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ABSTRACT 

Stormwater is a common solution used in drylands to cope with water scarcity, which is often collected in surface basins 

and subsequently stored in shallow aquifers via infiltration. Usual problems with this stormwater harvesting system are 

high evaporation rates and salinisation caused by low infiltration rates. These low rates are caused by clogging layers (CL) 

in the topsoil and the presence of a thick vadose zone (VZ). This study aims to develop a solution which can bridge the VZ 

and the CLs. The efficiency of vadose zone wells and infiltration trenches was tested using analytical equations and 

numerical models. Dams built in the channel of ephemeral streams were selected as a study case. A comparison with the 

analytical solutions proved the adequate setup of the numerical models. The modelling demonstrated the efficiency of 

the studied solutions. By implementing wells and trenches, recharge begins between up to 58 times faster than the 

infiltration from the surface of the reservoir. A sensitivity analysis showed that the length of the well and the initial 

position of the water table had the highest effect on recharge for the well and the trench, respectively. In terms of 

recharge quantity, the well had the best performance. During a year, it can infiltrate up to 16.4 and 8.3 times more water 

than the surface of the reservoir and the trench, respectively. Moreover, the well can yield the highest cumulative 

recharge per dollar and possibly the highest recharge when there are limitations of the available area.  

Sumário 

A água da chuva é uma solução comum em áreas secas para lidar com a escassez de água, sendo frequentemente coletada 

em bacias de superfície e subsequentemente armazenada por infiltração em aquíferos rasos. No entanto este sistema de 

captação de águas pluviais enfrenta problemas de altas taxas de evaporação e salinização que resultam das baixas taxas 

de infiltração que por sua vez são causadas por camadas de não porosas e pela presença de uma espessa zona vadosa 

(ZV). Este estudo tem como objetivo desenvolver uma solução criando pontes entre a ZV e as camadas superiores 

permeáveis  do perfil do solo. A eficiência dos poços da ZV e das trincheiras de infiltração foi testada usando equações 

analíticas e modelos numéricos. Barragens construídas em canais de curso efémero foram selecionadas como um caso 

de estudo. Uma comparação com as soluções analíticas comprovou a configuração adequada dos modelos numéricos. A 

modelação demonstroua a eficiência das soluções estudadas. Ao implementar poços e trincheiras, a recarga iniciou-se 

até 58 vezes mais rápida que a infiltração da superfície do reservatório. A análise de sensibilidade mostrou que a 

profundidade do poço é a posição inicial do lençol freático são os fatores que mais influencia a recarga do poço e da vala, 



respectivamente. Durante um ano, o poço permite infiltração até 16,4 e 8,3 vezes mais do que a superfície do reservatório 

e vala, respectivamente. Além disso, o poço pode produzir a maior recarga cumulativa por dólar e, possivelmente, a maior 

recarga quando houver limitações na área disponível.  

 

1 INTRODUCTION 

Arid and semi-arid regions, also referred to as drylands, are areas characterised by low rainfall and high temperatures, 

which translate in high evapotranspiration rates and low water availability (Gee and Hillel, 1988; Maliva and Missimer, 

2012; McEwan, 2006; Missimer et al., 2012). It is therefore not surprising that ecosystems and human population in these 

regions are subject to water scarcity.  

Climate change is expected to exert further pressure on water resource in drylands and exacerbate the water scarcity. 

According to the 5th IPCC assessment report (2015) mid-latitudes and dry regions will likely receive less precipitation while 

the average worldwide temperature is expected to increase at least 1.5°C by the end of the century (relative to the period 

1850-1900).  

In this context, water management solutions are of paramount importance in arid and semi-arid regions to cope with the 

natural climatic conditions and adapt to climate change.  

Stormwater harvesting (SWH) is a term that englobes a set of solutions aimed to cope with water shortage. 

Representative examples of SWH in drylands can be found in the kingdom of Saudi Arabia (KSA). Rainfall in this country 

occurs chiefly as sporadic events of high intensity and low predictability. When these events take place, stormwater 

converges to the channels of ephemeral rivers (wadis) and often develops into flash floods (Gee and Hillel, 1988; Kalwa, 

2013; Lopez et al., 2015, 2014; Maliva and Missimer, 2012; Missimer et al., 2012; Sen et al., 2011). The renewable 

groundwater resources in the KSA are mostly limited to unconfined to semi-confined aquifers tightly associated in space 

with wadis (Lopez et al., 2014; Maliva and Missimer, 2012; Missimer et al., 2015, 2012). However, groundwater recharge 

rates through wadis are not as high as a result of elevated evaporation rates (3 to 11% according to Lopez et al., 2014; 

Maliva and Missimer, 2012; Missimer et al., 2012). 

SWH schemes in the KSA often rely on dams as storage and groundwater-recharge facilities (Chowdhury and Al-Zahrani, 

2015; Missimer et al., 2012; Sen et al., 2011). They are frequently located in the channels of wadis to capture runoff from 

rainfall events (Lopez et al., 2015; Missimer et al., 2012; Sen et al., 2011). The stormwater collected in these dams can be 

infiltrated on-site using wells, infiltration trenches or directly through the vadose zone (VZ) (Alataway and El Alfy, 2019; 

Kalwa, 2013). The stored water can also be conducted into areas with higher permeability (Al‐Muttair et al., 1994; Kalwa, 

2013; Lopez et al., 2014; Missimer et al., 2012). 

The storage of water in dams in the KSA brings about some inconveniences. Storage in open reservoirs (i.e. ponds) allows 

evaporation of up to 80% (Kalwa, 2013; Koch and Missimer, 2016; Lopez et al., 2014). Besides there are further 

inconveniences related to ponding of water such as salinization, eutrophication, Mosquito-breeding potential, among 

others (DEC, 2006; Missimer et al., 2012, 2012; Philp et al., 2008).   

Storage in open reservoirs for long periods is therefore not desirable, but this situation is commonplace. The main reason 

is the considerably low infiltration rates in reservoirs, which is, in turn, a consequence of the considerable thickness of 



the VZ, the high lithological heterogeneity and the formation of clogging layers (CL) on top of the soil profile (Alataway 

and El Alfy, 2019; Kalwa, 2013; Missimer et al., 2015; MWAR-LAC, 2016).  

An excellent way to improve the operation of this type of RWH systems would be to enhance on-site recharge. This 

enhancement would prevent ponding of the collected water for long periods, avoiding to a certain extent the 

inconveniences mentioned. The increase in the infiltration rate would also augment the amount of water recharged into 

the aquifers.    

This study aims to assess the possibility of increasing groundwater recharge in wadi dams by bridging the VZ and the 

impermeable upper layers. This goal is achieved by evaluating the use of infiltration trenches and vadose zone wells. Such 

evaluation is carried out with the use of numerical models, which are, in turn, validated using analytical equations. A 

sensitivity analysis of different geometries and the clogging layer hydraulic conductivity is also carried out in this study.  

The focus is laid in the case of the KSA and wadi dams. This specific setting is selected due to the existing diversity of 

hydrogeological conditions and rainwater harvesting systems in drylands. However, the results of the present study have 

potential applicability in arid and semi-arid parts of the world beyond the KSA.  

Several studies have tried to offer an answer to this problem or have assessed the use trenches and wells to enhance 

surface (SF) infiltration (Händel et al., 2016, 2014; Heilweil et al., 2015; Kalwa, 2013; Missimer et al., 2015; Sasidharan et 

al., 2019, 2018).  However, none of them focuses on the on-site use of well and trenches in wadi reservoir from a 

modelling perspective. 

1.1 Techniques for infiltration  

Three techniques to enhance recharge are explored. They are infiltration trenches, vadose zone wells and to a minor 

extent recharge release.  

Infiltration trenches are dug structures filled with coarse materials, usually gravel and sand, that allow high infiltration 

rates. Their primary purpose is to catch, store and let the infiltration of the first millimetres of stormwater during 

precipitation events (Barr Engineering, 2001). They commonly extend no more than 5 m in depth and have up to 1-metre 

width.  

Vadose zone wells (¡Error! No se encuentra el origen de la referencia.) are infiltration wells whose bottom is above the 

WT (at least 1-3 m) (Sasidharan et al., 2019)  and whose extension in depth is longer than their diameter (Edwards et al., 

2016). These wells typically have up to 60 metres in-depth, and their diameter ranges between 1 and 2 m (Bouwer, 2002; 

Liang et al., 2018). 

The main problems related to the use of trenches and vadose zone wells are the reduction in the infiltration rates over 

time due to clogging. This problem is avoided by carrying out pre-treatment of the water before infiltration takes place 

(Bouwer, 2002), through several available solutions (Edwards et al., 2016)  

Leaky dams or recharge releases involves the collection of flashy runoffs in a dam (¡Error! No se encuentra el origen de 

la referencia.), where sediments sink to the bottom. The water collected is released downstream to allow infiltration 

through the riverbed (UNESCO IHP, 2005).  



2 METHODOLOGY 

Two indicators are used to assess if the infiltration solutions bridge the CL and the VZ. These indicators are the time at 

which recharge starts and the quantity of groundwater recharge.  The enhancement of these two indicators concerning 

the usual scenario (i.e. infiltration from the surface of the reservoir) has a double positive effect: 1) there are more 

groundwater resources available in the aquifer and 2) less water will remain in the surface for evaporation losses to take 

place.  

2.1 General simulation approach  

The general approach to assess the two indicators consist of the following steps (¡Error! No se encuentra el origen de la 

referencia.):   

• Preliminary sensitivity analysis and model construction: A preliminary sensitivity analysis is carried out in a model 

of a vadose zone well. The results of this analysis are used to construct six definitive models.   

• Validation: quasi-steady-state infiltration rates are calculated using simplified versions of the definitive numerical 

models. The resulting infiltration rates are contrasted with the infiltrations rates obtained from analytical equations.   

• Simulations of single-infiltration event: The six definitive initial models are run until quasi-steady-state conditions 

are attained, emulating one infiltration event. Several features are analysed from these simulations.  

• Sensitivity analysis: A sensitivity analysis of the well, the trench and the surface infiltration is done. In this sensitivity 

analysis, essential parameters such as the geometry of the solutions are varied within plausible ranges. 

• Simulations of periodic recharge: Simulations of periodic recharge are carried out. In these simulations, the 

boundary conditions are changed over time to simulate recharge in a wadi reservoir.  

• Assessment of groundwater recharge: The simulations of periodic recharge are used in the last section of this thesis 

to evaluate and compare the groundwater recharge produced by the infiltration solutions. Finally, the performance 

of the solutions is tested under different scenarios of dam size and construction cost.  

The effectiveness of the solutions is assessed with two different sets of models: 

• Shallow WT scenarios: the thickness of the vadose zone is 10 m,  which is an average and representative value for 

most wadi aquifer in Saudi Arabia 

• Deep WT scenarios: the thickness of the vadose zone is 50 m. This set of scenarios allow to asses those cases at 

which the vadose zone is thick. 

2.2 Preliminary sensitivity analysis 

In the preliminary sensitivity analysis, several features of the models are tested and varied within sensical values. The aim 

is to construct the definitive models using modelling and sensical criteria. The features tested are the location of the 

cross-section to account for groundwater recharge; the type of boundary condition on the upper right side of the models; 

the horizontal extent of the modelling domain; the overall mesh size; the mesh refinements; and the value of the constant 

pressure head of the upper boundary conditions. 

2.3 Numerical model setups 

The software used to model the scenarios is HYDRUS 2D/3D version 3.01. Hydrus is a software that simulates solute 

transport, water flow and heat transfer in variably saturated porous media (Šimunek and Sejna, 2018).   



The material of the wadi aquifer is selected as loamy sand from the soil catalogue of HYDRUS 2D/3D (Table 1). This 

selection of lithology is made because it is representative of wadi aquifers. Besides, the values of the hydraulic parameters 

of the loamy sand are comprehended within those reported in the literature for several wadi aquifers (Al-Shaibani, 2008; 

Hussein et al., 1993; Kalwa, 2013; Masoud et al., 2019; Missimer et al., 2015, 2012; Rosas, 2013; Rosas et al., 2015; Sorman 

et al., 1997). The hydraulic conductivity is set as anisotropic and based on the ratios between the vertical and horizontal 

components reported by Missimer et al. (2012) and Sorman et al. (1997). 

The clogging layer is modelled as silty clay from the soil catalogue of HYDRUS 2D/3D (Table 1). This selection is made 

based on the fact that it represents the fine materials of the CLs and the hydraulic conductivity is the most similar to the 

one measured by Kalwa in the Al-Alb dam (2013).  

Table 1. Hydraulic parameters defined for the baseline scenario. 

Hydraulic parameter Aquifer (loamy sand) Clogging layer (Silty clay) 

Horizontal hydraulic conductivity (Kh)  4 m/day 0.0048 m/day 

Vertical hydraulic conductivity (Kv) 0.84 m/day 0.0048 m/day 

Residual water content (Ɵr) 0.057 0.07 

Saturated water content (Ɵs) 0.41 0.36 

 
The trench is represented in a 2D domain while the well in a pseudo-3D one. The SF is run in both types of domains (i.e. 

2D and pseudo-3D). The modelling area is discretised in an irregular network of nodes. The overall mesh size is 0.7 m. 

Mesh refinements are applied in the well or trench contour (0.24 to 0.27 m), the WT (0.09 m), the lower (0.13 m), and 

upper boundaries of the CL (0.37 m). The conceptual model of a trench in a shallow WT setting is presented in Figure 1.  

 

Figure 1. Conceptual model of the trench in a shallow WT setting (right) and the well in a 
deep WT setting.   

The scenarios involving a deep WT are simulated using the same characteristics of the shallow VZ scenarios. Nonetheless, 

in this case, the saturated thickness of the aquifer is represented by a constant pressure head of 0 m due to constraints 

of runtimes and computer capacity. An example of the well is presented in Figure 1.. In the figures of the conceptual 

models, the region in colour represents the one simulated with HYDRUS 2D/3D. The black and white region is part of the 

assumption of symmetry concerning the axis of symmetry.  



3 RESULTS 

3.1 Validation.  

Simplified versions of the models are set up to compare with analytical equations. These models do not have a clogging 

layer, nor anisotropy but preserve most of the characteristics of the original models.  

For a well in a deep WT setting the analytical equations used are the ones from Glover (1953) and Bouwer (2002). For a 

well when the WT is shallow the equations selected are Elrick et al. equation (1989) and the USBR methods (1977). For 

the trench, the equations used in all cases are the ones of Bouwer (2002) and Heilweil et al. (2015).  

The infiltration rates calculated with the simplified models are in the same order of magnitude of those from the analytical 

equations. This similarity validates the simplified scenarios and by extension, many of the features of the definitive 

models.  

3.2 Single-infiltration events 

For the scenarios with a shallow WT, the total runtime is set as 100 days. The evolution of the water content over time 

shows that the recharge from the well and the trench arrives considerably earlier (around day 1.3) than the recharge 

from the SF (around day 81, Figure 2, Table 2). 

 

Figure 2. Evolution of water content over time for the three main shallow WT scenarios 

For the scenarios with a deep WT, the situation is similar to the one described for the shallow WT scenarios. The recharge 

of water from the solutions starts much earlier (around 20 days) than the recharge from the SF (about 473 days). In any 

case, the differences in time between the trench and the well are not significant.  

 

Table 2. Summary of recharge rates and the onset of recharge for the scenarios involving the Well, the trench and the SF infiltration.  



Scenario Quasi-steady-state recharge rate (m3/day or m2/day) Start of recharge (days) 

Well + SF 297.5 1.3 

Well 267.4 1.3 

SF (Axisymmetric) 31.3 81.3 

Trench + SF 21.1 1.6 

Trench 20.6 1.6 

SF (2D) 0.8 80.9 

3.3 Sensitivity analysis 

For the well and the trench, the geometry is modified. In the case of the well the length (L) and the radius (r) are doubled 

and halved, for both shallow and deep WT. An additional scenario is explored when the well penetrates the WT 1 m. For 

the trench, the width (W) and the depth (D) are changed by doubling and halving the original dimensions. For the SF 

infiltration, the parameter assessed is the hydraulic conductivity (Ks) of the clogging layer.  

Figure 3 shows that the well is especially sensitive to length. A change in the vertical dimension affects the recharge rates 

more than changes in the horizontal direction (radius). For the well there are little variations (1 to 2%) between the 

recharge rates of the deep and shallow WT scenarios. However, the variation is noticeable when the length of the well is 

increased. In this case, differences between the deep WT scenarios and the shallow ones go up to 12%. The reason for 

such difference is possibly the connection with the WT, which is higher for the shallow WT scenario.  

 

Figure 3. The sensitivity of the recharge rates as a function of relative changes in the dimensions of the well. 

For the trench, the sensitivity to the geometry is lower than it is for the well (Figure 4). Horizontal modifications do not 

produce visible changes in the recharge rates. The modification of the vertical dimension of the trench do have an effect 

but not as considerable as for the well (Figure 4).  

Unlike the well, for the trench the recharge rates are dependent on the depth to the water table. Differences between 

deep WT and shallow WT scenarios range from 5% to 29%, and for most of the modification, it is above 17%.  



 

Figure 4. The sensitivity of the recharge rates as a function of relative changes in the dimensions of the trench. 

The maximum recharge rates of all the SF scenarios is observed when the CL is removed (No CL scenario). The recharge 

rates obtained with that scenario are one order of magnitude superior to the rest of the SF scenarios and are even higher 

than the scenarios involving the trench. Besides, the scenario without a CL has a fast start of recharge (1.6 days). These 

observations suggest in a preliminary way that the reservoir release technique could have potential in areas where the 

downstream sediments are not capped by silt and clay layers.  

When the recharge rates of the sensitivity scenarios are plotted relative to the original scenario (SF), two characteristics 

of the obtained curves seem relevant. The first one is the fact that the relative recharge rates follow a linear trend, except 

the Ks*0.5 scenario. The second relevant feature is that there are hardly any differences between the deep and shallow 

WT scenarios, except when the CL is not present. Such difference is likely the result of a higher vertical hydraulic gradient 

when the WT is deep  

3.4 Periodic simulations 

The periodic simulations are intended to simulate the normal operating conditions of a reservoir. Due to several 

limitations, a number of assumption are made to construct these simulations. 

The resulting series of recharge rates stabilise and have constant behaviour overtime after some cycles. A year under 

such stable conditions is selected for each infiltration solution (i.e. the well and the trench) and each setting (deep of 

shallow WT) to carry out a comparison of the quantity of groundwater recharge.  

3.5 Comparison of solutions 

The first case to consider is the comparison of the solution in a small scale. It means that a single well is compared with 

a relatively small trench and the SF infiltration of a small area. Since the trench has been modelled in 2D, to convert it to 

3D two cases are considered: 

• The trench has the same storage volume as a the well 

• The trench has the same infiltration area as the well 

The infiltration of the different geometries involved in the sensitivity analysis is also considered. The coefficient between 

the quasi-steady state recharge rate of the original scenario and the modified scenarios, is multiplied by the yearly 

cumulative recharge of the original scenario to obtain the yearly cumulative recharge of a modified scenario.   

The results of this small-scale comparison in a shallow WT setting, show that the well is superior to the other means of 

infiltration. Its yearly cumulative recharge is between 3.4 and 4.6 times the cumulative recharge from the trench, and 



14.9 times the one from the SF. When the WT is deep the yearly cumulative recharge of the well is between 6 and 8.3 

times the recharge from the trench and 16.4 the one from the SF. 

When the different geometries are considered and the WT is shallow, the well shows a higher yearly cumulative recharge 

than the trench in all cases. For both solutions the maximum recharge rate is attained when the vertical dimension is 

increased. The optimum cost scenario in Figure 5 refers to the modifications that have the highest recharge rate per unit 

of volume.  

 

Figure 5. Yearly cumulative recharge for the different geometries explored in this thesis. (optimum cost well: r=0.5m and L=10m; 
optimum cost trench: D=1.5m and W=0.5m). 

The cumulative recharge per unit cost is assessed using the construction prices for a vadose zone well or trench reported 

by Brown & Schueler (1997) for the mid-Atlantic region of the USA. Such price varies between 4 and 9 dollars per cubic 

feet. It is assumed that both solutions have the same construction cost of 7.5$/ft3, or equivalently 265$/m3 of storage. 

For each geometrical configuration, the individual volume is calculated and then converted to cost. The yearly cumulative 

recharge is subsequently divided by the total cost to obtain the yearly cumulative recharge per dollar.  

 

Figure 6. Specific cumulative recharge considering different geometries.  

 

For all the geometries explored in this thesis, the well has the highest yearly cumulative recharge per dollar. Among the 

modifications, the optimum cost is the ones whose recharging performance is the highest per dollar.   

One more analysis is carried out. In this analysis, the amount of water infiltrated is assessed, taking into consideration 

constraints in the area within the dam available to place the solutions.  



It will be assumed that the reservoir has a squared shape in plant view. Within this squared dam, the maximum possible 

number of wells and trenches are fit assuming the distributions shown in Figure 7.  

The packaging of the solutions within the reservoir depends on their radius and length of influence. For a shallow WT the 

radius and length of influence are taken as 25m and 50m, respectively. For deep WT settings, the radius of influence of 

the well is found to be 17.5 m and the length of influence of the trench 23 m. Several sizes of dams are assessed. These 

sizes start from 1 km2 and an increase in powers of ten. 

 

Figure 7. Plant view of the distribution of trenches and wells in a reservoir with area equal to Ad. 

The ratio between the yearly cumulative recharge of the well and the trench remains practically equal regardless of the 

size of the dam considered. When the WT is shallow, the cumulative infiltration from the trench is around 1.6 times the 

recharge from the well. For a deep WT, the well improves its performance and becomes the best option to optimise 

cumulative recharge for a fixed area. The ratio of trench to well infiltration is around 0.95. 

4 LIMITATIONS 

Modern vadose zone wells are more complex than the one here simulated. They include components of the systems that 

aim to pre-treat the stormwater and to avoid clogging of the well (Edwards et al., 2016; Sasidharan et al., 2019, 2018). 

Besides, clogging of the infiltration solutions over time is not considered. This factor is essential since it will diminish the 

infiltration rates as time pass by.  The structure of cost considered for the final analysis is simplistic and could be improved 

for specific cases.  Finally, the VZ beneath a wadi is more complicated than the way it is simulated here. It usually involves 

different levels of fine material in between coarser sediments (Al-Shaibani, 2008; Sorman and Abdulrazzak, 1993)and 

features on the surface, such as cracks that form due to the dry conditions (Novák et al., 2000).  

5 CONCLUSIONS 

The analytical equations validate several of the features of the scenarios run, including a lateral domain extension of 25 

m for the trench scenario.  

When the WT is shallow (10 m), and either the well or the trench is used, the recharge starts around 1.4 days after the 

beginning of infiltration. On the other hand, when the SF is the only mean of infiltration, the onset of recharge is around 

80 days after the beginning of infiltration. When the WT is deep, the recharge starts around day 20 for the well and the 

trench, and at day 473 for the SF infiltration.  

  

  

        

  

    

  

  

  

 

  

      

  

  



Overall, the quasi-steady-state recharge rates show a higher sensitivity to changes in the vertical dimensions (depth of 

the trench and length of the well) than to horizontal modifications (width of the trench and radius of the well). The highest 

recharge rates for the well and the trench are obtained when the length is doubled, and the WT is deep. Furthermore, 

the well shows a higher sensitivity to the geometry while the trench shows the higher dependency of recharge rates on 

the position of the WT.  

The reservoir release technique could potentially be useful since it has a better performance than the business as usual 

scenario (i.e. only SF infiltration).  

When the implementation of the infiltration solutions is considered in a small scale, it has been shown that the well has 

the highest yearly cumulative recharge. This recharge is between 3.4 and 4.6 times the cumulative recharge from the 

trench and 14.9 times the one from the SF when the WT is shallow. When the VZ is deep, the well recharge is between 6 

and 8.3 times the recharge from the trench and 16.4 the one from the SF.  

In terms of cost, the well has the highest yearly cumulative recharge per unit of cost. It can be between 2.4 and 9.7 times 

more effective than the trench when equivalent modifications are compared.  

When the maximum amount of solutions is placed in a fixed area, and the WT is shallow, the trench might recharge more 

quantity of water every year. When the WT is deep, the well has a slightly better performance and its yearly cumulative 

recharge surpasses the one form the trench.  

All the analysis carried out in this study suggest that the trench and the well do bridge the VZ in terms of time and 

recharge, leading very likely to higher volumes of recharge and fewer evaporation losses.  

6 REFERENCES 

Alataway, A., El Alfy, M., 2019. Rainwater Harvesting and Artificial Groundwater Recharge in Arid Areas: Case Study in 
Wadi Al-Alb, Saudi Arabia. J. Water Resour. Plan. Manag. 145, 05018017. 
https://doi.org/10.1061/(ASCE)WR.1943-5452.0001009 

Al‐Muttair, F.F., Sendil, U., Al‐Turbak, A.S., 1994. Management of Recharge Dams in Saudi Arabia. J. Water Resour. Plan. 
Manag. 120, 749–763. https://doi.org/10.1061/(ASCE)0733-9496(1994)120:6(749) 

Al-Shaibani, A.M., 2008. Hydrogeology and hydrochemistry of a shallow alluvial aquifer, western Saudi Arabia. Hydrogeol. 
J. 16, 155–165. https://doi.org/10.1007/s10040-007-0220-y 

Barr Engineering, 2001. Minesota Urban Small Sites BPM Manual: Stormwater Best Practices for Cold Climates. St. Paul. 

Bouwer, H., 2002. Artificial recharge of groundwater: hydrogeology and engineering. Hydrogeol. J. 10, 121–142. 
https://doi.org/10.1007/s10040-001-0182-4 

Brown, W., Schueler, T.R., 1997. The Economics of Stormwater BMPs in the Mid-Atlantic Region: Final Report. The Center 
for Watershed Protection, Maryland, USA. 

Chowdhury, S., Al-Zahrani, M., 2015. Characterizing water resources and trends of sector wise water consumptions in 
Saudi Arabia. J. King Saud Univ. - Eng. Sci. 27, 68–82. https://doi.org/10.1016/j.jksues.2013.02.002 

DEC, 2006. Managing urban stormwater: harvesting and reuse. Dept. of Environment and Conservation NSW, Sydney 
South, N.S.W. 

Edwards, E.C., Harter, T., Fogg, G.E., Washburn, B., Hamad, H., 2016. Assessing the effectiveness of drywells as tools for 
stormwater management and aquifer recharge and their groundwater contamination potential. J. Hydrol. 539, 
539–553. https://doi.org/10.1016/j.jhydrol.2016.05.059 

Elrick, D.E., Reynolds, W.D., Tan, K.A., 1989. Hydraulic Conductivity Measurements in the Unsaturated Zone Using 
Improved Well Analyses. Groundw. Monit. Remediat. 9, 184–193. 



Gee, G.W., Hillel, D., 1988. Groundwater recharge in arid regions: Review and critique of estimation methods. Hydrol. 
Process. 2, 255–266. https://doi.org/10.1002/hyp.3360020306 

Glover, R.E., 1953. Flow from a test-hole located above groundwater level.“ In Theory and Problems of Water Percolation. 
U. S. Government Printing Office, Denver. 

Händel, F., Liu, G., Dietrich, P., Liedl, R., Butler, J.J., 2014. Numerical assessment of ASR recharge using small-diameter 
wells and surface basins. J. Hydrol. 517, 54–63. https://doi.org/10.1016/j.jhydrol.2014.05.003 

Händel, F., Liu, G., Fank, J., Friedl, F., Liedl, R., Dietrich, P., 2016. Assessment of small-diameter shallow wells for managed 
aquifer recharge at a site in southern Styria, Austria. Hydrogeol. J. 24, 2079–2091. 
https://doi.org/10.1007/s10040-016-1442-7 

Heilweil, V.M., Benoit, J., Healy, R.W., 2015. Variably saturated groundwater modelling for optimizing managed aquifer 
recharge using trench infiltration. Hydrol. Process. 29, 3010–3019. https://doi.org/10.1002/hyp.10413 

Helmreich, B., Horn, H., 2009. Opportunities in rainwater harvesting. Desalination 248, 118–124. 
https://doi.org/10.1016/j.desal.2008.05.046 

Hussein, M.T., Bazuhair, A., Al-Yamani, M.S.T., 1993. Groundwater availability in the Khulais Plain, western Saudi Arabia. 
Hydrol. Sci. J. 38, 203–213. https://doi.org/10.1080/02626669309492663 

IPCC, 2015. Climate change 2014: synthesis report. Intergovernmental Panel on Climate Change, Geneva, Switzerland. 

Kalwa, F., 2013. Infiltration Capacity and Artificial Recharge at the Al-Alb Dam, Riyadh. Technische Universität Dresden, 
Dresden, Germany. 

Koch, M., Missimer, T., 2016. Water Resources Assessment and Management in Drylands. Water 8, 239. 
https://doi.org/10.3390/w8060239 

Liang, X., Zhan, H., Zhang, Y., 2018. Aquifer Recharge Using a Vadose Zone Infiltration Well. Water Resour. Res. 54, 8847–
8863. https://doi.org/10.1029/2018WR023409 

Lopez, O., Jadoon, K., Missimer, T., 2015. Method of Relating Grain Size Distribution to Hydraulic Conductivity in Dune 
Sands to Assist in Assessing Managed Aquifer Recharge Projects: Wadi Khulays Dune Field, Western Saudi Arabia. 
Water 7, 6411–6426. https://doi.org/10.3390/w7116411 

Lopez, O., Stenchikov, G., Missimer, T.M., 2014. Water management during climate change using aquifer storage and 
recovery of stormwater in a dunefield in western Saudi Arabia. Environ. Res. Lett. 9, 075008. 
https://doi.org/10.1088/1748-9326/9/7/075008 

Maliva, R.G., Missimer, T.M., 2012. Arid lands water evaluation and management, Environmental science and 
engineering. Environmental science. Springer, Berlin ; New York. 

Masoud, M.H.Z., Basahi, J.M., Zaidi, F.K., 2019. Assessment of artificial groundwater recharge potential through 
estimation of permeability values from infiltration and aquifer tests in unconsolidated alluvial formations in 
coastal areas. Environ. Monit. Assess. 191, 31. https://doi.org/10.1007/s10661-018-7173-6 

McEwan, K., 2006. Groundwater-surface water interactions in arid/semi-arid wetlands and the consequences of salinity 
for wetland ecology 43. 

Missimer, T.M., Drewes, J.E., Amy, G., Maliva, R.G., Keller, S., 2012. Restoration of Wadi Aquifers by Artificial Recharge 
with Treated Waste Water. Groundwater 50, 514–527. https://doi.org/10.1111/j.1745-6584.2012.00941.x 

Missimer, T.M., Guo, W., Maliva, R.G., Rosas, J., Jadoon, K.Z., 2015. Enhancement of wadi recharge using dams coupled 
with aquifer storage and recovery wells. Environ. Earth Sci. 73, 7723–7731. https://doi.org/10.1007/s12665-014-
3410-7 

MWAR-LAC, 2016. Managing Water Resources in Arid and Semi Arid Regions of Latin America and Caribbean (MWAR-
LAC): accomplishment report; 2016 47. 

Novák, V., Šimåunek, J., Genuchten, M.Th. van, 2000. Infiltration of Water into Soil with Cracks. J. Irrig. Drain. Eng. 126, 
41–47. https://doi.org/10.1061/(ASCE)0733-9437(2000)126:1(41) 

Philp, M., McMahon, J., Heyenga, S., Marinoni, O., Jenkins, G., Maheepala, S., Greenway, M., 2008. Review of Stormwater 
Harvesting Practices (>Technical report No. 9). Urban Water Security Research Alliance. 

Pilgrim, D.H., Chapman, T.G., Doran, D.G., 1988. Problems of rainfall-runoff modelling in arid and semiarid regions. Hydrol. 
Sci. J. 33, 379–400. https://doi.org/10.1080/02626668809491261 



Rosas, J., 2013. Analysis of Grain Size Distribution and Hydraulic Conductivity for a Variety of Sediment Types with 
Application to Wadi Sediments. King Abdullah University of Science and Technology, Thuwal, Kingdom of Saudi 
Arabia. 

Rosas, J., Jadoon, K.Z., Missimer, T.M., 2015. New empirical relationship between grain size distribution and hydraulic 
conductivity for ephemeral streambed sediments. Env. Earth Sci 1303–1315. 

Sasidharan, S., Bradford, S.A., Šimůnek, J., DeJong, B., Kraemer, S.R., 2018. Evaluating drywells for stormwater 
management and enhanced aquifer recharge. Adv. Water Resour. 116, 167–177. 
https://doi.org/10.1016/j.advwatres.2018.04.003 

Sasidharan, S., Bradford, S.A., Šimůnek, J., Kraemer, S.R., 2019. Drywell infiltration and hydraulic properties in 
heterogeneous soil profiles. J. Hydrol. 570, 598–611. https://doi.org/10.1016/j.jhydrol.2018.12.073 

Sen, Z., Alsheikh, A.A., Al-Turbak, A.S., 2011. Climate change impact and runoff harvesting in arid regions. Arab J Geosci 
6, 287–295. 

Šimunek, J., Sejna, M., 2018. HYDRUS technical manual - version 3. PC-Progress, Prague. 

Sorman, A.U., Abdulrazzak, M.J., 1993. Infiltration-recharge through wadi beds in arid regions. Hydrol. Sci. J. 38, 173–186. 
https://doi.org/10.1080/02626669309492661 

Sorman, A.U., Abdulrazzak, M.J., Morel-Seytoux, H.J., 1997. Groundwater recharge estimation from ephemeral streams. 
Case study: Wadi Tabalah, Saudi Arabia. Hydrol. Process. 11, 13. 

Troeger, U., Wannous, M., 2019. Flash floods - possibilities of artificial recharge, example Egypt, in: ISMAR 10: Abstract 
Book and Program. Madrid, Spain. 

UNESCO IHP, 2005. Strategies for Managed Aquifer Recharge (MAR) in semi-arid areas; 2005 33. 

USBR, 1977. Ground water Manual: A Water Resources Technical Publication. U. S. Government Printing Office, 
Washington DC. 

van Genuchten, M.Th., 1980. A Closed-form Equation for Predicting the Hydraulic Conductivity of Unsaturated Soils. Soil 
Sci. Soc. Am. J. 44, 892. https://doi.org/10.2136/sssaj1980.03615995004400050002x 

Verma, R.D., 1979. A physical model of the rainfall-runoff relationship for semiarid lands. Hydrogeol. Low Precip.-Proc. 
Canberra Symp. 

Wheater, H., Mathias, S.A., Li, X., 2010. Groundwater Modelling in Arid and Semi-arid Areas 159. 

Younes, F., Houssne, B., 2019. Insights from groundwater level measurements over managed aquifer recharge site in 
central Morocco, in: ISMAR 10: Abstract Book and Program. Madrid, Spain. 

 


