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Abstract 
 
Recharge is the process of adding water, mainly rain, to an aquifer by percolating water through the 

soil and rock column. It is spatially and temporally variable, meaning similar amounts of 

precipitation could result in different aquifer recharge values as a function of spatial distribution of 

rain cells, temporal distribution of precipitation (e.g. number of wet and dry periods, duration of wet 

periods) and as a function of morphclimatic conditions (e.g. lithology, pedology, land-use, slope 

degree and aspect, vegetation, temperature, etc.). Estimating groundwater recharge is one of the 

most complicated tasks in the hydrological cycle, and especially challenging is monitoring water in 

the vadose zone. Therefore, recharge is usually estimated by using indirect methods and by 

modeling. This study deals both with measurements on micro-scale (at Sif cave) and developments 

of a hydrometeorological precipitation – recharge model, for larger scales. The model considers 

spatiotemporal distributions of precipitation, and surface characteristics.  The model was operated 

on two spatial scales – regional (the Western Mountain Aquifer - WMA), and local (perched 

springs, Chaniya and Dilbah). 

Cave measurements allow observations of infiltrating water through karst units. In this study both 

natural precipitation and artificial irrigation experiments were examined. Tracer experiments were 

conducted to further study the recharge at the cave. The study is based on water budget calculations 

in which both rain events and cave drip rates are measured. The rain and drip rate were monitored 

on a high resolution time scale, where the rain is monitored using a tipping bucket, and the cave 

drips are monitored in a unique manner by large PVC sheets channeling the drip water to barrels 

equipped with pressure tensiometers and dataloggers. These sheets funnel approximately 120 m2 of 

cave ceiling drips. The collected data is an integration of all active speleothems contributing water 

and allowing the measurement of both volume and rate of recharge. High resolution integrated drip 

collection gives a comprehensive view of the different subsurface flow regimes as opposed to 

standard speleothem studies that concentrate on either a single speleothems or a small group of 



speleothems. Despite the large spatial difference between the micro scale cave area (<0.1 km2) to 

the local scale perched springs (1-10 km2), and regional aquifer (>1000 km2), the assumption and 

physical processes observed at the cave were used in the creation of the hydrometeorological 

model. A threshold of 100 mm was discovered to be required each year to initiate the dripping in 

the cave. Once active, the lag time between rain events and drip response was observed to decrease 

throughout the rainy season from 30 hours for the first events down to 4 hours for the last event. 

Furthermore, the recharging percentage was observed to increase throughout the winter. Early 

events contributed mainly to the increase in soil moisture content, allowing later events to actually 

recharge and reach the cave. The overall average recharge was calculated to 35% of annual 

precipitation. 

The Hydrometeorological DReAM (Daily Recharge Assessment Model) was written as part of this 

study and is based on a daily water budget calculation. The total water content in the tank on the t+1 

day equals the water on the tth day with the precipitation of the tth day minus evapotranspiration, 

runoff and recharge of the tth day. 

( ) ( ) )()()()(1 tRUtREtETtRAtZtZ −−−+=+ θθ  

 

 

 

Surface units are described as a tank with a single inlet (precipitation) and three outlets in different 

elevations, defined by soil characteristics (Figure I). The bottom outlet for evapotranspiration, 

produces output only when soil moisture content is above the permanent wilting point. The second 

outlet for recharge produces output only when the moisture content in the tank is above field 

capacity. The top outlet produces runoff when the moisture content in the tank reaches saturation. 

Z – Soil thickness [mm] RA – Daily rain [mm] 
θ – Volumetric water content  ET – Daily evapotranspiration [mm] 
t – Time [day] RE – Daily recharge [mm] 

  RU – Daily runoff [mm] 



 

The model was used for both local and regional scales. Two tanks were used for each perched 

spring, and 3364 tanks were used to model the WMA. Model results resemble previous annual 

based empirical studies, but in this study, estimations were improved due to the temporal 

distribution of DReAM. Previous studies are able to produce only a single recharge value for each 

precipitation value, whereas in this study a wide variety of recharge values can be produced for an 

annual precipitation value according to the temporal distribution of precipitation throughout the 

year. This was examined for natural events and by running synthetic simulations. Rainy season 

length was found to be the most influential factor for this variability. Less recharge is produced 

during longer rainy season in relation to high recharge during years with a short rainy season (with 

the same annual precipitation), as a result of removal of water by evapotranspiration. Another 

advantage is the daily recharge maps produced by DReAM, allowing recharge estimations in near 

real time as rain data is collected. DReAM code was written so it could be linked to 

hydrogeological models for water table and spring discharge simulations. The high resemblance 

between simulated and observed data for the WMA shows the linkage performs well. Moreover, 

having DReAM calibrated and validated on an independent period reinforces our confidence in the 

model. Furthermore, perched springs which react quite quickly to precipitation event exhibit 

excellent result when linking DReAM to hydrogeological models, by having a better fit to the 

hydrograph shape. The great advantage of DReAM is eliminating the need to guesstimate annual 

recharge percentage for every year. Once calibrated, input can be created for hydrogeological 

models.  

Figure I: A schematic description of the 
conceptual hydrometeorological model. 



Multiscale performance of this model, based on micro scale observations points to the fact that the 

main processes that govern recharge are shared for all scales. Recalibration of the model for 

different scales is required because the regional scale averages out local variations and neglects 

local phenomena such as perched spring discharges (which constitute 1.5% of total recharge), 

whereas on local scale these factors are significant (perched spring discharges constitute 6-40% of 

total recharge at perched springs). Calibration and validation on local scale allowed reconstruction 

of spring discharges at Chaniya spring for the entire precipitation period (1860-2007). Having 

reconstructed this exceptionally long period revealed long term fluctuations and decadal processes 

of successive extreme rainy years and droughts. The result shows the spring has a “memory” 

manifested in its storativity parameter which reacts differently to successive rainy years and 

successive droughts. Successive rainy years raise the annual flow tremendously for the years of 

extreme rain, and may continue to discharge high values for an extra year or two after the rainy 

period ends. Successive droughts cause a drop in spring discharges that lasts longer (3-4 years) after 

the dry period ends, and is not much affected by isolated extreme rainy years. Finally, the long term 

series exhibits a poor correlation between precipitation and measured discharge. This correlation 

provides high values for short term observations, but as the dataset length increases, the correlation 

decreases. This is a result of long term rain pattern change that produces different recharge for 

similar precipitation values. Climate change could be one of the reasons for the change in recharge, 

effecting precipitation both in annual values and in temporal rain patterns. Temperature variations 

caused by climate change contributes as well enhancing evapotranspiration when temperature rises. 

This study shows that even if the annual precipitation values stays stable, the extension of the rainy 

season we have witnessed in the past years causes a decrease in available water for recharge. 
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1. Introduction  

1.1. Water Resources 
Groundwater reservoirs are the largest liquid fresh water bodies on Earth. The 

vast majority of fresh water is concentrated in solid form in glaciers (69%), 

surface water bodies constitute 1% of fresh water leaving the remaining 30%  as 

groundwater (Shiklomanov and Sokolov, 1983; Dingman, 1994).  

In modern times, increasing demand for expanding population and increased 

food production and biofuel production on the one hand and reducing supplies 

of global freshwater resources on the other, requires improved management of 

water resources  (e.g. Lundqvist and Gleick, 2000; Vorosmarty et al., 2000; 

Scanlon and Cook, 2002). Traditionally water resources have focused primarily 

on surface water; however, there has been a shift towards increased use of 

groundwater resources because of its importance and that it is readily available 

in most regions around the world, e.g. North China Plain, Western India, 

southern Asia, etc. (Shah et al., 2000). Groundwater resources are typically 

enriched by recharge. Therefore recharge estimation is critical for assessing 

water availability and evaluating contaminant transport. However, estimating 

groundwater recharge is one of the most complicated tasks in the hydrological 

cycle (Hogan et al., 2004; NRC, 2004). 

Human population migrations and extinctions in ancient times are linked in 

many cases to climate change. The most famous is the Maya population that 

was extinct due to such change (Hodell et al., 1995; deMenocal, 2001; Haug et 

al., 2003). Less severe events such as successive drought lead to the migration 

of populations throughout the world: Jordan (Lucke et al., 2005); Colorado 

(Kohler et al., 1999); U.S. Great Plains (Meltzer, 1991; 1999); Mexico (Davis, 
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1990) and many more. Climate change affects the available water supply, which 

triggers the migration and extinctions. Vaks et al. (2007) claim that climate 

change triggered the dispersion of the early modern human from Africa 

throughout the Levant 140 to 110 ka ago. The effects caused by climate change 

could result in a wide range of events, from: catastrophic floods such as during 

the Little Ice Age (LIA) in southern Europe (e.g. Sheffer et al., 2003; 2008)  to 

severe droughts as mentioned above. These droughts may cause the decrease in 

groundwater levels, preventing access to the water source, and in perched 

aquifers may decrease spring flow and even dry out springs.  

1.2. The Recharge Process 
Recharge is the process of adding water to an aquifer by percolating water 

through the soil and rock column (Freeze and Cherry, 1979; Tindall and 

Kunkel, 1999). Recharge is a spatially and temporally variable process. Similar 

amounts of precipitation could result in different aquifer recharge values as a 

function of spatial and temporal distribution in precipitation (e.g. location of 

storm core, number of wet and dry periods, duration of wet periods) and also as 

a function of morphclimatic conditions (e.g. lithology, pedology, land-use, slope 

degree and aspect, vegetation, temperature, etc.). For example, annual 

precipitation of 600 mm produces 25-35% recharge in the central mountains of 

Israel (Gvirtzman, 2002) but only 5-10% at the Edward's aquifer, Texas (e.g. 

Abbott, 1975; Sansom, 2008), which has apparently similar characteristics. The 

main cause for the difference is possibly related to variations in temporal 

distribution of precipitation: winter precipitation in Israel versus annually 

distributed in Texas. 
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Monitoring water in the vadose zone is extremely challenging. Therefore, 

recharge is usually estimated by using indirect methods to translate in situ soil 

moisture data measured by different methods, such as time-domain 

reflectometry (e.g. Dahan et al., 2007; Rimon et al., 2007), and neutron 

activation (Koons and Helmke, 1978; Sophocleous, 1991). Observing cave drips 

also allows insights to the recharge process. These methods are spatially limited 

by describing well local water movements. Therefore when dealing with large 

scale aquifers (perched to regional) it is advised to apply models.  

There are several detailed reviews of methods for estimating recharge (Lerner et 

al., 1990; Simmers, 1997; Scanlon and Cook, 2002). Choosing appropriate 

techniques for quantifying groundwater recharge is complicated. Scanlon et al. 

(2002) review various methods (Figure 1) and suggest choosing an adequate 

approach for recharge estimation according to: 1) the recharge rate; 2) the 

aquifer area; and 3) the recharge time scale. According to their study, regional 

scale aquifers, such as those found in the eastern Mediterranean (area > 1000 

km2, recharge rates of 0-100 mm/d and recharge periods of a few weeks to a 

few months) should be modelled with a daily soil water balance model. The 

water balance model relates climatic forcing to water table fluctuations and 

baseflow discharges. Other techniques may also be suitable for this type of 

aquifer, but only if tracer experiments have been conducted in the past.  
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Figure 1: Range of fluxes, spatial scales and time periods of recharge to aquifers, which 
can be estimated by different techniques. The yellow shading represents the flux, area and 
time span relevant to this study (modified from Scanlon et al. (2002)). 

 

Recharge modelling based on soil water balance as suggested by Scanlon et al. 

(2002) has recently been conducted for large scale regional aquifers, such as: 

The Basin of Mexico (Carrera-Hernandez and Gaskin, 2008), The Sultanate of 

Oman (Rajmohan et al., 2007), Taiwan (Lee et al., 2006), Iran (Khazaei et al., 

2003), in the USA: Minnesota (Delin et al., 2007), Nebraska  (Szilagyi et al., 

2005), Kansas (Sophocleous, 2004; Sophocleous, 2005), Nevada  (Flint et al., 

2002). Scanlon et al. (2006) list recharge rates for a hundred more studies 

(mm y-1) 

Recharge Period (years) 
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globally. Xu (1997) applied a monthly based water budget model to seven 

catchments in China (ranging from 385 to 2000 km2), and was able to predict 

with high confidence recharge values. Wankle et al. (2008) successfully applied 

the distributed, GIS-based, process-oriented, physical water balance model 

(MODBIL) to the Kalahari Catchment of North-eastern Namibia and North-

western Botswana. One of the conclusions of their study is the importance of 

high resolution temporal input data to recharge models. Ragab et al. (1997) and 

Kenedy et al. (2003) present models of a multi soil storage system, whereas 

Rushton et al. (2006) show how a single store model can be used successfully to 

estimate recharge in different climatic scenarios: semi arid (northern Nigeria) 

and temperate (England). In Israel, similar studies were conducted in different 

regions: Rimmer and Salingar (2006) constructed a recharge model for the 

upper catchments of the Jordan River in northern Israel (HAYMKE – 

Hydrological Model for Karst Environment). Berger (1999) constructed a model 

for the Western Mountain Aquifer (WMA). 

Gee and Hillel (1988) argue that water balance models and soil water flow 

models may be in high error in relation to lysimetry studies. Lysimeters provide 

a direct estimate of the recharge. This might be the case when dealing with 

either small basins or point source infiltrations. Lysimeters covering areas of up 

to 100 m2 in England  provided daily recharge estimates (Kitching et al., 1977), 

however, the estimates refer to specific locations; two lysimeters 50 m apart 

provided recharge estimates which differed by almost 30%. It is practically 

impossible to equip large aquifers (>1000 km2) with high spatial monitoring 

(TDR, lysimeters, etc.). Furthermore, monitoring studies could only relate to 

current and future data, whereas water budget models could be based on past 
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data such as rain, evaporation, and groundwater table fluctuations. Moreover, if 

time resolution is sufficient and results are verified by independent data, water 

balance models are a good tool for the recharge assessment, especially for the 

timing of recharge (Hendrickx and Walker, 1997; Wanke et al., 2008). Another 

approach is calculating recharge with flow equations. Many studies were 

conducted to attempt to solve unsaturated flow equations (e.g. Dagan and 

Bresler, 1979; Jury, 1982; Hopmans et al., 1988; Destouni and Cvetkovic, 1989; 

Harter and Yeh, 1996b; Harter and Yeh, 1996a). The main problem is the 

nonlinearity of  the flow equations as a result of the hydraulic conductivity 

being a function of the pressure head and an unknown moisture content (Zhang, 

1999); consequently this approach is not a suitable basis for routine recharge 

estimates (Rushton et al., 2006). 

1.3. The Israeli Western Mountain Aquifer (WMA) 
The WMA (also known as the Yarqon-Taninim groundwater basin, after its two 

main outlets – the Yarqon and Taninim springs) provides approximately 20% of 

the fresh water supply of Israel (Gvirtzman, 2002). The aquifer’s geographical 

boundaries extend from south of the Carmel mountains in the north, to Sinai 

desert in the south, and from the Judea and Samaria mountains in the east to the 

Mediterranean coastline in the west. The WMA is comprised of Upper 

Cretaceous Judea Group, which are mostly composed of karstic, permeable 

limestone and dolomite with interbedded argillaceous rock units containing 

shallow marine fauna of Late Albian to Turonian age (Arkin and Braun, 1965; 

Arkin and Hamaoui, 1967). It is divided to a western confined part, under the 

lowland and costal plain (11800 km2), and an eastern phreatic part, over the 

mountains ranges (2200 km2) (Figure 2). Its replenishment areas lies beneath 
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the Samarian and Judean mountains, Carmel Mountain and a small area at the 

northern Negev (Dafny et al., 2008a) (Figures 2, 3).  

  
Figure 2: A. Location map. B. A map showing the WMA (dark – confined zone, bright – 
phreatic recharge zone) and locations of the two perched springs (Chaniya and Dilbah) 
and of Sif cave in the recharge zone of the WMA. Long term mean isohyets are shown on 
this map. 

 

The WMA basin is intensively exploited since the 1950's by hundred of wells 

for domestic and agriculture purposes. Exploitation of the aquifer reduced the 

discharge of the Taninim springs by about 65% and totally dried the Yarqon 

springs. At the same time the water levels at the confined part of the aquifer 

dropped by 5-10 m and, as a result, changed the flow field (Dafny et al., 2008a). 

During the last decade, the WMA is overexploited, supplying approximately 

405 Mm3y-1 (106 m3 per year) on average (IHS, 2007), mostly through wells.  

A B
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The WMA groundwater is of high quality. Salinity at the replenishment area is 

less than 50 mgCl/l (Weinberger et al., 1994), and at the confined pumping area 

varies between 100 mgCl/l and 250 mgCl/l (IHS, 2007).  

 
Figure 3: A schematic block diagram describing the shape and direction flows of the 
WMA at the central mountain range (after Gvirtzman (2002)). 

 

1.4. Perched springs 

A perched spring is a spring whose source of water supply is located above a 

local aquiclude disconnected from the main water table (Figure 4). 

Approximately 200 perched springs exist in the recharge area of the WMA, 

discharging roughly 5 Mm3y-1 (Gvirtzman, personal communication). Within 

the Late Cretaceous Judea Group, comprised mainly of carbonate rocks, springs 

are often perched on thin marly aquitard units (mainly belonging to Kefar 

Sha'ul, Moza, and Soreq Formations). Discharges of the perched springs vary 

annually due to the change in annual precipitation (Amit et al., 2002). The 

perched springs have a short term “memory” with the exception of extreme 

years, such as 1991/92 which is the wettest year on record (1860-2007) 

Recharge 
zone 

Confined 
zone 

Aquiclude 

Aquiclude 

Phreatic 
zone 
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according to the Israeli Meteorological Service (IMS) database. These springs 

have a wide variety of recharge area ranging from <1 km2 to over 10 km2. 

Different studies were conducted on perched springs (Burg, 1998; Amit et al., 

2002; Weiss and Gvirtzman, 2007) but none of these studies dealt with the 

recharge component through the vadose zone. All studies applied an annual 

percentage value to the precipitation for the recharge component. Recharge in 

hydrogeological models is considered as a fraction of precipitation, failing to 

describe the soil moisture content changing as a function of adding and 

subtracting precipitation and evapotranspiration. 

 

 

Figure 4: A diagram showing a perched aquifer. Part of the water discharges at a spring, 
and part leaks to the regional aquifer (from: http://courses.missouristate.edu) 

1.5. Cave studies 
The WMA consists of many caves and chambers at the highly developed karst 

units (Frumkin et al., 1999; Frumkin and Fischhendler, 2005; Frumkin et al., in 

press). The karst system was formed under both phreatic and confined 
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conditions (Laskow, 2008). Chamber caves are abundant at the upper sub-

aquifer formations (Amminadav, Weradim and Bina), as they are free of marl, 

and thus promoting the route of flow unobstructed by insoluble residue 

(Frumkin and Fischhendler, 2005). Cave drip studies are a relatively simple and 

popular method of gathering indirect infiltration data. Ayalon et al. (1998) 

conducted cave drip studies and described drips fed by macropores (preferential 

or fracture-fed "quick flow") and those fed by micropores (matrix or seepage-

fed with a much slower response "slow flow"). Recently, automated drip 

monitoring studies were conducted in several sites such as Stump Cross 

Caverns, Yorkshire (Baker and Brunsdon, 2003), Edward Plateua, Texas 

(Gregory, 2006b; Wilcox et al., 2008) and Mt. Carmel, Israel (Arbel et al., 

2007). These studies aim on understanding recharge processes by analysing drip 

water from either a single speleothem or a defined group of speleothems.  

1.6. Recharge Studies 
Much work has been conducted attempting to empirically calculate the WMA 

annual recharge values (Baida and Burstien, 1970; Goldshtoff, 1972a; 

Goldshtoff, 1972b; Goldshtoff and Ben-Zvi, 1972; Baida and Zukerman, 1992; 

Guttman and Zukerman, 1995b) (Figure 5). Zukerman (1999) suggested linear 

relations between the annual recharge (mm) and the annual precipitation (P) 

(mm) for three different scenarios: 

⎪
⎩

⎪
⎨

⎧

<−
≤<−
≤<−

=
PmmP

mmPmmP
mmPmmP

RECHARGE
1000)463(97.0

1000650)410(88.0
650200)180(45.0

   (1) 

The third condition (P>1000mm) occurred only once over the entire record (the 

extreme winter of 1991/92). Berger (1999) created a monthly recharge model 

based on daily precipitation data, artificial recharge (through wells) and 
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pumping for the WMA as part of a linked hydrometeorological-hydrogeological 

model. The hydrogeological output was compared to the fluctuations in water 

table levels and spring discharge. The Berger (1999) model was calibrated on 

the basis of previous model results by Guttman and Zukerman (1995a) which 

are reliable on an annual basis, but do not provide high temporal resolution 

recharge estimates. Although comprehensive, the model does not consider 

evapotranspiration which is assumed to be up to 65-75% of annual precipitation. 

Recently, Hughes et al. (2008) used an uncalibrated distributed model for the 

WMA, which results in long term average recharge rate of 430 Mm3y-1, 23% 

higher than the empirical long-term average estimates of 350 Mm3y-1. However, 

the over-estimation is attributed to a bias in calculating the average values over 

the particular study period (1990 - 1997) which includes the exceptional values 

for 1991/92. The recharge during 1991/92 is estimated to be two to three times 

the long term average as a result of exceptional precipitation values that year 

(more than twice the long term mean annual precipitation). 
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Figure 5: Previous studies of the WMA, showing the different recharge curves produced 
(modified from Zukerman  (1999)).  
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2. Research Objectives 
The main objective of this study is to investigate the recharge process and to 

quantify recharge amounts through field work and modelling in the WMA 

region. Currently, recharge in the WMA is estimated as an annual percentage 

which is applied on a daily basis. The hypothesis is that daily recharge is a 

function of daily rain, daily evaporation and initial soil moisture conditions. 

Therefore, recharge may vary for years with similar annual precipitation, 

opposed to the annual based estimations. 

The research objective will be achieved by conducting field work and 

experiments on site scale (Sif cave – 120 m2), and by creating a 

hydrometeorological model for local (perched springs – 0.6-4 km2) and regional 

(WMA – 2200 km2) scales.  

Secondary objective are: 

• Understanding the recharge process in the WMA recharge area by 

collecting field data observations. 

•  Implementing the observed processes in a hydrometeorological model. 

• Understanding the effect of rain storm temporal structure on recharge by 

examining the daily distribution of precipitation throughout the year. Does 

the same amount of annual precipitation recharge differently as a function 

of temporal distribution? 

• Constructing a user-friendly interface for the hydrometeorological model. 

• Investigating the improvement introduced by a daily model in relation to 

the annual recharge curve in use to date.  

The innovation in this work is the high spatio-temporal resolution recharge 

model for the WMA that takes into account precipitation and evaporation data 
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interpolated from hundreds of daily gauge stations. This is an independent 

model that once calibrated produces high resolution recharge maps. The results 

produced from this model allow the understanding of temporal influence on 

recharge processes. This model is a modular component that can be linked to 

different hydrogeological models (FEFLOW, MODFLOW, etc.) and produce 

the missing recharge component for these models. In this study the 

hydrometeorological model is linked to hydrogeological models on different 

spatial scales for the improvement of hydrological simulations predictions and 

assessments. 

Furthermore, this is the first time integrated cave drips are monitored on a 

relatively large scale (120 m2) for the estimation of recharge by actually 

measuring water infiltrating into a cave.  
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3. Study sites 
3.1. Climate 

Israel has a Mediterranean climate characterized by long, hot, dry summers and 

cool, rainy winters, as modified locally by altitude and latitude. Precipitation is 

unevenly distributed, decreasing sharply southward (Figure 2) from annual 

precipitation of 700 in the northern recharge areas to less than 100 mm in the far 

south. The rainy season extends from October to early May, and precipitation 

peaks in December through February. About 70 percent of the average 

precipitation in the country falls between November and March; while June 

through August are dry (Goldreich, 1998). 

Mean annual precipitation over the WMA recharge area is approximately 550 

mm, with the driest and wettest years on record (1860-2008) producing less than 

250 mm and just over 1100 mm precipitation, respectively (according to the 

Israeli Meteorological Service – IMS records). The latter is the extremely wet 

year of 1991/92 when annual precipitation amounts almost doubled their mean 

all over the WMA recharge area. The mean annual potential evaporation ranges 

from 1400 to 1800 mm, and the mean annual actual evapotranspiration (ET) 

over the WMA is estimated to be 65-75% of annual precipitation (Goldreich, 

1998; Gvirtzman, 2002). Runoff values average around 3-6% of annual 

precipitation. According to measurements by the Israeli Hydrological Service 

(IHS), during 1991/92 runoff as high as 12% was recorded in some basins. 

 

3.2. Regional Scale – The WMA 

Aquifer Characteristics 
The aquifer is comprised of carbonate rocks of the Judea Group (Albian-

Turonian age, (Arkin, 1967)). The Judea Group rocks are mainly limestone and 
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dolomite, with relatively thin marl horizons and some chalk units (Figure 6a). 

The main soil types in the recharge area are Terra Rossa and Rendzina; typical 

soils developed on carbonate rocks in a Mediterranean climate (Committee on 

Soil Classification, 1979) (Figure 6b). They are comprised of clay aggregates 

with a thickness of 0-25 cm for Rendzina and up to a 100 cm (in depressions) 

for Terra Rossa (Dan and Koyumdjisky, 1963; Singer et al., 1998).  Desert 

deposits and soils (mainly Loess) cover the southern parts (Figure 6b), and do 

not enable much recharge due to swelling and sealing processes when 

moistened (Dan and Koyumdjisky, 1963; Singer et al., 1998).   

The recharge area is characterized by steep bare hillsides in the Judean and 

Samarian areas, partially vegetated with agriculture. Apart from urban areas of 

the nine main cities most of the recharge zone is characterized by sparse villages 

(built-up area covers about 7% of the recharge area). The Northern recharge 

area (Carmel) is forested and the southern (Negev) is semi arid to arid. 
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Figure 6: A. The WMA recharge zone lithology. The area was divided into 2 main rock 
types: 1. limestone/dolomite – areas assigned with μ1 values; 2. chalk/marl – areas assigned 
with μ2 values. B. The WMA recharge zone pedology. The area was divided into 3 main 
soil types: 1. Terra Rossa – areas assigned with Z1 values; 2. Rendzina – areas assigned 
with Z2 values; 3. Desert soil – areas assigned with Z3 values. 

Due to folding, uplift, and erosion processes the Judea Group is exposed at the 

Judea and Samaria mountains, and in the northern Negev forming the recharge 

area of the WMA. These rocks have a well-developed fracture and karst 

systems. Long-term stability of the aquifer in the past allowed development of 

the karst features, mostly under saturated conditions (Natan, 2001; Frumkin and 

Fischhendler, 2005). The aquifer thickness varies from 1000 m in the north and 

center, to 500 m in the south (Ben Gai et al., 2007). The WMA is structurally 

continuous across the ridge, favoring the development of a continuous 

piezometric surface with long and stable flow paths under phreatic and confined 

A B 
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conditions. The WMA can be divided into 2 sub basins according to the 

historical outlets: Taninim in the north and Yarqon in the center (Figure 7). 

Further division can be made based on structural and hydrological water 

divides: Carmel and Samaria in the north drain into the Taninim spring; 

Benjamin, Jerusalem, Judea and Negev in the center and south drain into the 

Yarqon spring (Figure 7). A thorough description of the WMA can be found in 

Dafny et al. (2008a).  

 

Figure 7: The 6 sub basins of the WMA. These are defined according to structural and 
hydrological water divides. The two stars indicate the location of Yarqon and Taninim 
Springs. 

WMA Water Budget 
The main source of the WMA recharge is winter precipitation on the outcrop of 

the Judea Group. The recharge is estimated to be 25-35% of the mean annual 
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precipitation for normal years (500 to 600 mm), and might reach as low as 20% 

and as high as 60% for extreme dry (300 mm) and extreme wet (1000 mm) 

years, respectively (e.g. Baida and Burstien, 1970; Goldshtoff, 1972a; 

Goldshtoff and Ben-Zvi, 1972; Baida and Zukerman, 1992; Guttman and 

Zukerman, 1995a; Guttman and Zaytun, 1996).  

The mean recharge volume is estimated to be 340-360 Mm3y-1 (Baida, 1986). 

Guttman et al. (1988) stated that the minimum recharge on record occurred 

during 1932/33 (174 Mm3y-1), and the maximum recharge occurred during 

1944/45 (540 Mm3y-1). Later on, the IHS estimated recharge of 800-1200 

Mm3y-1 for the extreme winter of 1991/92. The high variability in recharge to 

the WMA reflects variability in annual precipitation over the contributing area 

as well as differences in spatial and temporal patterns of the precipitation and 

surface conditions.  

Mean annual discharges of the WMA natural outlets, the Yarqon and Taninim 

springs, prior to human exploitation, was 226-228 and 91-93 Mm3y-1, 

respectively (Dafny et al., 2008a; Dafny et al., 2008b). Additional outlets near 

the Taninim Spring add ~6 Mm3y-1 to the water budget. Since pumping has 

been introduced in the 1930s, exploitation gradually increased to approximately 

350-370 Mm3y-1, completely drying the Yarqon spring, and allowing 25-30 

Mm3y-1 to flow out of the Taninim spring (Dafny et al., 2008b). 

3.3. Local Scale – Perched Springs 

The hilly landscape of the study area is rocky and sparsely vegetated (except 

where terraces have been artificially cultivated for agriculture) thereby limiting 

the effects of plant transpiration. Very little (0.5% to 3.0%) precipitation goes to 

overland flow (IHS, 2001). Therefore, precipitation has two general pathways: 
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(1) evapotranspiration and (2) recharge to the perched aquifer whose thickness 

varies significantly between summer and winter as suggested by the seasonal 

variations in spring discharge. Water perched at these local aquifers partially 

discharges at the spring and partially seeps down to deep percolation into the 

regional aquifer (Weiss and Gvirtzman, 2007). 

Two different sites within the WMA aquifer were chosen for this study. The 

study areas were chosen because they each have a relatively long and complete 

record of precipitation data from nearby meteorological stations, a single spring 

with a well defined recharge area at a distinct location where discharge 

measurements have been made over a relatively long time.  

Due to each of the study area’s unique geologic setting, the recharge areas of the 

springs are very well defined. The aquitards of the two perched springs 

(Chaniya and Dilbah) are located within the recharge area of the WMA (Figure 

2), intercepting and discharging part of the rainwater which would have 

percolated to the regional aquifer under more permeable conditions. The area 

contributing recharge to the springs is comprised of two formations, the Kefar 

Sha'ul chalk, and the Amminadav limestone and dolomite (Figure 8). It is 

assumed that the meteoric water percolates mostly downward through the 

vadose zone, until reaching the Amminadav-Moza contact  (Weiss and 

Gvirtzman, 2007). Water is then perched on the Moza aquitard, flowing along 

the local dip to the spring. The Amminadav-Moza contact outcrop and its dip 

allow therefore the delineation of the recharge catchment. A leakage through the 

Moza aquitard to the regional aquifer is also assumed. The main soil types at the 

recharge area are Terra Rossa and Rendzina; typical soils developed on 



 24

carbonate rocks in Mediterranean climate (Committee on Soil Classification, 

1979). 

Chaniya 

Chaniya Spring (Figure 8a) is located on the southern outskirts of Jerusalem.  

The spring discharges at an elevation of approximately 620 meters above sea 

level (asl) near the base of a prominent hill (Har Gilo) which reaches a 

maximum elevation of approximately 920 meters asl. The recharge area is well-

defined by the outcrop of the Moza-Amminadav contact nearly continuously 

around the hill; exceptions being along the southeast and northern boundaries. 

Bedding throughout the recharge area dips distinctly towards the spring 

(northwest) except along the southeast boundary where the bedding is 

horizontal. Overlying the Amminadav limestone and dolomite is the Kefar 

Sha'ul chalk. The total recharge area is 3.75 km2, 65% Amminadav Fm., and 

35% Kefar Sha'ul Fm. The lithology dips at approximately 3.40. The land cover 

of the recharge area is comprised of mostly bare karstified rocky hill slopes, 

with up to 10% planted pine forest, 20% built area, and 20% agriculture. 

Dilbah 

Dilbah Spring (Figure 8b) is located in the southern Hebron Hills near the city 

of Dura. The elevation of the spring is approximately 760 meters asl and it 

discharges near the base of a prominent hill that reaches a maximum elevation 

of approximately 890 meters asl. The Moza-Amminadav contact completely 

surrounds the topographic high except the northwest part, where the recharge 

catchment is defined by the distinct change in dip from south-southeast to north-

northwest. Overlying the Amminadav limestone and dolomite is the Kefar 
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Sha'ul chalk. The total recharge area is 0.65 km2, 54% Amminadav Fm., and 

46% Kefar Sha'ul Fm. The bedding dips at approximately 2.70. The land cover 

of the recharge area is mostly bare karstified rocky hill slopes, with up to 10% 

planted pine forest. 

 
Figure 8: A. geological map of Chaniya spring catchment; B. geological map of Dilbah 
spring catchment. Recharge are in the maps is based on Weiss and Gvirtzman (2007), the 
recharge area of the springs is outlined, and the springs are marked as a blue point. The 
two formations are Amminadav – Kua, and Kfar Shaul – Kuks. 

 
3.4. Site Scale – Sif cave 

Sif cave is located in Central Israel, (Figure 2, 9). The cave developed in the 

massive limestone and dolomite unit of the Bina formation of the Turonian 

Judea Group (Arkin, 1967), and is a part of the recharge area of the WMA. The 

regional water table at the vicinity of the cave is approximately 200 m below the 

surface. Sif cave is a karst cave, 27 m in diameter (570 m2). It is located 3-11 m 

below the surface (ceiling thickness). The ceiling is covered by developed 

A

B
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active speleothems. The Ceiling height (from cave floor) varies from 

approximately 2 meters to 7 meters. The only opening to the cave is in the 

ceiling, this opening (9 m in diameter) was created during infrastructure 

development at the industrial zone in 1998 which discovered the cave. At some 

locations in the cave karst chimneys or shafts penetrate the ceiling and lead 

almost all the way up to the surface.  

Above the cave roof, a continuous layer of highly developed Terra Rossa soil 60 

to 70 cm deep covers the area entirely. This soil cover is levelled due to 

construction work conducted in the area prior to the discovery of the cave. 

Scarce vegetation, mainly annuals, is scattered on the surface. 

 
Figure 9: Sif Cave map. 
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4. Data and Methods 
4.1. Precipitation and Evaporation Data 

Precipitation data were assembled using all available daily rain gauges in a 15 

km buffer around the WMA recharge zone area (Figure 10). Gauges east of the 

recharge zone were selected using a smaller buffer due to abrupt changes in 

precipitation beyond the main water divide caused by the rain shadow of the 

Samaria hills. The number of operating rain gauges changes from year to year 

and within the year, with an average number of 350 active gauges per day (234-

430 gauges on a given day).  

Daily precipitation data were interpolated to the required zones. The WMA 

recharge area was divided into 3364 mesh elements (mean area of 0.6 km2) in 

accordance with the linked hydrogeological model (see Section 7.3 below). 

Interpolation was carried out for each of the mesh elements. The two perched 

springs were defined as single elements for precipitation interpolation. 

Interpolation was done using an inverse distance weighting (IDW) method to a 

power of 2. In this method, precipitation depth at a point of interest is the 

weighted average of observed precipitation depth in rain gauges within a 15 km 

radius with the weights being proportional to the inverse squared distance 

between the gauge location and the point of interest.  

Daily pan evaporation data for each of the 3364 mesh elements were created in 

the same manner using data from 7 daily evaporation pan-A stations (Figure 

10). Although there are much less pan evaporation stations than rain stations, 

the evaporation spatial distribution is much less variable in relation to rain. 

Therefore, using only 7 stations for the creation of daily evaporation map is 

sufficient. 
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Figure 10: A map showing all rain gauge stations and pan-A evaporation stations used in 
this study. 

4.2. Recharge Measurements  
As mentioned, the recharge process is the most complicated part of the water 

cycle to assess. Therefore it is either measured indirectly or modelled. In this 

study both ways are exerted on different spatial scales. The site scale (Sif cave) 

is studied and allows an almost direct method of recharge monitoring. Water 

dripping in the cave is collected and used to calculate rates and volumes of 

infiltrating rain. The data collected in the field enables recharge assessments, 

and helps lay the foundations for modelling on local (springs) and regional 

(WMA) scales. Follows is the description of recharge data collection at Sif 

Cave. The objective of this study is to estimate recharge at Sif cave by 

measuring water infiltration through the vadose zone using mass balance of 
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precipitation and speleothem drips, and by conducting induced precipitation 

experiments with tracer test. 

Daily precipitation was gauged at Barqan, 300 m northwest of the cave, using a 

0.2 mm resolution tipping bucket connected to a HOBO® data logger. This data 

was later used for water budget calculations at this site. Speleothem dripping 

was collected by three large PVC sheets which integrate the hundreds of active 

speleothem drips from three different areas (17 m2, 56 m2 and 46 m2) in the 

cave. Each sheet channelled the water into a barrel equipped with a pressure 

transducer, continuously recording the water height with a 5 minute temporal 

resolution (Figure 11, 12). zero-pressure electric taps were installed at the 

bottom of each barrel and controlled by a floating device: Once a barrel filled 

up, the float would cause the tap to open, allowing water to drain out until the 

float has reached a minimum elevation causing the tap to close. The continuous 

direct measurement gives the rate and volume of mean aerial dripping for each 

of the three areas. Sheet no. 1 (Site 1, 4 x 4.2 m2) was placed under a ceiling 

with a chimney reaching up to 3 m below the surface. Sheets no. 2 (Site 2, 7 x 8 

m2) and no. 3 (site 3, 5.4 x 8.5 m2) were placed under a speleothem-covered 

ceiling. The roof thickness is approximately 6-7 m above site 1 and 2 and 8-11 

m above site 3 (Figure 11). 
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Figure 11: A map of Sif cave showing the location of the three sites in the cave and the 
cave ceiling thickness above each sheet. 

In addition to the natural precipitation events, artificial precipitation events were 

induced during the dry season using an irrigation system (Figure 13). This 

system comprising 7 water sprinklers placed above the cave surface can produce 

water rate intensities that range from 5 to 20 mm h-1. In addition, 37 

accumulative rain gauges were placed above the cave to monitor the spatial 

distribution of the artificial precipitation.  
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BarrelBarrelBarrel

 
Figure 12: The sheet at site 2, channelling the drip-water into a barrel at the far end of the 
sheet. This barrel is equipped with a pressure transducer connected to a 5 minute interval 
datalogger, recording the water level in the barrel. Note the ceiling, densely decorated by 
speleothems. 

A tracer experiment was conducted to track the movement of the water from the 

surface to the cave drips. Arrival of tracers into the cave could properly define 

the contributing area of the surface to the sites in the cave and test the 

assumption of vertical flow in epikarst. The experiment was carried out during 

the third irrigation experiment (Sep 30, 2007) after reaching soil moisture 

values of field capacity to saturation. Prior to the third irrigation, solutions of 

three tracers (Uranine, Na Naphtionate and LiCl, detailed quantities are listed in 

Table 1) were placed in shallow ditches dug. The tracer Na Naphtionate was 

placed directly above sheets 1 and 3 as a control, to determine whether the 

tracers actually percolate and are found at the sites; Uranine was placed 1 m 

north of these sheets; and LiCl was placed 1 m south of these sheets (Figure 13) 

in order to track north and south oblique movement of water. The two sites are 

positioned directly east-west, so that east and west movements were also 
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monitored. Uranine and Na-Naphtionate have a low tendency to adsorb. Li 

however tends to adsorb (Sullivan et al., 2003), therefore extremely large 

quantities were used to ensure partial recovery of the Li as demonstrated by 

Magal et al. (2007). By collecting integrated cave drips both of natural and 

simulated precipitation, and by comparing to precipitation data, we were able to 

conduct recharge calculations. 

Table 1: Quantities of tracers used and background values measured both at the water tap 
and in the cave prior to the experiments. 

Tracer type Amount 

injected (gr) 

Tap-water 

background concentration 

Drip-water background 

concentration 

Uranine  10 gr 0 0 

Na-Naphtionate 100 gr 0 0 

LiCl 250 gr 10 ppb 0.3 ppb 
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Figure 13: Sprinklers and tracer experiment layout above the cave. The tracers were 
injected on the ground surface above and sideways of the collecting sheets to test the 
assumption of vertical flow. 

4.3. Recharge Modelling 
A model code was written in MATLAB for recharge assessment. The model 

created complies with the suggestion of Scanlon et al. (2002). It is a daily water 

budget model receiving precipitation and evaporation as input, and produces 

recharge as output. As mentioned, recharge cannot be directly calculated, 

creating much uncertainty about the results. Many mathematical variations 

could be created by the model when calibrating. Therefore, this model was built 

so it could link to hydrogeological models (such as MODFLOW and FEFLOW) 

and serve as input for the models. This way the recharge values calculated serve 

as data for hydrogeological models and eliminates the need to assess (or 

guesstimate) annual recharge values as normally exercised in these studies. The 

model inputs are precipitation and evaporation data collected from gauge 
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stations. Other data needed are lithology and pedology types throughout the 

recharge zone, which were aquiered from GIS coverage maps as explained in 

Section 4.4. The model is thoroughly described in Section 5. 

4.4. GIS Analysis for Spatial Characterization 
The model created uses lithology and pedology data to define each element. The 

wide variety of rock units and soil types required simplification. This was 

achieved by applying simple rules to GIS coverage maps. The rock layer was 

reclassified to two main groups according to hydrological properties: μ1 

limestone and dolomite lithologies, the karst aquifer units; μ2 chalk and marl 

lithologies, the aquitard units (Figure 6a). The soil layer was reclassified into 3 

groups according to physical properties: Z1 Terra Rossa; Z2 Rendzina; and Z3 

desert soil (Figure 6b). A description of these soils can be found in Section 3.1 

and in Dan and Koyumdjisky (1963), Committee on Soil Classification (1979), 

and Singer et al. (1998). Each mesh element was assigned a lithology and soil 

type according to the majority found in the polygon (dominant).  
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5. Modelling Recharge – The DReAM 
5.1. Model Description 

DReAM (Daily Recharge Assessment Model) is based on a daily water budget 

(Georgakakos, 2002), and includes calculation of all water cycle components 

for a triangular element mesh in the studied basin. Each mesh element has a soil 

type index n (n=1 for Terra Rossa; n=2 for Rendzina; and n=3 for dessert soil) 

and lithology type index m (m=1 for limestone/dolomite; m=2 for chalk/marl). 

Each mesh element is a modeling unit for which the water budget is applied:  

( ) ( ) ( ) ( ) ( ) ( )itRUitREitETitRAitZitZ nn ,,,,,,1 −−−+=+ θθ    (2) 

where RA is daily precipitation (mm), ET is daily evapotranspiration (mm), RE 

is daily recharge (mm), RU is daily runoff (mm), Zn is effective soil thickness 

(mm) according to soil type n, θ  is volumetric water content (fraction), t is time 

(day) and i is mesh element index (1..3364). The effective soil thickness does 

not refer to the actual thickness of the soil in nature. It is an effective value 

assigned to the tank as the depth of the tank.  

 

Figure 14: The conceptual model of DReAM: A tank with one inlet for precipitation (RA), 
and three outlets. The bottom outlet for evapotranspiration (ET), produces output only 
when soil moisture content is above the permanent wilting point ( pwpθ ). The second outlet 
for recharge (RE) produces output only when the moisture content in the tank is above 
field capacity ( fcθ ). The top outlet produces runoff (RU) when the moisture content in the 
tank reaches saturation (i.e., porosity - sθ ). 
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This is a 1D model, so no connections between cells were introduced (runoff is 

removed entirely). In order to keep this model as simple as possible some 

phenomena were neglected such as ponding. 

The modeling unit can be conceptualized as a tank with one inlet and three 

outlets at different elevations representing activation of different output 

contributions as a function of soil moisture content (Figure 14). The inlet 

represents the daily precipitation over the area (RA). The three outlets represent: 

1) daily evapotranspiration (ET) which produces output only when the water 

content in the tank is higher than the soil permanent wilting point, pwp
nθ , 2) daily 

recharge (RE) which produces output only when the moisture content in the 

tank exceeds the soil field capacity, fc
nθ , and, 3) daily runoff (RU) which 

produces output only when the water content in the tank reaches saturation 

(porosity), s
nθ . Accordingly, the computation is done in three steps (represented 

by an indexing to θ(t,i) in the following equations): 

1) The soil moisture content is increased by the daily precipitation divided by 

the Zn where the water excess of saturation becomes runoff: 
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2) If soil moisture content is higher than the soil permanent wilting point, daily 

evapotranspiration (ET) occurs. Potential evapotranspiration is computed from 

daily pan evaporation data, ),( itPan  (mm) interpolated from observations (see 

Section 4.1, Figure 10), multiplied by an evapotranspiration factor β  

representing the transformation from pan evaporation to the potential 
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evapotranspiration from a unit of soil covered by vegetation. The β  parameter 

is assumed to be uniform all over the WMA recharge area. Actual ET values are 

computed from potential evapotranspiration and the water content (Dingman, 

1994): 
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nZitETitit /),(),(),( 12 −= θθ       (6) 

when ( ) fc
nit θθ <, , plants are considered to be water stressed, whereas whilst 

( ) fc
nit θθ =,  (the bracketed expression in Eq. (5) becomes 1), plants are 

considered to be unstressed (Dingman, 1994).  

3) Daily recharge (RE) occurs when moisture content in the tank exceeds field 

capacity. RE is calculated as a fraction of the water in the soil using a recharge 

factor, mμ , that depends on lithology type m: 
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Finally, soil water content at the end of this process is the initial soil water 

content for the following day: 

),(),1( 3 itit θθ =+         (9) 

This procedure is carried out continuously for the entire period analyzed. The 

computation is done for each of the 3364 mesh elements each having specific 

daily precipitation and evaporation data as well as specific lithology and soil 

types.   
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DReAM was designed to include a limited number of model parameters to keep 

it robust and to reduce uncertainties due to the parameter calibration. The soil 

water content variables ( s
nθ , fc

nθ  and pwp
nθ ) were obtained from literature (Table 

2) (Dingman, 1994). The six model parameters requiring calibration are: three 

soil effective thickness parameters (Z1-3), two lithology recharge factor 

parameters (μ1-2) and a pan coefficient parameter (β). The calibrated parameter 

values dictate the size of the different tanks and outlet openings. 

The two most significant inputs into DReAM are precipitation and pan 

evaporation. These were interpolated and used as described in Section 4.1. 

Lithology and pedology for each mesh element were defined using GIS 

coverage (as explained in Section 4.4). 

Table 2: Soil moisture content values (Dingman, 1994): 

 Terra Rossa ( )1θ  Rendzina ( )2θ Desert Soil ( )3θ  

sθ  0.46 0.46 0.45 
fcθ  0.32 0.30 0.25 

pwpθ  0.17 0.15 0.10 
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6. Understanding the Recharge Process through a Small 
Scale Experiment Site – Sif Cave 
6.1. Recharge evaluation 

Enhanced percolation rate is recorded at site 1 (Figure 15A), an order of 

magnitude higher than at sites 2 and 3.  Site 1 reacts to rain events shortly 

thereafter, much earlier than sites 2 and 3 (Figure 15B). Examining drip rates on 

a semi-log graph (Figure 16) show that three distinct flow regimes can be 

distinguished.  These can be determined by the three slopes on the semi-log 

graph, marked by solid, dashed, and dotted lines (Figure 16), which are repeated 

in all drip events representing the "quick flow", "intermediate flow" and "slow 

flow", respectively. Having the same slope angle repeated for each of the flow 

regimes, indicates that the recharge into the subsurface is governed by the 

vadose zone characteristics. The distribution of the flow types is as follows: (a) 

A high flow rate recorded solely at site 1 ("quick flow"), which is attributed to 

the flow through the large cracks in the rock and the karst chimney (shaft, aven) 

above this site; (b) An "intermediate flow" and (c) a "slow flow".  

The "intermediate" and "slow" flows were recorded at all three sites, indicating 

that the rock covering the cave has a relatively homogeneous dual fissure 

system. The additional "quick flow" recorded at site 1 indicates the presence of 

a much larger local developed crack system.  
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Figure 15: A. a drip-rate graph of the three sites at the cave, with associated precipitation 
during 2006-7. Site 1 exhibits drip rates higher by an order of magnitude in relation to 
sites 2 and 3. The high rate is due to "quick flow" through preferred flow path. All sites 
produce no drip before a 100 mm threshold is reached and then a general rise in drip rate 
of consecutive events throughout the rain season. B. a "zoom-in" showing the mid-March 
event. Enlarging the image shows site 1 reacting before sites 2 and 3 (reaction time marked 
by arrows).  

An increase in overall cave-dripping activity throughout the rain season can be 

seen (Figure 15). The cave does not react to precipitation events at the 

beginning of the year, until a threshold of ~100 mm is reached because the long 

B

A
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dry summer depletes the soil moisture to a minimum. Only after reaching the 

threshold the cave drips react to precipitation events in an intermittent behavior. 

As water accumulates in the soil above the cave throughout the rainy season, the 

recharge percent rises: At the beginning of the wet season (December) only 5-

10% of the precipitation percolates, slowly rising towards the end of the rain 

season (April), when 70-80% of the precipitation percolates. An overall annual 

recharge of ~35% is recorded at the cave, which complies with the long-term 

mean annual recharge values of the WMA (Gvirtzman, 2002). When closely 

examining the hydrographs, it is apparent that the lag time between precipitation 

and cave reaction decreases throughout the year. The first cave reactions 

(December) occur 28-34 hours after the precipitation commences, and this lag 

time decreases to merely 4 hours by the end of the rain season (April).  

Site 1
Site 2
Site 3
"quick flow"
"intermediate flow"
"slow flow"

Site 1
Site 2
Site 3
"quick flow"
"intermediate flow"
"slow flow"

Site 1
Site 2
Site 3
"quick flow"
"intermediate flow"
"slow flow"

 

Figure 16: The drip rates presented on a semi-log graph. This enables differentiation of 
three flow regimes: a "quick flow" (solid line), recorded only at site 1; and two "slow 
flow"s (dashed and dotted lines) at all three sites. 

This decrease is the result in the soil water content rising from event to event. 

Once field capacity is reached, piston flow processes could occur, reducing 

tremendously the time lag. The long dry summer depletes the soil moisture to a 
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minimum, requiring the 100 mm threshold to be reached for the renewal of cave 

dripping. 

6.2. Artificial Irrigation Experiments 
Three artificial irrigation experiments covering an area of 500 m2 above the 

cave (Figure 13), took place in September 2006, after 5 months of the dry 

season; hence the initial soil moisture conditions were minimal (Table 3, Figure 

17). 

Table 3: The irrigation values (mm) and duration (hours) during the three experiments 
and the total drip collected during these experiments in mm and %. 

Date Irrigation 
(mm) 

Duration 
(hours) 

Irrigation intensity 
(mm/hour) 

Total cave drip 
(mm) 

16/9 74.5 7.5* 10 0 (0%) 

24/9 41.8 3 14 2 (2%) 

30/9 76.1 5 15 21 (11%) 

*The irrigation was conducted over a total period of 15 hours, but was actually applied for 
approximately half of the time span.  

The three experiments (Figure 17) were separated by a week to mimic natural 

precipitation regime and to avoid discharge events overlapping. The irrigation 

system did not provide uniform precipitation distribution, due to wind drift, and 

small leaks in the pipe connections (fortunately, the leaks were not near the 

sites, so no relevant point sources were created). Surface conditions allowed for 

only sites 1 and 3 to be irrigated by the system. As in the natural events, only 

after the 100 mm threshold is succumbed, does the cave react to the irrigation 

(Figure 18). Therefore, the first event (74.5 mm, Table 3) prompted no reaction; 

the second event produced a total drip of 2 mm after achieving the threshold 

needed by accumulating 116.3 mm. The final event (76.1 mm) produced a 

prominent reaction in the cave, allowing a large volume of water to flow at site 

1 through the "quick flow" preferred paths, and "slow flow"s to occur at both 

sites 1 and 3 (Figure 18). 
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Figure 17: Artificial precipitation maps showing the spatial distribution of the irrigation 
during the: A. first experiment (Sep. 16th 2007); B. second experiment (Sep 24th); and C. 
third experiment (Sep. 30th). 
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Although the no-drip found for the first event could also be attributed to the 

lower irrigation intensity provided in this case (10 mm/h vs. 14-15 mm/h for the 

two successive events) the explanation of 100 mm threshold mentioned above is 

supported by repetition found in natural and artificial events requiring this 

amount to initiate dripping in the cave. The total drip amount displayed in Table 

3 is the integrated drip produced by the successive events. 
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Figure 18: The drip-rate graph produced during the artificial irrigation experiments. The 
first two events had almost no effect on the dripping. Dripping started in the cave only 
after the ~100 mm threshold was reached. 

6.3. Tracer experiments 
The tracers were introduced after the 100 mm threshold has been reached. 

Having the cave active, tracers could be introduced. The three tracers (Uranine, 

Na Naphtionate and LiCl) were placed on the surface above the cave sites 1 and 

3 as described in Section 4.2 (Figure 13). The Uranine north of site 1 was placed 

in an area believed to be the upper end of the preferred flow path leading to the 

karst chimney. Therefore, Uranine at site 1 would show the "quick flow" rather 

than the "slow flow" tracked by all other tracers.  
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The Na Naphtionate (placed directly above the center of the sites) percolated 

through the fissure system, recovered after 23 and 29 hours at sites 1 and 3, 

respectively (Figure 19). Average ceiling thickness at sites 1 and 3 are 7.3 m 

and 9.3 m, respectively, indicating flow movement of 0.32 m h-1 at both sites. 

The remarkable resemblance at both sites points to a relatively homogenous 

medium at the cave vicinity. This flow constitutes the "slow flow" regime that 

takes place only after the initial 100 mm threshold is succumbed.  

Results show that Uranine (placed 1 m north of the sites) was recovered 5 hours 

from the beginning of the irrigation experiment, at extremely high concentration 

values, at site 1 (Figure 19a). The short travel time and high concentration, 

points to the "quick flow" regime through preferred flow path. Ceiling thickness 

at the chimney is approximately 3 m, the Uranine was placed approximately 5 

m horizontally from the chimney, resulting with an approximate minimal 

distance of 6m indicating minimal flow movement of 1.2 m h-1. The Uranine 

was not recovered at site 3, indicating no southbound component at this site 

(Figure 19b). 

The LiCl (placed 1 m south of the sites) was not recovered at any of the sites, 

indicating the water has no northbound component. Li was not measured in the 

drip water although Li was present in the tap water due to adsorption to the soil. 

Introducing large quantities of Li should have produced some recovery, but 

none was found, suggesting no northbound movement either. Therefore, vertical 

flow can be assumed at the study site allowing water budget calculations to be 

conducted. 
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Figure 19: The tracer experiment results for site 1 and 3. At both sites the Na Naphtionate 
that was placed directly above the sheets was recovered after 23 and 29 hours at sites 1 
and 3, respectively. LiCl was not recovered at any of the sites. Uranine was not recovered 
at site 3, and at site 1, the Uranine was injected at the "quick flow" entrance and was 
recovered within 5 hours with high concentrations. The concentrations are in ppb units 
(parts per billion), except the Uranine at site 1 which was recovered with extreme high 
concentrations of ppm (parts per million).  
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7. Recharge Estimation for the Western Mountain 
Aquifer (WMA) 

7.1. The Hydrogeological model 
DReAM was linked to a numerical groundwater flow model for the WMA that 

was built using the FEFLOW software of WASY GmbH (Dafny et al., 2008b). 

It follows the hydrogeological concepts (water budget, heads and boundaries) 

that were designed for the WMA conceptual model (Dafny et al., 2008a). The 

model solves mass balance and continuity equations for groundwater flow in 

saturated porous media. The model grid comprises approximately 7000 

triangular finite elements, of which 3364 are located in the recharge zone. Daily 

recharge data computed by DReAM were accumulated into monthly values and 

used as input to the linked hydrogeological model (FEFLOW). 

7.2. Calibration 
Calibration of the model is required to set the size of the tank (Z1-3), the size of 

the tank outlet openings (μ1-2) and the evapotranspiration factor (β). Once a 

value is determined for these 6 parameters, all elements are assigned the values 

accordingly (i.e. every element with Terra Rossa soil is assigned the same Z1 

value, etc.). The calibration period was 1987/88 – 2002/03 using daily data. The 

model was calibrated in three stages. The first stage was to comply with the 

historical pre-exploitation mean annual spring discharge values. The second 

stage was to comply with the FEFLOW quasi static calibration for the same 

period (pre-exploitation) producing adequate spatially distributed values. The 

third stage was to comply with the FEFLOW transient calibration. All 

calibration stages, including quasi static and transient calibrations, are explained 

below. 
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Special care should be taken for the extremely wet year of 1991/92, the wettest 

of the 148 year record, which produced just over 1000 mm of precipitation over 

the WMA recharge area and should result in much higher recharge than the 

average value. For the first and second calibration stages that were aimed at 

fitting annual means inclusion of this year in the 17 year calibration record 

would bias the estimated model parameter values and therefore the 1991/92 year 

data were omitted from these two stages. This year was included however in the 

transient stage calibration.  

First stage: The first calibration stage was aimed on fitting the natural mean 

annual discharge values of the two aquifer outlets, Yarqon and Taninim springs, 

before pumping was introduced. The target values of 97-99 Mm3y-1 for the 

Taninim spring (Carmel and Samaria sub basins) and 226-228 Mm3y-1 for the 

Yarqon spring (Benjamin, Jerusalem, Judea and Negev sub basins) were taken 

from historical discharge data of the springs (pre-exploitation values – 1930s).  

Approximately 106 model runs were conducted to calibrate the 6 parameters 

(Z1-2, μ1-2, and β). For each run, the mean annual recharge at each of the two 

springs was computed and compared to the reference values above using two 

objective functions: the relative root mean square error (RRMSE, defined as the 

root mean square error divided by the mean observed value) and the 

multiplicative relative Bias (RBias, defined as the ratio between average 

computed to average observed value). The model runs with a RBias of 0.9-1.1 

and an RRMSE value < 0.05 were selected for further analysis, which consisted 

of 1% out of the 106 original runs. Additional constraints were introduced on the 

results to eliminate runs with unreasonable values. The constrains were applied 
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for the long term mean values of: ET <50%, RU >10% and RE >50%, leaving 

about 50 acceptable parameter sets.   

Second stage: Recharge data computed by DReAM with all acceptable 

parameter sets were run through the FEFLOW model. The data used was a 

single mean year, which was run repeatedly to assess stability of groundwater 

levels (quasi-static calibration).  Each parameter set was evaluated for the pre-

exploitation time for the FEFLOW model according to the 6 recharge areas.  

More parameter sets could be eliminated resulting in a lower number of 

solutions. Elimination was done by removing all sets that produced unstable 

values relative to representative summer groundwater levels. Model stability 

was assessed by examining groundwater levels in all 6 zones exhibiting either 

stable values (rising in the winter and returning to original levels in the summer) 

or continuously rising/falling groundwater level values. In addition, at this stage 

fine tuning of hydraulic conductivity and springs coefficient of the FEFLOW 

model was conducted. 

Third stage: This calibration stage involved the group of solutions deemed 

reasonable from the second stage. These results were all run using FEFLOW for 

transient calibration, allowing tuning of storativity parameters. The run 

consisted of the entire set of daily values (accumulated to monthly) for the 

entire duration of the calibration period. Out of all available solutions the 

parameter set that produced the best results in terms of resemblance to observed 

groundwater levels, was chosen as the optimal result for DReAM (Table 4). 
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Table 4: Calibration value results. 

Z1,2,3 [mm] μ1,2 β 

800 0.0165 0.95 

1400 0.0140  

150   

7.3. Sensitivity Analysis 
Local sensitivity of the model was conducted to assess relative importance of 

several factors: rain, pan evaporation, soil moisture parameters ( s
nθ , fc

nθ , pwp
nθ ), 

and model parameters (Z, μ, β). Each factor value was varied separately within 

±20% for the entire recharge area and analyzed period and the resulted change 

in total recharge volume was computed. The model is most sensitive to the 

precipitation amount with a 31% change in recharge values for 20% change in 

precipitation values (Table 5). The model is also very sensitive to field capacity. 

This value sets the threshold for recharge occurring. A higher value for fc
nθ  

raises the threshold, thus not allowing water to recharge, forcing 

evapotranspiration to remove a larger portion of the soil moisture. The 

remaining factors resulted in less than or equal to symbol 20%. 

Table 5: Local sensitivity analysis: change in total recharge volume resulted from a local 
change of ±20% in the examined factors. 

 Max Change Resulted 

Rain ±31% 

θfc ±21% 

Z ±16% 

β ±12% 

Pan ±12% 

μ ±9% 

θs  ±4% 

θpwp 3% 
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7.4. Linking to the Hydrogeological Model 
After co-calibrating DReAM and FEFLOW models, recharge values could be 

calculated and from them groundwater levels.  

The linked results show good agreement with the groundwater table fluctuations 

(Figure 20). The only deviation in the record is for the winter of 1991/92 where 

the computed water table is in general lower than measured. Simulated water 

table fluctuations before and after this year agree well with observed data. The 

insufficient water table rise in the extreme year of 1991/92 was examined and 

concluded not to be related to DReAM. The main support for this conclusion is 

that in simulations where large recharge quantities (up to 100% recharge) were 

artificially introduced into the hydrogeological model, modelled groundwater 

levels have not reached their measured levels (Dafny et al., 2008b). The large 

quantities of water were actually discharged by the hydrogeological model 

through the Yarqon spring. This problem is yet to be resolved in the 

hydrogeological model but it is out of the scope of the current paper. 
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Figure 20: Observed and calculated water table fluctuations at Menashe T/1 well. The 
observed data is on a monthly resolution. The exceptionally high rise during 1991/92 could 
not be reconstructed, so it is marked by a dashed line. The insufficient water table rise in 
the extreme year of 1991/92 was examined and concluded not to be related to the DReAM 
[Dafny et al., 2008b]. The slight deviation at the beginning is due to initial conditions of the 
model, which are nulled within a single year. 
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7.5. Model Validation 
DReAM was validated for 2002/03 to 2004/05 in two ways. The first was to 

establish whether DReAM results agree with the entire dataset of annual results 

(checking for extreme deviations from the result population). Computed annual 

recharge agrees well with the precipitation – recharge calibration values of 

DReAM for previous years both for the whole WMA (Figure 21a) and for each 

separate sub-basin (Figure 21b).The second was by using DReAM results as 

input for the FEFLOW model, and comparing simulated groundwater levels 

with actual measured groundwater levels for the validation period. Validation 

results show a good fit between the calculated and measured water levels when 

combining DReAM results with the FEFLOW model (Figure 20).  



 53

 

Figure 21: Recharge evaluation results. The hollow symbols are for the calibration period, 
filled points are for the validation period. In all cases the validation values fit well within 
the calibration values (do not deviate much from the average). A. The annual recharge 
values (mm) in relation to the annual precipitation values (mm) for the whole WMA. B. 
The annual recharge values (mm) for each of the 6 sub basins, in relation to the annual 
precipitation values (mm). The main difference found between this study and Zukerman 
[1999] is in the high values (>1000 mm). C. The annual recharge percentage for the WMA. 
The results in this study show levelling out of the recharge percentage, whereas in 
Zukerman (1999), the recharge percentage keeps rising up to over 50%. 
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7.6. Precipitation – Recharge relationships 
The resultant annual recharge values for 1987/88-2004/05 are presented as a 

function of the annual precipitation for the entire WMA in Figure 21a. For 

comparison with precipitation, recharge values are translated into units of mm. 

Recharge varied from 21 to 442 mm (8.8% - 43.8%). It is clear that the main 

factor controlling annual recharge is annual precipitation. Additional variability 

in simulated recharge for similar precipitation values is attributed to different 

temporal and spatial distribution of precipitation patterns. This will be further 

demonstrated in Section 7.7 below. Annual results obtained with DReAM 

generally agree with previous results from the WMA. The annual recharge 

curve described by Eq. (1) above suggested by Zukerman (1999) is shown for 

comparison by Figure 21 (dotted line). Because it is based on annual 

precipitation it is obviously limited to a single estimation result for each annual 

precipitation value, whereas DReAM allows a variety of results for the same 

annual precipitation according to daily precipitation patterns. The main 

difference between the recharge curve (Zukerman, 1999) and DReAM estimates 

is in the extreme values for 1991/92, where the former study results in 542 mm  

recharge (over 50% recharge) whereas DReAM estimates 442 mm (40% 

recharge). DReAM accounts for ET and produces RU estimations as well as 

recharge estimations. During 1991/92, the observed RU by the IHS rose to 8-

12% (as opposed to 3-5% for average years). DReAM estimates similar RU 

values for 1991/92. Accepting the Zukerman (1999) curve reduces estimated ET 

values to under 40%, which are extremely low values. Furthermore, having 

DReAM use measured pan-A data allows for a complete water budget 

calculation including all components. The partial water budget by Zukerman 

(Zukerman, 1999) is not as reliable.   
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The computed annual recharge for each of the six recharge zones shows three 

distinct recharge regimes (Figure 21b). The first includes recharge resulted of 

<400 mm precipitation per year (either in dry years or in dry regions, such as 

the Negev desert). The second includes recharge from 400 to 1000 mm 

precipitation per year; and the third regime is for >1000 mm of precipitation 

(1991/92).  These three regimes slightly resemble the three regimes in Eq. (1) 

(calculated by Zukerman (1999)), in which the first break was at 650 mm and 

the second at 1000 mm. In this study the disaggregation into 6 sub basins allows 

to examine dry values (having two sub basins in the desert area, Negev and 

Judea), whereas in Eq. (1) the calculation was for the annual precipitation 

averaged for the whole aquifer recharge area.  

The difference between Zukerman (1999) results and this study results in terms 

of recharge percentage for very wet years is emphasized in Figure 21c. 

While in Zukerman (1999) the recharge percentage increases significantly with 

annual precipitation, in this study recharge generally reaches a maximum 

percentage value (but, obviously, recharge amounts increase). This behaviour is 

postulated to be related to the increase in runoff percentage typical of wet years 

(such as 1991/92). Both studies hypothesize that the recharge increases with 

precipitation, although in this study we find that the recharge percentage levels 

out, and does not continue to rise, contraire to Zukerman (1999) in Figure 21c.  

7.7. Effect of Temporal Precipitation Patterns 
A close examination of the record reveals years that have similar amounts of 

annual precipitation, but yield significantly different amounts of recharge (Table 

6). This difference is a result of the temporal distribution of precipitation during 

the season. Figure 22 shows a comparison of accumulated precipitation and 

recharge between 1993/94 and 1999/00 (Set 1, Table 6). Although 
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approximately the same amount of precipitation occurred during these two years 

(400 and 414 mm, respectively), 80% of the precipitation (neglecting the lowest 

and highest 10%) fell during two months in 1999 (January and February), and  

during four month in 1993/94 (mid November to mid March). The temporal 

precipitation distribution during 1993/94 did not result in soil water content to 

exceeding the field capacity (in the model), whereas during 1999/00, the short 

rain season increases and maintains soil water content above field capacity for 

most of these periods and with high rates (Figure 22). The temporal distribution 

caused the same effect for Sets 2 and 3 (Table 6). The lowest and highest 10% 

were omitted because of different synoptic influences involved during the 

autumn and spring seasons whose precipitation mainly falls in the southern parts 

of Israel and contributes very little to the WMA (Goldreich, 1998).  

Table 6: Recharge variability results for similar precipitation values. 

 Year Precipitation [mm] Recharge [mm] Recharge percentage 

1999 414 155 37% 
Set 1 

1993 400 99 25% 

1992 570 213 37% 
Set 2 

2001 569 195 34% 

1987 610 260 43% 
Set 3 

1994 612 235 39% 

To better understand the influence of the temporal precipitation patterns, a 

similar examination was conducted on a smaller area. When comparing years 

with similar amounts of precipitation in a single sub-basin, it is apparent that the 

temporal distribution of precipitation plays an important role. In some cases 

years with high values of annual precipitation produce less recharge than years 

with less rain. In Figure 23, a comparison of accumulated precipitation and 

recharge between 1997/98 (485 mm rain, 114 mm recharge) and 1999/00 (414 
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mm rain, 131 mm recharge) for a single sub basin (Benjamin) is presented. In 

1999/00, 80% of the precipitation fell during 2.5 months, whereas the same 

fraction fell during 4 months in 1997/98. The amount of precipitation during 

1997/98 was 20% higher than during 1999/00, whereas the recharge was 

actually 15% lower. This difference is accounted by the temporal distribution of 

precipitation patterns. The two examples discussed above (Figure 22 and 23) 

suggest that the main factors governing the daily water content and 

consequently recharge are dry spells and season length. Dry spells during the 

rainy season allow water to be removed by evapotranspiration, hence reducing 

available water for recharge and occasionally reduce water content below field 

capacity. Recharge reduction can result from adding dry spells, prolonging 

them, or causing precipitation to fall in smaller quantities. Extending the rainy 

season dictates this recharge reduction by either adding more or having longer 

dry spells during the season. In summary – the longer the rainy season, the less 

effective it is for recharge for a given amount of rain. 
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Figure 22: A comparison of precipitation-recharge relationships for two years with similar 
amount of precipitation, 1993/94 (400 mm) and 1999/00 (414 mm). A. Accumulated 
precipitation and recharge, and, B. Soil moisture content. In 1999/00, 80% of the 
precipitation fell during two months, whereas the same fraction fell in 1993/94 on a period 
of four months. The temporal precipitation distribution during 1993/94 does not allow the 
soil water content to raise much above the field capacity values (in the model), whereas 
during 1999/00, the short rain season raise and holds the soil water content high above 
model field capacity to allow for recharge to occur for most of this period and with high 
rates. 
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Figure 23: A comparison of precipitation-recharge relationships for two years with similar 
amount of precipitation, 1997/98 (485 mm) and 1999/00 (414 mm) for a single sub basin 
(Benjamin). A. Accumulated precipitation and recharge, and, B. Soil moisture content. In 
1999, 80% of the precipitation fell during two and a half months, whereas the same 
fraction fell in 1997/98 on a period of over four months. The amount of precipitation 
during 1997/98 is higher than during 1999/00, but the recharge during is actually lower. 

To further investigate the effect of temporal precipitation distribution, a 

synthetic data base was created for DReAM. This data base was designed to 

focus on precipitation patterns within the year and eliminate any other source of 

variability, including variability of annual precipitation amount (which is the 

primary element in the recharge process) and spatial variability. Simulation was 

conducted for 87 years with an annual precipitation of 600 mm, uniformly 
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distributed over the recharge zone. The differences introduced were season 

length (SL; 35-220 days); length of precipitation periods (RSL; 3-13 days); 

daily precipitation values (DR; 12-40 mm); length of dry periods (DSL; 10-60 

days); and number of wet/dry periods (N; 2-10). Potential evaporation data used 

in these simulations were the climatologic evaporation (long term mean values) 

data (Goldreich, 1998) for non rainy days and 50% of the climatologic 

evaporation for rainy days. The study was focused on a single sub-basin as 

conducted on the natural data. The annual recharge amounts computed by 

DReAM for these synthetic years ranged from 55 mm to 250 mm (mean 184 

mm), indicating that up to 106% difference in recharge can be potentially 

attributed to factors that are solely related to temporal patterns in precipitation.  

To identify the most important temporal pattern factors affecting annual 

amounts of recharge a multiple linear regression analysis was conducted for the 

87 years of data (Figure 24) with the five variables described above considered 

as independent variables and DReAM simulated recharge amount as the 

dependent variable. As a single factor, the season length (SL) was found to be 

the dominant factor, explaining 76% of recharge variability in the synthetic data 

base. All other factors considered explain less than 23% of recharge variability 

in this framework. Considering two explanatory factors, SL and RSL provide 

the highest explained variability of 80%, although the combination of SL with 

either N or DSL gave similar results. The combination of 3 factors (SL, RSL 

and DR) explained 87% of the variability while the combination of 4 factors 

(SL, RSL, DR and DSL) explained 90% of recharge variability. Using all favors 

(SL, RSL, DR, DSL and N) explained 91% of recharge variability (Figure 24). 

Using a multiple linear regression (Figure 24), the recharge for the Benjamin 
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basin was predicted. Figure 25 displays the recharge prediction versus 

calculation for a known precipitation amount. These recharge values were 

accurately predicted. 
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Figure 24: A graph showing the increase in ability to explain the recharge variability for a 
known value of annual precipitation (600 mm). Multi-variant regressions were conducted 
with 1 to 5 different factors in the precipitation temporal distribution. For each number of 
independent variables the combination best explains recharge variability is shown. The 
graph shows the rise in goodness of fit (from 0.76 for a single factor, to 0.91 for all 5 
factors). At each point the regression expression is placed on the graph. 
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Figure 25: A graph showing the ability to predict the recharge in the Benjamin sub-basin, 
for a known precipitation value, according to the temporal variability. 
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8. Recharge Estimation for Perched Springs 
8.1. Model Application for Perched Springs 

An attempt to use DReAM for perched aquifers is presented here. The need for 

a hydrometeorological model for small aquifers is very clear by looking at the 

simulated hydrographs produced for perched aquifer springs without a recharge 

model (i.e., precipitation are the direct model input). When using precipitation 

data (multiplied by an annual factor), positive input is presented to the 

hydrogeological model as early as the first rain day of the season, causing an 

output (i.e., spring flow) to occur on the first day of rain. DReAM eliminates the 

need to estimate annual recharge by producing daily recharge values as input for 

the hydrogeological models, and substitutes the vadose zone creating the 

missing lag between precipitation input and recharge output. Only after field 

capacity is reached in the vadose zone, does the recharge process begin.    

8.2. Calibration 

The calibration period was 1980/81 – 1992/93 for Dilbah and 1980/81 – 

1988/89 for Chaniya. The different periods used were subject to the observed 

monthly data available received from the Israeli Hydrological Service (IHS) 

database. The observed discharges for Dilbah span from 1971/72 to 1999/2000, 

whereas the Chaniya dataset spans from 1980/81 to 1992/93. The model was co-

calibrated with FEFLOW. The first stage was calibrating the FEFLOW (Peleg 

and Gvirtzman, in preparation). The annual recharge values calculated by the 

hydrogeological model were used to calibrate DReAM. These values range 

from 11% to 45% with a mean value of 29% (Figure 26). 
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Approximately 105 model runs were conducted to calibrate the five parameters 

(Z1-2, μ1-2, β). For each run, the annual recharge at each of the two springs was 

computed and compared to the reference values, derived from the 

hydrogeological models, using the two objective functions presented above 

(Section 7.2): RRMSE and the RBias. The model runs with a RBias of 0.9-1.1 

and an RRMSE value < 0.05 were selected for further analysis. Additional 

constraints were introduced on the results to eliminate runs with unreasonable 

values for ET, RU and RE, leaving 20-30 acceptable parameter sets.  
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Figure 26: Annual recharge vs. precipitation of Chaniya and Dilbah springs. A. Annual 
percentage; B. Annual values in mm. 

The next stage was reintroducing the best results of DReAM back into 

FEFLOW. DReAM smoothes the "noisy" precipitation data by imitating the 
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vadose zone effect and retaining water until field capacity values are reached. 

Due to this change, FEFLOW calibration has to be adjusted for the new input 

data. Out of all available solutions the parameter sets that produced the best 

results in terms of resemblance to observed spring discharges, were chosen as 

the optimal result for DReAM (Table 7).  

Table 7: Calibration value results: 

Spring Z1(mm) Z2(mm) μ1 μ2 β 

Chaniya 2360 600 0.0192 0.0166 0.85

Dilbah 1040 820 0.0192 0.0010 0.85

Error estimations were calculated for Chaniya and Dilbah springs (Table 8) 

according to two data sources: 1. precipitation data (an annual percentage out of 

precipitation fitted year by year manually without using DReAM); and 2. 

DReAM data as input. The error estimation was conducted using RRMSE 

(minimal values sought), RBias (proximity to 1 sought), scatter-plot regression 

slope (a, proximity to 1 sought), and scatter-plot error (R2, maximal values 

sought). The RRMSE and RBias objective functions and the scatter-plot 

regressions (a and R2) measure the error between observed and simulated 

discharges. It has to be emphasized that fitting precipitation percentage value 

for each year independently uses a larger number of degrees of freedom, 

enabling low error estimations, compared to using DReAM that uses the same 

parameter set for the whole record. Note that the error estimation at this stage is 

higher than the error estimation in the previous stage (Section 4.1) because, at 

this point, linked monthly model results are compared to observed monthly 

values, whereas at the first stage annual DReAM results were compared to 

annual hydrogeological model estimations.  
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Table 8: Error estimations between observed and calculated spring discharges for the 
calibration period: 

Spring Source RRMSE RBias a R2 

Chaniya Precipitation     0.04    1.02  0.72  0.77 

Chaniya DReAM     0.22    1.14  0.72  0.55 

Dilbah Precipitation     0.02   1.07  0.81  0.59 

Dilbah DReAM     0.01   1.00  0.97  0.84 

 
8.3. Model Validation 

DReAM was validated for 1971/72 to 1978/79 and 1993/94 to 1999/2000 for 

Dilbah and 1990/91 to 1992/3 for Chaniya in two ways. The first was to 

establish whether DReAM recharge results agree with the entire dataset of 

annual results (checking for extreme deviations from the result population). The 

second was by using the DReAM results as input to FEFLOW and comparing 

simulated spring discharges with actual discharges for the validation period. 

Computed annual recharge fits well with the recharge – precipitation calibration 

values of DReAM for the springs (Figure 27). Furthermore, validation results 

show a good fit between the calculated and actual discharges when combining 

the DReAM results with the hydrogeological models (Figure 28).  
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Figure 27: Annual recharge evaluation results for the Chaniya and Dilbah springs. The 
filled symbols are for the calibration period and the hollow symbols are for the validation 
period. The validation values fit well within the calibration values (do not deviate much 
from the average). The dotted line represents the recharge curve of Zukerman (1999). 

The validation results show that once DReAM has been calibrated, recharge 

estimations can be calculated as input to the hydrogeological model without the 

need to calibrate these models for additional years. The low error estimation for 

the validation period is the best indicator for the reliability of DReAM (Table 

9). Error estimations are presented for DReAM results and prove that good 

results (similar to calibration period results) can be reached without the need to 

estimate recharge values according to the total annual precipitation using 

recharge curves. DReAM eliminates the need to guesstimate the annual 

recharge percent for the hydrogeological models. Furthermore, the need to wait 

for total annual precipitation to be calculated is now eliminated. The good 

validation shows that DReAM is able to predict recharge values. 

Table 9: Error estimations between observed and calculated spring discharges for the 
validation period: 

Spring RRMSE RBias a R2 

Chaniya 0.21 1.09 0.87 0.86 

Dilbah 0.04 0.91 1.05 0.87 
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Figure 28: Observed and simulated discharge hydrographs for both calibration and 
validation periods. The graphs show the hydrogeological model outputs using precipitation 
data and DReAM data. A. results for Chaniya spring; B. results for Dilbah spring. The 
gaps indicate years omitted due to corrupt observed flow data. The bottom bar indicates 
calibration and validation periods. 

8.4. Recharge Evaluations 

Annual recharge values are presented as a function of the annual precipitation 

for the two springs in Figure 27. For comparison with precipitation, recharge 

values are translated into units of mm. The main factor controlling annual 

recharge is annual precipitation. Additional variability in recharge for years with 

similar precipitation values is attributed to temporal distribution in the rain 
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patterns (Section 7.6). A comparison between the results of this study to 

previous work by Zukerman (1999) show a good resemblance for the Chaniya 

spring, and a slight overestimation for the Dilbah spring (Figure 27) by 

Zukerman (1999). This overestimation is explained by the fact that the recharge 

curve is not a spatially distributed model, producing a single result for each 

annual precipitation value. Although the resemblance is good, the 

spatiotemporal distribution of DReAM produces better results than the annual 

recharge curve. 
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Figure 29: An example of the improved fitting to observed data by applying DReAM. The 
simulated hydrograph rises prematurely when using precipitation data without DReAM. 
By applying DReAM results, the simulated hydrograph rises with observed. 

The standard calibration method for FEFLOW requires estimations of the 

annual recharge percentage. This value is then used by multiplying daily 

precipitation data which will serve as input to these models. When using 

precipitation data (multiplied by an annual factor), positive input is presented as 

early as the first rain day of the season, causing an output (i.e., spring flow) to 

occur on the first day of rain. This can be seen by the premature rise in 
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calculated hydrographs (Figures 28, 29). DReAM produces daily recharge 

values as input for FEFLOW, thus eliminating the need to estimate annual 

recharge. Furthermore, DReAM substitutes the vadose zone by creating the 

missing lag-time between precipitation input and recharge output. The recharge 

process begins only after field capacity is reached in the soil and vadose zone.  

The main effect can be seen in Figures 28 and 29. The simulated hydrograph 

rise is similar to the observed rise. Hydrogeological models produce output 

almost instantly with the first rain event due to the lack of retention ability. 

DReAM provides this component and improves output simulations in this 

manner.   

8.5. Scaling Recharge Estimations from Regional to Local 

In Section 7 DReAM was used for the entire WMA. A 3364 element triangular 

mesh was placed over the 2200 km2 recharge area of the WMA, and recharge 

was calculated for each of the mesh elements. Chaniya and Dilbah springs are 

within the recharge area of the WMA, therefore a comparison between recharge 

calculations for the particular elements correlating to the spring locations can be 

conducted. 

Although these comparisons exhibit a good correlation (R2=0.98) the relation 

indicates a positive bias of the local perched spring study in relation to the 

regional aquifer (Figure 30). A better approach of using the local study might be 

to calculate the net recharge reaching the phreatic aquifer, by subtracting the 

water discharged in a perched spring from the total recharge. Indeed, the 

calculated net recharge, which reflects the water passing the Moza aquitard, 

shows a better correlation with recharge of the regional aquifer calculated in 
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Section 7: y=1.09x as opposed to y=0.62x for Dilbah; and y=1.09x as opposed 

to y=0.90x for Chaniya (Figure 30). A slope value closer to 1 indicates an 

increasing resemblance between local and regional values. The difference 

between the net and total recharge (horizontal arrow in Figure 30) is the amount 

discharged at the perched spring: 43% of the total recharge discharges at Dilbah, 

and 17% at Chaniya. The different percentage discharged in different perched 

springs reflects local variations in the underlying aquitard permeability, 

associated with its lithology, thickness, dip, faults, and fractures.  

Deep recharge to the regional aquifer was calculated to be 57% and 83% of total 

recharge at Dilbah and Chaniya, respectively. According to Weiss and 

Gvirtzman (2007) deep aquifer recharge is 58% to 74%, with 26% to 42% 

discharging at the springs. Burg (1998) calculated deep aquifer recharge at 

perched springs in Israel to be 81 to 94%, with 6 to 19% discharging at the 

springs. The lower values in this work resemble values calculated by Weiss and 

Gvirtzman (2007), whereas the higher values resemble values calculated by 

Burg (1998). A comparison of values found in the local and regional scales 

show a consistent 9% difference which discharge at the springs. The high 

variability between these studies emphasizes the complexity of groundwater 

recharge, the high uncertainties attributed to collected data, the influence of 

surface conditions on the recharge process and the limitations of scaling. 
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Figure 30: Comparison between recharge evaluations of local perched springs and 
regional aquifer recharge values (Section 7). The horizontal difference (indicated by an 
arrow) between the two sets of points represents the water discharged by the perched 
spring. By subtracting the water discharged in the perched spring a better similarity 
(slope value closer to 1) is achieved between the two scales. 

8.6. Long Term Recharge Flux 
An exceptionally long precipitation dataset at Jerusalem (starting at 1860) 

allowed the reconstruction of discharges at Chaniya Spring (south-west 

Jerusalem). Unfortunately, Pan-A evaporation data is not available for the same 

time span, therefore climatologic evaporation (long term mean annual values), 

were used to substitute the data. Standardized deviations of precipitation values 
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show decadal-scale recurring dry and wet periods (Figure 31). The 

standardization was reached by dividing deviations from average by the 

standard deviation: 

)( rainannualstdev
rainaveragerainannual

RA
−

=σ       (10) 

)arg(
argarg

edischannualstdev
edischaverageedischannual

Q
−

=σ     (11) 

Inputting the long dataset to the linked DReAM and FEFLOW creates a 

reconstruction of the spring discharges. It is apparent that Chaniya spring 

responds differently to successive dry and wet periods. High discharges are 

retained for only 1 to 2 years, even after a relatively long period of extremely 

wet years (e.g. 1890-1900, 1940-1945, Figure 31), but the short term influence 

exhibits extremely high volume discharges. The extremely rainy year of 

1991/92 (highest on record) produced a predominant discharge, but, because 

this year appeared after a period of a successive drought years, the total annual 

discharge is only 4th in the simulated set. Dry periods keep Chaniya discharges 

low for several years beyond the drought, even if a rainy year follows. Only a 

set of wet years enables the spring to restore high discharges (e.g. 1923-1937, 

1956-1964, Figure 31). 
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Figure 31: The long term (1860-2000) standardized precipitation and discharge values at 
Chaniya spring. 

 
The long record exhibits the variability overlooked by annual based models. 

Annual precipitation values of up to 450 mm produce a narrow range of 

recharge result, whereas values higher than 450 mm produce a wide range of 

recharge values due to temporal variability of the rain storms throughout the 

winter (Figure 32). For example, a year with 550 mm of precipitation may 

produce 50 to 150 mm of recharge which could constitute the difference 

between a flowing spring and a depleted spring. 

Recharge calculated by DReAM serves as input to FEFLOW and widens the 

variability further by considering the perched spring “memory” as manifested in 

its storativity parameter. The correlation of annual discharges to annual 

precipitation is reduced tremendously, preventing the use of different 

regressions types (linear, exponential, etc.) to relate annual discharge to annual 

precipitation for perched springs (Figure 33). 
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Figure 32: Long term (1860-2000) annual recharge values versus annual precipitation 
values at Chaniya.  
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Figure 33: Long term (1860-2000) annual discharge values versus annual precipitation 
values at Chaniya. The wide scattering shows that it is extremely inaccurate to use 
regression curves to define this relationship. 
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9. Discussion and Conclusions 
9.1. Using Sif Cave Principals as Foundations for DReAM 

The Sif Cave study presents a unique window to observe the vadose zone 

percolation for the WMA. The ~100 mm threshold required to activate the cave 

dripping in the beginning of the wet season is the amount needed to raise soil 

moisture content from near wilting point (after a long dry summer) to field 

capacity values. Having a soil cover thickness of 60-70 cm, above the cave, 

receive 100 mm of precipitation constitutes ~15% of soil moisture which is the 

difference between wilting point (17%) to field capacity (32%) in Terra Rossa 

soil (Dingman, 1994). This value closely resembles previous studies such as 

Arbel et al. (accepted), who calculated a threshold of 120 mm for Mt. Carmel 

caves. Any amount above field capacity causes the movement of water from the 

soil to the subsurface epikarst. The soil moisture is removed by either draining 

water from the soil to the epikarst (for any amount above field capacity) and by 

evapotranspiration, which depletes water down to wilting point.  

Tracer experiments enabled two important features in this study: 1) Calculation 

of subsurface flow rates; and 2) Testing the assumption of vertical flow required 

for recharge calculations. Rates of water movement were calculated to be 0.32 

m hr-1 for the "intermediate/slow flow", and over 1.2 m hr-1 for the "quick 

flow". Many studies worldwide utilize such tracer experiments to quantify the 

movement of water in the vadose zone, e.g. Mendip Hill, England (Friederich 

and Smart, 1982), Israel (Even et al., 1986), Niaux, France (Bakalowicz and 

Jusserand, 1987), Penny karst, England (Bottrell and Atkinson, 1992) and 

Slovenia (Kogovesk, 1997). The water movement in the vadose zone and 

epikarst was calculated in these studies to range from 7 m yr-1 to 70 m hr-1 (5 

orders of magnitude!). This large variability is due to different flow systems – 
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"quick flow" and "slow flow", different climate conditions – arid to humid and 

storage availability in the soil and epikarst. Although this large range of rates 

exist in karst environment studies, the slow flow value resembles recent karst 

recharge studies conducted in Northern Israel resulting with 0.22-0.40 m h-1 at 

Mt. Carmel caves (Arbel Y., accepted). The selective recovery of tracers at the 

sites strengthens the assumption and allows recharge calculations to be 

conducted. As the wet season progresses, soil water content rises. This results in 

two main observed phenomena: a) increase in recharge per precipitation event, 

from 0% before field capacity is reached, through ~5-10% once the 100 mm 

threshold is reached, to 70-80% by the end of the wet season; and b) the 

decrease in lag time between precipitation events and cave drip reaction from 

29-34 hours to 4 hours.  

Despite the fact that the cave is limited in area it produces similar results to 

those known for the WMA. This study is unique in its ability to integrate a large 

drip area of approximately 120 m2 in a cave. This integration produces a much 

more reliable and comprehensive understanding of recharge processes in the 

epikarst. Previous studies that concentrated on either single speleothems or a 

limited group of speleothems might have missed different flow regimes present 

at the study site, whereas in this study, the integration allowed to distinguish 

three different flow regimes at a local site. 

Studying the water percolation and understanding the fundamental processes 

that govern recharge lay the foundations for the WMA model –DReAM which 

uses assumptions and processes as understood in the field. These assumptions 

include the threshold for water percolation; the gradual rise in recharge as the 

wet season progresses and the effect of dry periods on soil water content. 
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Although the main factor governing recharge is precipitation (explaining factor 

of >70%), a variability still exists producing different recharge values for years 

with similar total precipitation values. The variability found by was explained 

by incorporation of temporal data such as the length of dry periods between 

precipitation events (explaining >90% of variability). This factor elongates dry 

spells allowing depletion of soil moisture by ET, resulting in years with similar 

annual precipitation but with different recharge. The longer the dry spells, the 

less recharge produced. Consideration of dry spells length is important, as 

shown in several studies. Rimmer and Salingar (2006) consider dry spell length 

(in days) in HAYMKE without actually dealing with evaporation data, which 

was inaccessible. Mendicino et al. (2008) recently published their groundwater 

resource index (GRI) which too considers dry spell length for drought 

forecasting on watershed scale. In this study we show that it is possible to 

improve predictions of groundwater recharge when incorporating season length 

dry spell data. 

9.2. The Advantage of a Process Based Model 
Recharge is the process of adding water to the aquifer (mainly rain). Therefore, 

recharge is mostly dependant on precipitation, and is found to be related to it in 

all studies dealing with recharge. Although the annual precipitation relates to 

annual recharge with a relatively high agreement (R2>0.7 in many studies), 

relating the recharge to the precipitation in a higher temporal resolution tends to 

be more of a challenge. In order to relate precipitation to recharge on a high 

temporal scale, models have to be introduced taking into account changes in soil 

moisture content, which plays an important role in the high temporal recharge 

process. Gregory (2006a) and Wilcox et al. (2008) measured direct recharge at a 

cave, showing the response of the cave to each rain event, with a high relation 
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on an annual basis. When trying to relate single recharge responses to rain 

events the correlation was poor. The Sif cave fieldwork shows that although an 

event-based correlation yields poor results, consideration of the soil water 

content improves understanding of the process tremendously. Recharge 

developed according to the antecedent soil moisture conditions prior to the rain. 

In the case of dry soil, even an extreme rain event did not result in a recharge 

response in the cave, whereas other rain events yielded high recharge when the 

soil had sufficient initial moisture. When considering a long term record such as 

was used at Chaniya Spring (140 years), it is apparent that the good correlation 

for a relatively short time scale (10-20 years) cannot be reproduced for the long 

time scale. Decadal events such as successive droughts cause trends in the 

discharge, which prevent high discharge values to be reached by occasional 

extreme wet years that follow.  

 
9.3. Effect of Temporal Precipitation Patterns (Climate Change) 

In recent years there is an observed trend in the precipitation regime in the east 

Mediterranean. Although the overall annual precipitation has not changed 

significantly, some studies point to a positive trend in heavy precipitation and a 

negative trend in light precipitation which is associated with global warming 

(e.g. Alpert et al., 2002). This type of change causes the rain to fall in isolated 

events. In the past, winters had moderate rain events lasting two to three days 

every week to ten days (Goldreich, 1998), whereas in current and possibly 

future climate, extreme rain events are and will be followed by long dry spells, 

if indeed the above suggested change occurs. This transformation in 

precipitation regime will in fact cause depletion of water available for 

groundwater recharge. 
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Short intense rain events cause a quick rise in soil moisture content, which 

could lead to loss of water by means of runoff. Long dry spells after the rain 

event lead to further loss of water by means of evapotranspiration, leaving a 

much smaller fraction of the overall precipitation for aquifer recharge. This 

behaviour is manifested in the recent year of 2007/08 that was declared a 

drought year with less than 70% of the mean annual precipitation in most of 

Israel (IHS, 2008). The low amount of precipitation distributed on a long season 

(November – May) caused an extreme reduction in groundwater levels below 

the declared Red Lines which are the lowest limit for groundwater exploitation. 

2007/8 is in fact the fourth successive drought in Israel which has brought the 

water resources to a 20 year low (IHS, 2008). A fifth drought year (which is 

developing) may bring the water resources to the lowest values on record. 

9.4. Scaling 

This study deals with scaling an originally regional-scale model to a local-scale 

study case. Many studies deal with the scaling issue (e.g. Bloschl and Sivapalan, 

1995; Kubota and Sivapalan, 1995; Robinson and Sivapalan, 1995). A 

Representative Elementary Area (REA) can be used to some extent in 

hydrological models (Wood et al., 1988; Bloschl et al., 1995; Woods et al., 

1995). In this case DReAM represents quite well both the regional and local 

scales, but by implementing different values to the parameter sets (Z, μ and β). 

Therefore, scaling can be conducted with this model, describing the recharge 

process on local to regional scales, but the parameters must be re-calibrated for 

each study site. The variability in parameter values between regional to local 

scales, and the variability used for the different springs mean that in this case an 

REA cannot be used. 



 80

The different values between regional and local results lie in the different 

parameters used for DReAM. Although the springs are within the recharge area 

of the WMA, the parameters used for the regional scale (Table 4) differ from 

those for the local scale (Table 7). The main reason for this is the downscaling 

from a 2200 km2 recharge area, to a 0.6-4 km2 area. The regional model 

averages out local variation in topography, stratigraphical dip topography etc., 

whereas in a local scale model, these may contribute to the recharge behaviour. 

Moreover, the parameter variability between the two different springs 

demonstrates the significance of these surface characteristics in determining the 

recharge process.  

The regional model calculates net recharge to the WMA, neglecting water 

removed from the system, such as perched spring discharges. These springs 

constitute less than 1.5% of the total recharge value (5 Mm3y-1 of 350 Mm3y-1). 

DReAM calibrated to perched springs, calculates both regional aquifer recharge 

and perched spring discharge. Subtracting the discharged volumes from 

DReAM results produces a similar result to the regional.  

Furthermore, field work conducted at Sif Cave demonstrate that the 

fundamental processes and assumptions used for the conceptualization of 

DReAM, are observed on site scale (<1 km2) recharge processes too. Having 

these processes in site- through local- to regional-scales proves that the 

multiscale implementation of DReAM is feasible, but has to be conducted with 

caution. 
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10. Summary 

This study deals with groundwater recharge by both observing actual recharge 

on site scale and modelling recharge at local to regional scales. The fieldwork 

conducted introduces a novel method of integrating 120 m2 speleothem drips. 

By applying this procedure we were able to record three different flow regimes 

that might not have shown in a case of a single speleothem observation study. 

Furthermore, other observations such as annual threshold values for drip 

initiation was recorded with higher confidence due to the large number 

(thousands) of speleothems monitored. This study laid the foundations for 

DReAM which was found to perform well both on local and regional scales. 

Having DReAM calibrated and validated for the perched springs and the WMA, 

allowed further investigation of the recharge process under a wide range of 

conditions. DReAM allows examining recharge under different climatic 

conditions, both for natural event and for simulated synthetic events. We found 

that when temporally varying precipitation events by extending the rainy 

season, recharge diminishes dramatically. On local scale, simulating an 

exceptionally long precipitation record revealed that the discharge process at the 

spring is dependant on temporal variations of the precipitation events and on 

long term (decadal) trends.  

Many options exist for the continuation of this study. The field work could 

develop to investigate the role of vegetation in the recharge process. Introducing 

vegetation to the bare soil above the cave by planting a full coverage of mature 

bushes would change the drip regime in the cave. Monitoring the natural drip 

events and execution of similar artificial irrigation experiments under these new 

conditions may yield new insights of vegetation influence on the water cycle.  
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DReAM too could be used for further study. The ability to use DReAM on a 

wide variety of scales permits the application of DReAM for other sites. The 

large number of perched springs in the WMA, and the location of many of these 

springs do not allow continuous monitoring. Calibrating DReAM to other 

perched springs enables the simulation and prediction of water discharging 

without the need of actually collecting field data. Furthermore, DReAM could 

be used on other regional aquifers to help understand the water cycle and 

promote much needed knowledge for improved management of water resources.  
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FEFLOWבנוסף לכך חלוקת סדרת הזמן לתקופת כיול ותקופת אימות .  מחזקת את הביטחון בהערכות המודל

יינות השעונים אשר מגיבים יחסית מהר לארועי הגשם ניתן במע. אף היא חיזקה את הבטחון בתוצאות שהתקבלו

יתרון נוסף שמתקבל . לראות את השיפור בצורת ההידרוגרף על ידי התאמת זמן שהות בין ארוע הגשם לנביעה

המודל . וידואלי לכל שנהומצימוד המודל למודל הידרוגאולוגי הוא ביטול הצורך להעריך מילוי חוזר שנתי אינד

ההפעלה המוצלחת של המודל  .אשר משמשת כקלט למודל ההידרוגאולוגי, מילוי חוזר מנתוני גשםמייצר סדרת 

מעידה על כך ) מערת סיף(והעובדה כי הוא מתבסס על תצפיות מסקאלה קטנה במיוחד , בסקאלות השונות

נובע מכך הכיול השונה הנדרש בכל סקאלה . משותפים לכלל הסקאלותהנחות היסוד והפיזיקליים שהתהליכים 

שהסקאלה הגדולה של האקווה ממצעת תנאי פני שטח ומזניחה אובדני מים בנביעה ממעיינות שעונים המהווים 

באזורים המצומצמים של המעיינות השעונים בסקאלה הקטנה השפעת תנאי .  מסך המילוי החוזר במרחב1.5%-כ

 מסך המילוי החוזר ולכן אינם 40%-6%המים המסולקים בנביעה מהמעיין מהווים . השטח משמעותית יותר

  .זניחים בסקאלה זו

הצלחת שיחזור הספיקות במעיינות הן בתקופת הכיול והן בתקופת האימות אפשרה להאריך את שיחזור 

שיחזור תקופה ממושכת זו ). 1860-2007(השעון לאורך כל תקופת הגשם במסד הנתונים הספיקות במעיין חניה 

למעיין זיכרון מתוך כך עולה כי . ים ברצפי שנות בצורת ושנים ברוכותאפשר הבנה של תהליכים הקשור

אלא מחייבים רצף , של המעיין כתוצאה משנה ברוכה" התאוששות"רצפי שנות בצורת לא מאפשרים . "סלקטיבי"

לעומת זאת רצף שנים ברוכות אמנם מעלה . של שנים ברוכות כדי להביא חזרה להגברת השפיעות במעיין

 .אך זו לא נמשכת זמן רב לאחר הפסקת רצף השנים הברוכות כפי שקורה בשנות בצורת, את השפיעהמשמעותית 

אמנם . תובנה חשובה נוספת שעולה מסדרת שפיעות ארוכה זו היא הקשר הרופף בין גשם שנתי לנביעה שנתית

דדות מתקבלת כאשר בוחנים את הקשר בין סך הגשם השנתי לבין הנביעה השנתית בסדרות זמן של שנים בו

תהליך זה נובע משינויים בדפוסי הגשם . הקשר הולך מתבדר, אולם ככל שמסד הנתונים גדל, התאמה טובה

, אם אכן מתרחשים שינויי אקלים בנוסף לכך. ן של גשםולאורך זמן הגורמים לערכי מילוי חוזר שונים לערך נת

מתוך מחקר זה ניתן  . המכתיבה התאדותיכולה להיות להם השפעה הן על דפוסי הגשם והן על הטמפרטורה

גם אם כמות המשקעים השנתית ,  בכך שעונת הגשמים מתארכת דפוס הגשמים באזורנותנהשר משלהסיק כי כא

  .כמות המים הזמינים למי התהום הולכת ודועכת, נותרת ללא שינוי



 הנגר העילי והחלחול , פחות האידויt ביחד עם כמות הגשם שנוספה ביום tמורכבים מתכולת המים במיכל ביום 

  . tביום 

( ) ( ) )()()()(1 tRUtREtETtRAtZtZ −−−+=+ θθ 

  

  

  

ובעל שלוש יציאות שונות בגבהים שונים ) גשם(ניתן לתאר יחידת פני שטח במודל כמיכל בעל כניסה אחת  

אידוי והוא ממוקם מעל תכולת ה הליךמסלק מים בתהפתח התחתון ). 'אאיור (הנקבעים על סמך נתוני הקרקע 

. הפתח האמצעי מאפשר יציאה לחלחול והוא תלוי בערך קיבול השדה. מים בקרקע המייצגת נקודת הכמישה

  .הפתח העליון מאפשר סילוק מים בנגר עילי אשר מתקבל במידה ותכולת המים בקרקע עוברת את ערך הרוויה

  

 ייצגו את תהליך המילוי החוזר  בלבדה המקומית שני מיכליםהמודל הופעל על שתי הסקאלות כאשר בסקאל

  .  מיכלים ייצגו את תהליך המילוי החוזר לאקוות ירקון תנינים3364ובסקאלה המרחבית , במעיינות השעונים

 שחישבו מילוי חוזר של מחקרים קודמיםתוצאות הפעלת המודל בסקאלות השונות אמנם דומות לתוצאות 

אולם בעבודה זו קיים שיפור משמעותי בהערכות כתוצאה מכך שהמודל רגיש לפרוס , יתברזולוציית זמן שנת

בעבודה זו ,  מסוגלים להפיק ערך מילוי חוזר יחיד לעובי גשם נתון הקיימיםאמפירייםהמודלים הבעוד ש. בזמן

. לאורך השנהכתוצאה משינויים בפרוס סופות הגשם , ניתן לקבל מגוון רחב של תוצאות בעבור ערך גשם נתון

. רגישות זו לפרוס בזמן נבחנה גם על ידי ניתוח שנים מדודות וגם על ידי הפעלת סימולציות סינטטיות שונות

 נמוך המילוי החוזרככל שהעונה ארוכה יותר . נמצא כי הפרמטר המשפיע ביותר על השונות הוא אורך העונה

מודל הוא מפות הגשם שהמודל מייצר ברזולוציה יתרון נוסף של ה. יותר כתוצאה מאבדני מים באידוי ודיות

כך ניתן . ניתן להעריך מילוי חוזר בזמן אמת לאורך העונה כאשר מתקבלים נתוני גשם מהתחנות במרחב. יומית

  .לדעת בכל זמן נתון מהי כמות המים שחלחלה מתחילת העונה

ההתאמה . חזר נביעות ושינויי מפלסהמודל נכתב כך שיהיה ניתן לצמד אותו למודלים הידרוגאולוגיים כדי לש

-תנינים לבין תוצר צימוד המודל עם מודל ה-הגבוהה שהתקבלה בין נתוני מפלסים מדודים באקוות ירקון

Z – Soil thickness [mm] RA – Daily rain [mm] 
θ – Volumetric water content ET – Daily evapotranspiration [mm] 

t – Time [day] RE – Daily recharge [mm] 
  RU – Daily runoff [mm] 

   :'אאיור 
סכימה כללית המתארת את המבנה 

 .נספטואלי של המודל ההידרומטאורולוגיהקו



  תקציר 

- הגורמים השונים המשפיעים על תהליך המילוי. חוזר הוא תהליך העשרה טבעי למי התהום בעיקר מגשם- מילוי

 פיזור תאי הגשם – עצמו התלות במרחב מתבטאת הן בגשם. החוזר נחלקים לגורמים תלויי מרחב ותלויי זמן

התלות בזמן . ' מפנים וכו, שיפועים, שימושי קרקע,פדולוגיה,  ליתולוגיה–והן בתנאי פני השטח , במרחב

 מילוי חוזר שונה תייצר בפרק זמן קצרגשם כמות (מתייחסת בעיקר למשך התקופה בה יורד הגשם במהלך השנה 

 מילוי חוזר הוא המרכיב .י הגשם והיובש בתוך עונת הגשםולהתפלגות משכ, )בפרק זמן ארוך אותה כמותמאשר 

במחקר זה . ולכן הוא נמדד בעיקר בצורות עקיפות ומוערך במודלים, המורכב ביותר למדידה במחזור ההידרולוגי

 לסקאלות חוזר-  מילוי–פותח מודל הידרומטאורולוגי ליחסי גשם ו, מילוי חוזר במערת סיף בשומרוןגם נמדד 

המודל הופעל . וכן לתנאי פני השטח השונים במרחב,  המודל מתייחס לפרוס הגשם במרחב ובזמן.רגדולות יות

  ). חנייה ודילבה, מעיינות שעונים(ומקומית ) תנינים- ות ירקוןואק( מרחבית –בשתי סקאלות שונות 

פעתן של במערה נמדדה הש. המדידות במערה מאפשרות הצצה ייחודית למהלך המים באזורי מסלע קארסטיים

 חישובים להערכת ביצועהסופות והניסויים מאפשרים .  וסמניםסופות גשם שונות וכן בוצעו ניסויי המטרה

 נמדדת בצורה ישירה עוצמת הגשם וב,  מיםןהמחקר מתבסס על מאז .חידור של מי הגשמים לאפי קארסט

מדידת הגשם . וציית זמן גבוההגשם וחילחול נמדדים באופן ישיר ורציף ברזול. ועוצמת חילחול המים במערה

המרכזות את המים על ידי יריעות שימשונית בצורה ייחודית מדידת החילחול נעשית . י מד גשם רושם"נעשית ע

ר מתקרת " מ120-יריעות אלו מנקזות שטח של כ. חיישני לחץלאוגרים שבהם הותקנו רושמי רום מפלס על פי 

 איסוף .נפח המים המחלחל וקצב החילחולינטגרציה מרחבית של אהנתונים הנרשמים הם . הנטיפים של המערה

בניגוד , טיפטוף מרחבי ורישומו ברזולוציית זמן גבוהה מאפשר התרשמות של דגמי זרימה שונים בתת הקרקע

למרות השוני הרב בקנה  .למחקרים קודמים אשר מתמקדים בטפטוף מנטיף בודד ומתעלמים מהשונות המרחבית

רת הנחות היסוד והתהליכים הפיזיקליים שנצפו במערה שימשו ביצי, מערה לבין האקוותהמידה בין שטח ה

דרושים לפחות  –השדה עולה כי קיים ערך סף לתהליך המילוי החוזר מתוך עבודת . המודל ההידרומטאורולוגי

 לפאזה אחרי שהמערה עוברת. מ של גשם מצטבר מתחילת העונה כדי להתחיל את תהליך הטפטוף במערה" מ100

 שעות בתחילת 30-  מכ לאורך העונהקיים זמן שהות בין ארוע הגשם לבין הטפטוף במערה שהולך ומתקצר, פעילה

הפרקציה המחלחלת לתוך המערה משתנה בין ארועי , בנוסף.  שעות לקראת סוף העונה4- עונת הגשם ועד לכ

, עלה את תכולת המים בקרקעכאשר בתחילת העונה רוב הגשם נספג בקרקע ומ, הגשם במהלך עונת הגשם

  .35%- סך המילוי החוזר למערה נאמד בכ. ובהמשך העונה אחוז החילחול הולך ועולה לאחר מילוי האוגר בקרקע

 (The Hydrometeorological DReAM – Daily Recharge Assessment Model)המודל ההידרומטאורולוגי 

 t+1-סך המים במיכל בתחילת היום ה.  מאזן מים יומיהוא מודל מיכל הנשען על משוואת, שנכתב בעבודה זו



תודה על הסבלנות , אפרתבמיוחד לך . עמוס וחייםאפרת , חייבראש ובראשונה אני רוצה להודות לכם מנ

 למדתי ממך בחמש השנים הללו יותר ממה שלמדתי בעשרים . וחבל–אין מנחים כמוך . האינסופית והנתינה

  ). ולא רק בתחום המודלים(השנים האחרונות 

  

  . הנחיל ליעל השיחות הארוכות וחוכמת החיים שניסית ל, תמיר, תודה מיוחדת מגיעה גם לך

  

  .אתי ובמיוחד מוטי על העבודה המשותפת במערה, אלכס, ש בהווה ובעבר"פ יו"לאנשי מו

  

על . מתן ומיכאל, יוני, תמר, שחר, חגית, ארז, שילה, נדב,  אלעד–בעבר ובהווה ,  ולעבודהלחברי למעבדה

  . יצאנו אליוכמעטשהבירה והטיול , הארוחות המשותפות, הקפה, )הטכנית והנפשית(השותפות והתמיכה 

  

  .בתיה וכרמלה, שושי, מלי: למזכירות המכון למדעי כדור הארץ

  

  .ושתמיד עוזרת ומגיעה בזמן שהיא הכי נחוצה,  יודעים לתתאתםכפי ש, להורי על האהבה והתמיכה

  

כם ביחד וחדת וכולתגדלו ותתפתחו כל אחד בדרכו המי. בלעדיכם כל זה לא היה שווה, )וגם בני (מיה ונועם, איתי

  .כמשפחה מאוחדת

  

 .את האור שבחיי והסיבה להכל. עבודה זו מוקשת לך, מריסה, ולבסוף



  :עבודה זו נעשתה בהדרכתם של

  ר אפרת מורין"ד
  עמוס פרומקין' פרופ
  חיים גבירצמן' פרופ
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