
5. Implementing conceptual models to Auja spring 
A full three-dimensional structured model of the regional aquifers was beyond the scope of the current study. Alternatively we utilized a simple conceptual model for the description of the rain–discharge relations. With this model, we have examined whether and to what degree, the pumping of the wells affected the declining spring discharge over the years.
5.1. General conceptual model
As was mentioned above, in the Auja basin the Judea group can be divided into two main aquifer units, which are separated by an aquitard of Beit Meir and Moza formations (Laronne Ben-Itzhak and Gvirtzman, 2005). The profile through which the groundwater stream to the Auja spring includes the section of the upper aquifer of the Judea group aquifer, while most of the pumping in this area is preformed from the Ein Smia and Auja–Na’aran of the lower aquifer (see also Figure 1). Figure 13 describes a schematic vertical cross-section of the Judea Group Aquifer from a point west to the Ein Samia wells, and towards the Auja–Na’aran wells. The purpose of the presented section is to aid the following discussion about the connections between the upper and the lower aquifers. Note that the figure is not based on accurate stratigraphical findings, and its sole purpose is to illustrate what is discussed in the text below. The rainfall enriches the profile of the upper aquifer mainly, while the enrichment of the lower aquifer is mainly done through the western part of the profile. Here, the main discussion is whether the upper unit leaks into the lower one. 
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Figure 13. Schematic drawing describing the vertical section of the Judea group aquifer from the Ein Samia area to the Auja spring.
According to Guttman (2007), the difference between the piazometric heads in the upper and the lower aquifer (about 250 meters in the Auja area and 200 meters in the Ein Samia area, see also Figure 10) indicates that the two parts of the aquifer are fully separated. In such a scenario, the pumping from the lower part should not have any effect on the output of the spring. Still, there is another possibility. The piazometric heads difference indeed suggests a considerable separation between the two aquifers. However, this separation does not have to be a total one in order to support a constant head difference between these two aquiferial units. In other words, even if the separation between the units of the aquifer is not complete and a small amount of water leaks from the upper aquiferial unit to the lower one (Figure 13), a large and constant head difference between the two units can still exist. This difference depends on the water level gradient between the aquifer units, the discharge rates, and the hydraulic conductivity of the separating medium. If such a leak does exist, the pumping from the lower aquifer may eventually reduce its level significantly since its enrichment is limited. As a result, the gradient between the levels in the upper and the lower aquifers increase and the leakage between them would increase, which would eventually lead to a decrease in the flow of the spring which drains the upper aquifer (the Auja spring.)   
In the following chapters we will utilize simple models in the attempt to test whether the discharge of the spring has changed over the years, and whether this change can be attributed to the pumping from the lower Judea group aquifer. 
5.2. “Discrete convolution” model 
5.2.1  Theoretical background
The advantage of the following simple model is that it is easy to operate, and still may be a good indicator for the perennial trend of the changes. The disadvantage is that it does not take into account many natural processes such as wetting of the soil, changes in evaporation during the seasons and exceptional rainfall during the year.
The professional term of this type of model is “discrete convolution” (Singh 1988). This method offers a conversion process of an input time series (e.g. monthly rain) into an output time series (monthly spring discharge). The input series contains the amount of monthly rainfall which undergoes a transformation over the time scale using a mathematical algorithm (Hidrograph UH). We will demonstrate the process using a simple example (Figure 14). Let’s assume two monthly rainy seasons with a 100 mm rainfall. The mathematical algorithm has two parts with a value of 0.4 and 0.6. The spring discharge is calculated by the convolution of the rainfall series and the UH series in the following way (Figure 14):
	1.  In the first month the spring      discharge will be
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2.  In the second month the spring      discharge will be
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3.  In the third month the spring      discharge will be
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4. In the fourth month the spring      discharge will be
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Figure 14. Demonstration of discrete convolution:
5.2.2 Discrete convolution model for Auja spring 
Similar to the example described above a basic model could be produced in which the weighted monthly rainfall (Jerusalem + Jericho) consists of the input data set (Figure 15). The goal is to calibrate the model, i.e. to determine the optimal hidrograph data, so that the output of the model will be as close as possible to the monthly measured discharge at the Auja springs (Figure 16.)

The model was calibrated for the years 1980 to 1989 data, while the sequential years 1970-1980 and 1990-1999 were the validation of the spring discharge. The key assumption underlying the proposed model is that the spring response to the monthly rainfall of the 1980s is similar to the response to rainfall in other years between 1970 to 1999, otherwise the calibrated model will show the deviation.
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Figure 15. Monthly rainfall data series and Auja spring flow from 1967 to 1999
5.2.3 Model calibration
Using a simple optimization algorithm, a time series of artificial spring discharges can be produced, with as close as possible characteristics to the measured discharge. The result of the calibration (the time interval 1980 to 1990 was used for calibration) appears in Figure 16. Similar results were obtained when the model was calibrated using the time interval 1970 to 1980. Some of the important results are described here:
A. The model describes well the spring flow in 1970 - 1977, although it was not calibrated for these years;
B. The model describes well the peak discharges of the spring in most of the seasons except for the years 1993 to 1995 that followed the extremely wet winter of 1992;
C. The Model usually does not describe well the discharge of the spring in dry years. For example, in 1978, 1979, 1986, 1991 and 1999 the model generally predicted a greater discharge than actually measured.
D. Low spring flow is characterized also in a short discharge period (1979, 1991, 2009, etc.). The model does not take this feature into account.
The effects of such inaccuracies are typical to simple linear models. Nevertheless, some important general conclusions can be drawn based on the model results. A common feature to the spring discharge in the early 1970s and to the discharge during highly rainy years is that they are determined almost entirely by the amount of rainfall. In other words, the influence of pumping in the early 1970s (very little to none), and during highly rainy years on spring discharge is rather small compared to the rainfall. For this reason the model, which is affected by the rainfall only, is relatively precise during these years. However, in relatively dry years, where a significant enrichment of the aquifer is absent, a potential water loss from the upper layer to the lower (caused by pumping) is more significant factor that is not considered by the model, and therefore the prediction in such years is inaccurate. Inserting the pumping factor directly into the “discrete convolution” model is not a simple task because pumping is concentrated in the lower aquifer and therefore its impact on the spring discharge in the upper aquifer is not straightforward (see above for explanation). We therefore assume that the results of the model are a reasonable reflection of the reality, and sharpen the understanding that the pumping does not reduce the spring discharge immediately, but rather its effect is expressed in ensuing years.
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Figure 16. Model calibration and verification of the Auja spring flow between the years 1969 to 2011 (r2 = 0.59)
5.3. Model of serial linear reservoirs 
5.3.1 Theoretical background
One of the best known applications in groundwater hydrology is the calculation of the spring discharge decay coefficient “K” (Sugawara 1995; Singh 1988). The application is based on the assumption that it is possible to simulate the groundwater aquifer as a simple container (‘tank’, ‘reservoir’), pierced at the bottom by a single point, which represents the spring. 

The container (the aquifer) releases water proportionally to the height of the water (water level in the aquifer) above the outlet (point of the spring flow). The mathematical theory which underlies this conceptual structure, also known as linear reservoir, is often used in analyzing groundwater flow in models aimed at the characterization of aquifers with a springs discharge.
The mathematical solution of the linear reservoir model when there are no inflows to the reservoir (i.e. during the dry season) is an exponential decay over time, both of the outgoing QOut and the reservoir V:
\
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In equations 1 and 2, V is the reservoir volume (cubic meters); t- the time (day); QOut – outgoing discharge (cubic meters per day), Q0- indicates the outgoing discharge (cubic meters per day) recorded on the day the water ceased entering the reservoir and K is the coefficient of the reservoir, with time units identical to t.

In an aquifer system modeled by linear reservoirs, the K coefficients are actually a representation of the internal structure of the physical systems which includes the dimensions of the aquifer, its area and its mean hydraulic conductivity. When K is small enough, the spring discharge declines quickly and becomes close to zero within a short period of time, and so does the amount of water in the reservoir (aquifer). On the other hand, when K is large the spring discharge declines relatively slowly, and the amount of water that feeds the spring is maintained over a long time.
During the hydrological year of Israel the rainy season is limited to the months October to April. In terms of the spring model described above, the enrichment of groundwater in the Judea Mountains lasts six months at most, and every year has a period of about six months without any precipitation and no enrichment of groundwater, and thus the model in Eqs. 1-2 can be applied for measured discharge data. Analysis of the measured flow rate indicates that in years where the Auja spring discharge is high, its decline over time describes an approximately linear decrease function, while in low discharge years its decline is exponential (See for example year 1993 when compared to 1999 in Figure 8). When calculating the K coefficients for the Auja spring discharge by utilizing equation 1 and 2, it becomes apparent that during the dry summer months the values of K vary between the seasons, and may produce a wide range of values. According to Guttman (2007) the variance of K between the seasons is caused by a factor he defined as a variability of the enrichment area: Large contributing area during a rainy year and a small contributing year during a dry one. We would like to note that in models accepted in the scientific literature this explanation of the reservoir K coefficient as a function of area size is not accepted, since it has no physical justification. A simple example can be found in the detailed model of groundwater and springs of the Judean Desert (Laronne Ben-Itzhak and Gvirtzman, 2005) that did not use any of the far-reaching assumption of a change in the enrichment area as a function of seasonal rain.  We conclude that the Auja discharge analysis using a model based on Eqs. 1 and 2 is artificial, and is probably not the appropriate choice for analyzing the spring discharge rates.

5.3.2 Auja spring and serial linear reservoirs
Below we present a slightly different approach that simulates the hydrological system that feeds the Auja (Upper Judea group aquifer), as two serial linear reservoirs (Figure 17; For more details see Rimmer and Hartmann 2011; A use of a similar model type is also described at Rimmer and Salingar 2006.) 
The lower reservoir in Figure 17 represents the groundwater in the immediate vicinity of the spring, while the upper reservoir in Figure 17 represents the groundwater layer in the upper Judea group aquifer, which slides in a large slope from west to east. Our assumptions before applying this model are: a. The layer which separates the upper aquifer from lower aquifer is impermeable. b. The upper container is enriched by rainfall. c. The lower container that has a much smaller area, receive little rain and is enriched only by the flow from the upper container. 
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Figure 17. Schematic drawing describing the upper Judea group aquifer as two reservoirs: The lower reservoir represents the immediate spring vicinity, and the top reservoir represents the groundwater that flows down the west to east slope.
The variability of the outflow discharge over time (spring discharge Qout2) from the hydrological system which is described by two reservoirs in series (Figure 17) is given by the following equation:
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(3
Where Qout2/1 describes the outflow from the lower reservoir as a result of the inflow that enriches him from the upper reservoir and Qout2/2 describes the outflow from the lower reservoir as a result of its own water storage at the beginning of the dry season. The summation of these two flows gives the total spring flow.
Applying the equation for the data of the spring flow recession in the May to October period was carried out for all the years (1969-1999). Four of these seasons (1981, 1984, 1987, 1993) are shown in Figure 18. The blue line describes the contribution of reservoir 1 (Qout1) and is characterized by its approximately linear and slow decline rate. The green Line is the spring discharge contribution Qout2/1 that stems from the contribution of reservoir 1 to reservoir 2. The red line represents the part of the spring discharge Qout2/2 that stems from the initial conditions of reservoir 2, i.e. it represents the flow of the spring provided that container 1 is dry to start with, and that it does not enrich the groundwater in the immediate vicinity of the spring. The black line in Figure 18 is the complete expression indicating the change in the spring discharge Qout2 during the dry period, as a dependency on the K1 and K2 constants, and on the initial conditions of both reservoirs Q01 and Q02.
By applying Eq. 3 we estimated these four parameters for the Auja spring in each season. The calibration was subjected to several restrictions intended to base the model on the physical state of the hydrological system that feeds the Auja. First restriction is that the values of K1 and K2 remained constant in all 30 seasons studied, since they represent the unchanged physical structure of the aquifers that feed the spring, while the change from one year to another is expressed only by the initial flow rates Q01 and Q02. Second, a good fit between Q01 and Q02 and the seasonal rainfall is required, as well as between Q01 and Q02, since both are determined mainly by the seasonal rainfalls. We also expect a weaker correlation between Q01 and the rainfall of the previous season, as was suggested above.
5.3.3 Analysis of Auja spring by serial linear reservoirs
We have adjusted the graphs of Eq. 3 to the measured flows during the months of May through October of each season by simple optimization, and determined the values for K1=300 day and K2=60 day. This result was determined as stated after:
A. A good match was observed between the curves in each season (in almost all cases R2>0.9, Figure 18.)

B. High correlation was found between the Q01 and the Q02 values of all the 30 seasoned tested.
C. A good fit was observed between Q01 and Q02 and the seasonal rainfall (Figure 19.)
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Figure 18. Application of equation 3 to the Auja spring flows during the dry seasons of the years 1981, 1984, 1987 and 1993. In all cases K1 = 300 days and K2 = 60 day. The Q01 and Q02 values for each year are noted on each graph separately.
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Figure 19. Correlation between Q01 and Q02 and seasonal rainfall. Left panel: Current year rainfall; Right panel:  previous year rainfall.
The conclusion is that in all cases, following the rainy season both the contributing layer (reservoir 1) and the area which represents the spring vicinity (reservoir 2) are filled according to the amount of rainfall during the season. However, while the rate of decline of reservoir 2 alone does not change from year to year and equal to 
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 under all conditions, the addition of flow from the contributing layer (reservoir 1) significantly changes the spring discharge during the dry period. As a result, spring flow in relatively dry seasons does not include the contribution of reservoir 1 and therefore is approximately exponential (year 1987 for example). In relatively wet seasons on the other hand, the decline of the discharge becomes almost linear over time, as a result of a significant flow from the contributing layer.

It is important to note that there is a good correlation between the slow nearly linear decay of the contributing layer and the theoretical assumptions regarding water flow down a saturated slope. According to Steenhuis et al. (1999) the flow from a tilted groundwater layer follow the equation
[image: image32.wmf]0

t

a

dt

dQ

-

=

, meaning the reduction in the rate of the donor layer contribution is constant and its intensity depends on the original flow amount.  Given the steep slope of the groundwater (about 400 meters fall over a distance of about 6000 meters) this finding is consistent with the actual physical conditions.
5.4. Spring flow multi-variant regression model 
5.4.1   Theoretical background
We will try to examine and compare all the factors we know so far which affect the Auja spring discharge. A simple method to do this is by using a multivariate regression. Here, the dependent variable is the calculated spring discharge Q for the hydrological year i (in units of 1000 cubic meters), described by the equation:
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In Eq. 4 the independent variables are: PJ(i) seasonal rainfall in Jerusalem for the same hydrological year; PJ(i-1) seasonal rainfall in Jerusalem for the previous year; L(i) average height of groundwater level measured in all Auja wells throughout the season (see Figure 10) and the parameters a, b, c, d received their values and their standard deviation from the regression process. The optimization procedure here is aimed at evaluating model discharge as close as possible to the measured values.

5.4.2   Result of regression model
Regression was performed only for the years 1975 - 2000 (26 years), since the water level data for the years prior to 1975 is not consistent, and the data from the year 2000 and thereafter is not reliable enough. From the regression table entries (Table 3) the significant level of each of the independent variables which affect the discharge of the spring can be evaluated.

The model can predict the spring discharge with a confidence level of r2 = 0.69. The table of parameters analysis shows that the coefficients of the seasonal rainfall from the current and the previous year are statistically significant, and are sufficient to describe well the seasonal discharge. In contrast, the water level coefficient has no significant influence. Even when the same regression test was performed on only the 16 years in which the seasonal rainfall of the current and the previous year was the lowest, the water level coefficient c remains statistically insignificant at a confidence level of 95%.
Table 3. Summary of the multi-variant regression analysis of the Auja spring seasonal discharge as a dependency of the current and previous year seasonal rainfall, and the water level in the Auja–Na’aran wells 1, 2, 3 and 4.
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6. Summary of the findings 
Conservation of mass law requires that water taken from one place must be subtracted from another. In most cases, not all the entrances and exits of the aquifer are known and therefore precise water balance is a problematic task. In such cases the aquifer in and out water flow trends are analyzed and an attempt is made to draw conclusions based on the best data available. This is the approach taken in the current study. Our conclusions are as follows:
· It is not an easy task to quantify the factors that lead to the partial discharge reduction of the Auja spring in recent years. Incomplete data points add unnecessary difficulties to the objective difficulties involved in analyzing hydrological data. The hydrological measurements of the spring were terminated in 2000, and thus there is no orderly flow documentation from the last decade, which would probably allow a more reliable description of the factors affecting the reduction in the spring discharge. Also, the lack of detailed data of the pumping from the Ein Samia wells in the past 10 years does not help in determining the causes of flow reduction.
· In general, it is clear that the geological system in the Auja spring area consists of two different layers of the Judea Group aquifer, while the system that provides water to the spring is the upper sub-aquifer. In recent years, the annual pumping from the lower aquifer sums to approximately 10 million m3, from both the Auja–Na’aran and the Ein Samia wells. Some of the tests conducted here confirm that although the hydrological connections between the upper and the lower layers are very limited they still exist, and for this reason have long term effects. However, other tests taken do not support this assumption.
· Between the years 1967 to 1973 (6 years), an average of 511 mm rainfall was measured in Jerusalem, and the corresponding average annual discharge of the Auja spring was 9.3 million m3. However in subsequent years, from 1974 to 1999, the average rainfall in Jerusalem was 560 mm (about 10% more), but the average annual discharge of the Auja spring was only 9.0 million m3 (about 3% less). Considering that these averages represent several year of rainfalls, it is only reasonable to conclude that the reduction in the Auja discharge is a consequence of increased pumping in the region.
· Analysis of the recorded water levels since 1974 in the Auja wells that are located in the Judea group aquifer clearly shows the beginning of a transition from one steady state to a new one. The transition is reflected in the gradual (exponential) reduction in water levels in the Auja spring vicinity from an altitude of -100 (100 m below sea level in 1974) to -275 (1991). The extreme rainfall season of 1991-1992 caused a temporary rise of the water levels to about -200 meters, but thereafter the system returned to -280 meters. Such a decrease in the water level may adversely affect the spring discharge because it probably indicates an increased leakage potential, albeit rather small, from the upper to the lower aquifer. Additional conclusion is that the spring discharge might be more sensitive to changes due to the pumping from the Auja–Na’aran wells, and less sensitive to changes induced by the Ein Samia wells, since in the vicinity of the Ein Samia no apparent perennial water level change is observed.
· Analysis of the discharge mechanism of the Auja spring shows that it can be described well using the properties of the Upper Judea group aquifer layer, without taking into account a significant leak to the Lower Judea group aquifer. This reinforced the conclusion that the effect of the pumping on spring discharge is minor. However, in relatively dry years, where a significant enrichment of the aquifer is absent, the water loss from the upper layer to the lower (caused by pumping) is probably more significant factor that wasn't considered until now.
· All our statistical and physical analysis confirms that the Auja spring discharge depends on both current and previous year seasonal rainfall. These types of springs are not susceptible to single drought years, but rather to a sequence of drought years. The data presented by Gutmann (2007; Figure 6) indicate that the spring discharge decreased significantly in 1963 (as opposed to Deeb Abdel Ghafour, 2002, determination that the first drying occurred in 1976), and this as a consequence of three years drought period in the early 1960s (Figure 5). It thus can be deduced that the decrease in the spring flow during the period between 2006 – 2011 (according to the existing data) can be mainly attributed to the reduced rainfall amounts, with a small additional effect (a few percent) of the pumping.
· The hydrological system in the region is now in a new steady state that is different from that of the 1970s, in which the annual production was about 9.5 million m3. The new steady state, which is expressed mainly by lower water levels in the lower aquifer, is caused by the pumping from the Auja Na’aran wells. It is only reasonable to assume that under similar rainfall the current average annual spring discharge is slightly lower than in the past. However, the lack of reliable measured flow rates from the last decade does not allow verifying this assumption in a significant manner.
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