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SUMMARY 

The aim of this project is to improve water security in the MENA region by promoting the adoption of 
aquifer storage and recovery (ASR). A methodology is proposed to identify high potential ASR sites based, 
in part, on water availability estimated from data and a simple geospatial hydrologic analysis. A geospatial 
multi criteria analysis is developed to rank the attractiveness of different sites based on water availability 
and other suitability factors. The methods from this study can help MENA national institutions develop 
non-conventional water resources for domestic and agricultural water supply. This report presents results 
for a study area the Damour basin, Lebanon. The main objective of this work was to identify and rank areas 
within the basin that are potentially suitable for aquifer storage and recovery. The report includes 
information on the studied basin in terms of its hydrogeology, available streamflow and water resources, 
aquifer stress, and land-use. The report also presents the developed methodology and criteria used to 
evaluate high potential recharge sites.  

A main building block of the assessment was the estimation of water availability for the basin. The VegET 

model was used to simulate surface runoff, soil moisture, and evapotranspiration in the basin from hydro-
climatic datasets. The results from the Damour VegET model indicated that the basin has a spatially variable 
precipitation and experiences high evapotranspiration. The basin was also found to experience substantial 
inter-annual variability in its hydrology. The model showed that the lower parts of the basin had ample 
water for ASR, with acceptable inter-annual variability.  

The geospatial multi-criteria analysis showed that the highest potential for artificial recharge in the basin 
occurred within the Damour coastal plain in the Cenomanian limestone aquifer, which is affected by 
saltwater intrusion (SWI). That area ranked the highest with regards to its potential rechargeability, water 
availability, and economic attractiveness. Future validation work should target the analysis of the recharge 
process at proposed sites using groundwater modeling that can simulate the response of the aquifer to 
artificial water recharge. Since SWI is a major stressor in this aquifer, coupling such models with a solute 
transport model will be imperative to assess the change of SWI as a function of ASR scenarios. 

  



ii 

ACKNOWLEDGEMENTS 

This report is prepared as part of the project “Acceleration of Aquifer Storage & Recovery in the MENA 
Region” funded by the US Agency for International Development under a grant to the US Geological 
Survey in partnership with the American University of Beirut, Al-Najah National University, the Arab 
Water Council, and Hydrology.NL.  Special thanks are extended to the Litani River Authority (LRA) in 
Lebanon for providing data and information about the Damour river watershed.  

CONTENTS 

1  Introduction .............................................................................................................................................................. 1 

1.1  Past MAR initiatives in Lebanon ................................................................................................................. 2 

1.2  Current initiative ........................................................................................................................................... 8 

2  Methodology ............................................................................................................................................................ 9 

2.1  Study area and basin characteristics ........................................................................................................... 9 

2.1.1  Location and topography .................................................................................................................. 9 

2.1.2  Geology & hydrogeology ................................................................................................................ 11 

2.1.3  Climate ............................................................................................................................................ 14 

2.1.4  Water resources ............................................................................................................................... 15 

2.1.5  Vegetation Cover ............................................................................................................................ 17 

2.2  Hydrologic modeling of water availability ................................................................................................ 18 

2.3  MAR site suitability analysis ...................................................................................................................... 24 

2.3.1  GIS multi-criteria analysis .............................................................................................................. 24 

2.3.2  Suitability indicators ....................................................................................................................... 25 

Common indicators for MAR suitability ........................................................................................ 25 

Indicators of aquifer rechargeability ............................................................................................... 27 

Indicators of water availability ........................................................................................................ 30 

Indicators of economic attractiveness ............................................................................................. 32 

2.3.3  Analytical Hierarchy Process .......................................................................................................... 34 

3  Results & discussion .............................................................................................................................................. 37 

3.1  Water availability for MAR ....................................................................................................................... 37 

3.2  MAR site suitability maps .......................................................................................................................... 43 

4  Conclusion and recommendations .......................................................................................................................... 50 

5  References .............................................................................................................................................................. 51 

 



iii 

FIGURES 

Figure 1. Proposed MAR locations in Lebanon and the type of water recommended for the recharge ........................ 4 

Figure 2. Ranking criteria of potential MAR sites in Lebanon ...................................................................................... 7 

Figure 3. Ranking of representative sites based on multi-criteria analysis .................................................................... 7 

Figure 4. The Damour River basin .............................................................................................................................. 10 

Figure 5. Digital Elevation Model (DEM) of the Damour River basin ....................................................................... 11 

Figure 6. Geologic map of Damour River basin .......................................................................................................... 12 

Figure 7. Hydrogeological cross-section along the Damour basin .............................................................................. 13 

Figure 8. Annual precipitation map ............................................................................................................................. 15 

Figure 9 Project location and study area of the Ghadir wastewater treatment plant .................................................... 17 

Figure 10. General scheme of the runoff estimation model ......................................................................................... 20 

Figure 11. The raster data used in the regional VegET Model for runoff estimation. ................................................. 21 

Figure 12. Gauging stations and flow measurement points in the Damour basin ........................................................ 22 

Figure 13. Common indicators considered in GIS MAR site suitability analysis ....................................................... 26 

Figure 14. Indicators considered in under the three main MAR suitability categories ................................................ 26 

Figure 15. Spatial distribution of the Damour epikarst ................................................................................................ 29 

Figure 16. Damour River basin surface slope .............................................................................................................. 29 

Figure 17. Damour River basin karst ........................................................................................................................... 30 

Figure 18. Linear score function for score assignment to the water availability indicators ......................................... 31 

Figure 19. Aquifer stress in the Damour aquifers ........................................................................................................ 33 

Figure 20. Land use / land cover map of Damour ....................................................................................................... 33 

Figure 21. Linear score function adopted for proximity to river ................................................................................. 34 

Figure 22. Hierarchical grouping of indicators and weight assignments ..................................................................... 35 

Figure 23. Simulated annual volumetric streamflow vs in situ observations at the Damour basin gauging stations ... 38 

Figure 24 Damour Sub-basins ..................................................................................................................................... 39 

Figure 25. Temporally averaged daily simulated flows at the subcatchment level in the Damour basin. ................... 40 

Figure 26. VegET model outputs for the Damour River basin, 1985-2015. ................................................................ 41 

Figure 27. Temporally averaged (1985-2015) annual accumulated streamflow excluding baseflow .......................... 42 

Figure 28. CV for the Temporally averaged (1985-2015) annual accumulated streamflow excluding base flow ....... 42 

Figure 29. Aquifer rechargeability index ..................................................................................................................... 46 

Figure 30. Water availability index ............................................................................................................................. 47 

Figure 31. Maximal economic attractiveness index .................................................................................................... 48 

Figure 32. Overall MAR suitability index ................................................................................................................... 49 

 



iv 

TABLES 

Table 1. Proposed sites utilizing surface water/ treated wastewater as a source for recharge ....................................... 5 

Table 2. Selection of potential MAR sites in Lebanon .................................................................................................. 6 

Table 3. Generalized description of the hydrostratigraphic units in the Damour area (Khadra & Stuyfzand .............. 14 

Table 4. Details of the gauging and flow measurement points .................................................................................... 23 

Table 5. Assigned indicators belonging to the intrinsic aquifer rechargeability category and their relative scores .... 28 

Table 6. MAR suitability scores assigned to each land use / land cover type ............................................................. 34 

Table 7. Pair-wise comparison matrix for evaluating relative importance and  
subsequent weights of the three major categories of indicators for MAR ..................................................... 36 

Table 8. Pair-wise comparison matrix for evaluating relative importance and  
subsequent weights of the four sub-indicators associated with aquifer rechargeability ................................ 36 

Table 9. Pair-wise comparison matrix for evaluating relative importance and s 
ubsequent weights of the two sub-indicators associated with water availability ........................................... 36 

Table 10. Pair-wise comparison matrix for evaluating relative importance and  
subsequent weights of the three sub-indicators associated with economic attractiveness ............................. 36 

 

ACRONYMS  

AHP  Analytic Hierarchy Process 

ASR  Aquifer Storage and Recovery 

DEM  Digital Elevation Model 

CNRS  National Council for Scientific Research 

CR  Consistency Ratio 

CV  Coefficient of Variance 

GIS  Geographic Information System 

GLM  Generalized Linear Model 

GW  Groundwater  

HiRAM   High Resolution Atmospheric Model 

LRA  Litani River Authority 

MAR  Managed Aquifer Recharge 

MCA  Multi-criteria Analysis 

MoEW  Ministry of Energy and Water 

MENA  Middle East and North Africa  

RCP   Representative Concentration Pathways 

SWI  Saltwater Intrusion 

WRF   Weather Research and Forecasting 

WWTP  Wastewater Treatment Plant 



1 

1 Introduction 

Unsustainable water resource management coupled with weak water governance have put a 

significant strain on the Lebanon’s water resources, especially its groundwater (UNDP & MoEW, 

2014). Most economic sectors in the country depend on groundwater resources for their supply. It 

is estimated that groundwater supplies more than half of the irrigation water needs and around 80 

percent of the distributed potable water (MoEW, 2010). As a result of over-abstraction and 

anthropogenic pollution, the groundwater quality in Lebanon has deteriorated over the years. A 

recent assessment of the groundwater (GW) resources in Lebanon reported that most of the interior 

GW basins have experienced a drop in their groundwater levels (UNDP & MoEW, 2014). Coastal 

aquifers suffer from SWI as a result of over pumping. The main drivers of groundwater 

deterioration include both global and local factors. The most important reasons for this 

deterioration include rapid urbanization, climate change, poor water and wastewater management, 

and more recently the influx of Syrian refugees and displaced. Meanwhile, surface water systems 

are equally stressed, particularly due to the anthropogenic pollution of rivers and reservoirs 

(MoEW, 2010).  

Managed aquifer recharge (MAR) has proven to be an effective approach for aquifer storage and 

recovery (ASR) that has been used as a mitigation measure towards reducing water stress, when 

implemented at a suitable site (Dillon et al., 2014). However, the complexity of sub-surface 

systems, the absence of well-established regulations on groundwater use, conflicts with surface 

water users, and the need for high capital costs often discourage decision makers from adopting 

this measure. Lebanon, a semi-arid Mediterranean country with dry summers and relatively 

abundant annual precipitation,  seems suited for the implementation of MAR. Even though the total 

natural GW recharge into aquifers exceeds discharge by at least 2,000 million cubic meters per 

year (MCM/yr), many of its aquifer are stressed and experience a recharge deficit reaching 150 

MCM/yr in some basins (UNDP & MoEW, 2014). This highlights the importance of adopting an 

ASR plan, especially that it has been estimated that it can provide ~100 to 200 MCM/yr from 

natural sources and around 100 MCM/yr from reclaimed wastewater (UNDP & MoEW, 2014). In 

addition to minimizing the recharge deficit, MAR can help coastal aquifers retard SWI (UNDP & 

MoEW, 2014) and provide an alternative approach for water storage and subsequent recovery. 

MAR has been shown to be an attractive substitute to surface water storage in artificial lakes, 
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where water is prone to pollution and evaporative losses and where surface land requirements may 

often be prohibitive. MAR can also ameliorate the social and environmental conflicts associated 

with land expropriation for the building of dams. It can also enhance the social acceptance of 

wastewater reuse by providing a bypass through which the treated wastewater is recollected as 

GW (Ringleb et al., 2016). 

The use of MAR to augment natural aquifer recharge is expected to become more critical when 

one considers the projected drop both in snow cover and duration as a result of future climate 

change. Shaban (2009) reported that snow cover and precipitation decreased by 12 and 16% 

respectively between 1965 and 2005. The average time that dense snow covers the Lebanese 

mountains decreased from 110 days/yr to less than 90 days/yr over the same time period (Shaban, 

2009). As a result of these changes, the average discharge from springs dropped from 104 MMC/yr 

to 49 MMC/yr over the same period (Shaban, 2009), while groundwater levels dropped between 

5 and 13 meters (m) (Shaban, 2011).  

Previous studies assessing the potential of MAR in Lebanese aquifers, which are mostly karst 

aquifers, are limited and not fully developed. Prior to 2014, few assessments were conducted 

without any full-scale project implementation. In 2014, a joint collaboration between the 

government and the United Nations Development Program (UNDP) prepared a country-scale 

assessment of GW resources in Lebanon, which laid the foundation for MAR projects by analyzing 

several potential MAR locations (UNDP & MoEW, 2014). The study was followed by several 

initiatives, most notably the completion of several feasibly studies (BTD Bureau Technique pour 

le Développement, 2016a, 2016b, 2016c; GIZ, 2015) and more recently the development of a 

multicriteria decision analysis framework for ranking between sited (Rolf, 2017). As part of the 

current project, we discuss the main outcomes of the previous MAR initiatives in Lebanon and 

further extend on that work, with a focus on the Damour Basin.  

1.1 Past MAR initiatives in Lebanon 

Early MAR initiatives in Lebanon date back to 1968, when the Ministry of Water & Energy 

(MoEW) attempted to recharge the Cenomanian limestone aquifer in Beirut area by injecting water 

from the Beirut River through the Daychounieh canal that brought the river water to recharge 

wells. The aim of the project was to offset the early signs of SWI into the aquifer and to provide 
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additional fresh water to the aquifer during the dry season. Systematic recharge started in the 

Spring of 1969 and continued for 2 years. Overall, the project recharged a total of 5 MCM over its 

two years of operation. Several observation wells were instrumented close to the recharge wells in 

order to monitor changed in salinity, hardness, and piezometric levels. The results showed that the 

recharge operation was able to raise the piezometric levels, reduce the GW hardness, and offset 

the saltwater wedge (Daud, 1972). Another MAR project took place in the 1970s in Damour, south 

of Beirut. The project aimed to inject water originating from the Damour River into the nearby 

coastal aquifer. Unfortunately, the project was terminated early due to the outbreak of the Lebanese 

Civil War and all relevant data from the project were lost.  

Following these two MAR trials and with the exception of a few limited studies, no major work 

was conducted on assessing MAR suitability in Lebanon up until the 2014 “Assessment of 

Groundwater Resources of Lebanon” project was launched by the UNDP and the MoEW (UNDP 

& MoEW, 2014). In that study, 12 GW basins were identified as suitable for MAR activities. In 

total, 22 sites in these basins were selected as suitable for recharge with natural water from springs 

and streams. The recharge volume was estimated to range between 104 and 208 MCM/yr. The 

study also identified another 10 sites as suitable for recharge with treated wastewater, with a 

recharge volume ranging between 103 to 118 MCM/yr (Figure 1; Table 1). The selection criteria 

adopted by the study to identify MAR-suitable sites were based on the aquifer’s water stress, 

storage capacity, and depth to the water table. The study was based on data of the geology, 

hydrology (springs, wells, groundwater levels, flow directions, meteorological data, basin water 

budget), and hydrogeology (aquifer characteristics). The study concluded that injection through 

wells was the most suitable recharge technique, given the dominance of the karst system in 

Lebanon (UNDP & MoEW, 2014).  
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Figure 1. Proposed MAR locations in Lebanon and the type of water recommended for the recharge  
(UNDP & MoEW, 2014) 
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Table 1. Proposed sites utilizing surface water/ treated wastewater as a source for recharge (UNDP & MoEW, 2014) 

Groundwater basin Geological Basin? Code Water source Depth to 
GW (m) 

Distance between 
injection point and 
exist point (km) 

Distance between 
water source & 
injection point (km) 

Stressed 
aquifer 
type 

Kesrouan Jurassic Basin NA1 Abou Ali River 200-400 26 - 27 <0.05 SWI 
NA2 Al Jaouz River 100-200 20 - 21 <0.05 SWI 
NA3 Beirut River 100 - 300 11-12 <0.05 SWI 

North Lebanon Cretaceous Basin NA4 Al Jaouz River 200-250 8.5 - 10 <0.05 SWI 
NA5 Abou Ali River 200-250 14 - 16  <0.05 SWI 
NA6 Abou Ali River 300-350 16.8 - 18 <0.05 SWI 
NA7 El Bared River 150-250 19 - 23  <0.05 SWI 

Batroun Jounieh Cretaceous Basin NA8 Madfoun River 200-300 11.5 - 12 <0.05 SWI 
NA9 Ibrahim River 40-60 3.5 - 5 <0.05 SWI 

Mount Lebanon-Bekaa Cretaceous Basin NA10 Berdouni River 120 26 - 28 <0.05 Depletion 
Central Anti Lebanon  Cretaceous Basin NA11 Hala River 200-400 15 - 20 <0.05 Depletion 
Hadath-Hazmeih  Cretaceous Basin NA12 Daychounieh Spring 

(Beirut Canal) 
100 - 300 5-6   SWI 

Sarafand-Khaldi Cretaceous Basin NA13 Awali River 300-400 10-12 <0.05 SWI 
NA14 Damour River 250-350 4-6 <0.05 SWI 
NA15 Ghadir River 70-100 4-6 <0.05 SWI 

Naqoura- Sarafand Cretaceous Basin NA16 Litani River 100-150 14 - 17 <0.05 SWI 
NA17 Zahrani River 300-400 20 - 23 <0.05 SWI 
NA18 Abo Assouad River 100-200 3-4 <0.05 SWI 

Southern Bekaa Eocene Basin NA19 Litani River 200-350 12 - 14 <0.05 Depletion 
Eastern Bekaa Eocene Basin NA20 Litani River 200-300 23-26   Depletion 
Koura  Miocene Basin NA21 Barsa River 120-130 4-6 <0.05 SWI 

NA22 Abo Ali River 120-130 4-6 <0.05 SWI 
North Lebanon   Cretaceous Basin  WA1 Chekka WWTP 10-35 1.2-1.4 2-3 SWI 
Batroun Jounieh Cretaceous Basin WA2 Jbeil WWTP 10-30 0.2-0.6 0.1 - 0.5 SWI 

WA3 Tabarja WWTP 10-30 0.8-1.2 0.2 - 0.5 SWI 
Sarafand-Khaldi  Cretaceous Basin  WA4 Ghadir WWTP 40 1.7-3.8 2-4 SWI 

WA5 Jeyyeh WWTP 10-20 0.5-2 0.1 - 0.5 SWI 
WA6 Saida WWTP   5.3-5.6 5 SWI 

Naqoura-Sarafand Cretaceous Basin WA7 Nabatiye WWTP 20-30 15-16 0.1 - 0.5 SWI 
Eastern Bekaa  Eocene Basin WA8 Joub Jannine WWTP 20-32 5.3-5.6 0.1 - 0.5 Depletion 

WA9 Aanjar WWTP 40-50 15-16 0.1 - 0.5 Depletion 
Southern Bekaa  Neogene/ Quaternary Basin WA-10 Zahle WWTP 20-30 9-12 0.1 - 0.5 Depletion 

1 Exit point is the discharge zone of the aquifer being recharged 
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In 2017, the MAR sites identified by the UNDP & MoEW study were further studied and ranked 

according to a site selection criteria using a multicriteria analysis (MCA) approach (Rolf, 2017). 

These sites were eventually clustered into 9 groups, based on site-specific physical criteria such as 

region, elevation and geology (Table 2). This was followed by an in-depth assessment of nine 

potential sites, each selected to represent one of the 9 defined groups. These sites were ranked 

based on a set of selected criteria that were assigned different weights based on MCA that 

incorporated information on the suitability of aquifer hydrology and hydrogeology, availability of 

water sources, expected environmental impact, type of MAR techniques, available infrastructure, 

required costs, stakeholders’ acceptance, and governance (Figure 2). Overall, the sites scored close 

to each other, with scores ranging between 0.4 and 0.64 on a scale from zero to 1, with a score of 

1 signifying a site that is best suited for MAR (Figure 3). The sites ranked from lowest to highest 

were NA16, NA3, NA14, NA1, NA7, NA9, NA22, NA19, and NA10. Two of the selected sites 

are located in the Lower Litani Basin (NA16 and NA19), one in the Upper Litani Basin (NA10), 

and one in the Damour River Basin (NA14).  

Table 2. Selection of potential MAR sites in Lebanon (Rolf, 2017) 

Site  Geological Layer River Mean winter 
discharge (m3/s) 

Elevation (m) Region 

NA1 J4 Abou Ali 12.14 990-1284 North Lebanon 

NA3 J4 Beirut 5.68 236-317 Mount Lebanon 

NA7 C4-C5 El Bared 8 290-400 North Lebanon 

NA9 C4-C5 Ibrahim 26.9 40-115 Mount Lebanon 

NA10 C4-C5 Berdouni 3.3 1025-1120 Bekaa 

NA14 C4-C5 Damour 17.47 300-350 Mount Lebanon 

NA16 C4-C5 Litani 20.9 40-116 South Lebanon 

NA19 e2b Litani 18.12 540-610 Bekaa 

NA22 mL Abou Ali 12.14 41-53 North Lebanon 

Jurassic (J4) Cretaceous Cenomanian (C4) Cretaceous Turonian (C5) Eocene (e2b) Miocene (ml) 



7 

 
Figure 2. Ranking criteria of potential MAR sites in Lebanon (Rolf, 2017) 

 

Figure 3. Ranking of representative sites based on multi-criteria analysis (Rolf, 2017)  
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A comparison of the overall scores for the 9 assessed sites shows that the highest potential for 

successful MAR in Lebanon is in the upper Litani River Basin (sites NA10 & NA19). However, 

when examining the underlying criteria, those sites scored the lowest (0.16 & 0.17) with regards 

to the recommended MAR technique due to the need to use deep dual-purpose wells and the need 

to treat the poor water quality of the Litani River prior to injection. In addition, the Litani River 

Authority (LRA), the governmental entity that manages the Litani River, is reluctant to implement 

MAR activities in the Litani Basin, because the Qaraoun Dam already captures all runoff in the 

upper basin. Moreover, farmers in the Beqaa valley rely on the surface waters of the basin and 

diverting surface water for underground injection may not be socially acceptable. Accordingly, the 

sites in the Litani basin are not being considered for MAR in the near future. 

On the other hand, the recharge site in the Damour River basin (NA14) shows good performance 

across all of the 9 defined criteria families, with the exception of cost. The high estimated costs 

are associated with the needed construction, land acquisition, well installation, operation and 

maintenance, and the execution of two galleries perpendicular to the river to insure high infiltration 

into the system (Rolf, 2017). Yet, executing an artificial recharge project in the Damour could help 

alleviate the stress on the underlying aquifer caused by SWI (SWI). Khadra & Stuyfzand (2014, 

2016) quantified SWI along the Damour coastal plain and showed that the groundwater salinity 

increases significantly close to the shoreline. Overall, the maximum seawater fraction of the 

groundwater abstracted by wells in the Damour plain was found to be less than 20%. Yet, elevated 

levels of chlorides were reported inland near Naameh and Mechref due to upconing that was 

induced by over pumping. Meanwhile, high salinity in the Doha area was attributed largely to a 

fault-induced stratigraphic separation. 

1.2 Current initiative 

Based on the outcome of past MAR initiatives that showed that the Damour region was a suitable 

candidate for MAR and on the recommendations of the LRA, this project focused on further 

assessing the MAR potential in the Damour river basin, which is a vital aquifer that supplies 

approximately one-third of the domestic water supply for Beirut and is experiencing SWI. The 

scope of work targeted two main deliverables: (1) developing water availability maps based on 

hydrologic modelling of surface runoff, and (2) generating fine resolution MAR site suitability 
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maps for the Damour River basin that are based on aquifer rechargeability, water availability, and 

economic attractiveness. Additionally, this project provides an opportunity to effectively fuse 

available remote sensing data with locally collected geospatial data to carry out the mapping 

process. The developed methodology in this project is expected to be readily transferable to other 

poorly monitored river basins that are looking at the potential of executing MAR. 

The generated water availability maps were used for the purpose of estimating the available 

recharge volumes originating from rainfall/runoff. They were generated at a regional scale with 

calibration and validation data obtained from flow measurements collected at the basin scale. It 

should be noted that recharge with treated wastewater was not considered in the Damour basin; but 

it could be considered in the water availability assessment for other study areas. 

MAR site suitability maps represent the multi-criteria geospatial analysis that was conducted in 

order to refine the site selection process. Past selections of MAR sites often depended solely on the 

judgment of local experts with little integration of geospatial information in the analysis. In this 

study, we develop a generalizable GIS framework that weighs and ranks all possible recharge site 

areas and highlights the best sites for recharge. The suitability maps are used to evaluate the 

recharge site that was previously proposed by the UNDP & MOEW (2014) and to suggest new 

locations.  

2 Methodology  

2.1 Study area and basin characteristics  

2.1.1 Location and topography 

The Damour River is entirely located within Lebanon. It has a length of 38 km. Its headwaters are 

at an elevation of 1,948 m above sea level (asl). The river drains two sub-catchments and the basin 

area is estimated to be about 290 km2. The basin is located southeast of Beirut (Figure 4) and is 

bounded by the Beirut river basin to its north and by the Awali river basin to its south and southeast 

(Khair et al., 2016; Massoud, 2012). The Mount Lebanon water divide limits the basin from the 

east and the Mediterranean Sea limits it from the west (Khair et al., 2016; Kheir & Akar, 1992; 

Massoud, 2012). The basin has several mountain ranges, valleys, and plains in addition to side 

streams and small and large tributaries (Khair et al., 2016). The tributaries in general have very 

steep slopes given the short run of the streams from the mountains to the sea. Deep valleys, and 
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canyons are also encountered along some of its sections. The depth of some of the valleys reaches 

700 m in some locations, along with very high reliefs in many others (Khair et al., 2016; Kheir & 

Akar, 1992) (Figure 5).  

 
Figure 4. The Damour River basin 
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Figure 5. Digital Elevation Model (DEM) of the Damour River basin 

(National Center for Remote Sensing, National Council for Scientific Research (CNRS)) 

 

2.1.2 Geology & hydrogeology 

The governing geological formations in the study area are mainly the Cretaceous and the Jurassic. 

The eastern part of the basin is mostly underlain by Jurassic successions (J4-J7), consisting of 

massive fractured and karstified carbonates. High infiltration rates dominate these formations, with 

the fraction of precipitation infiltrating estimated at about 42% (Khair et al., 2016). Further 

downstream at Jisr el Qadi, the Upper Jurassic successions emerge with 50-60 meters-high cliff 

formations (Khair et al., 2016). The central and northern regions of the basin are underlain by 

lower Cretaceous rock successions (C1-C3) covering the Chouf sandstones (mostly lithified sand); 

the Abieh formation (mostly sandy argillaceous limestone, claystone and shale); the Mdairej 

limestone (mostly fractured massive limestone); and the Hammana marl (mostly marl interbedded 

with fractured limestone beds) (Khair et al., 2016; UNDP & MoEW, 2014). They have very low 
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to moderate infiltration rates (3-13%), with the exception of the Mdairej limestone. The southern 

parts of the basin are underlain by the Sannine limestone (C4). Very high infiltration rates dominate 

this formation, reaching 49% in some regions (Khair et al., 2016; UNDP & MoEW, 2014). Other 

formations occur sparsely in the basin, such as Quaternary (Q) landslide deposits, Maameltain 

formation (C5), and the Chekka marl (C6) east of the river mouth (Figure 6) (Khair et al., 2016; 

UNDP, 1970).  

 

Q = Quaternary deposits: sand, gravel and clay; C1 = Chouf formation: Ferruginous brown sandstone; C2 = Mdairej-Abeih fromation: grey micritic 
and cliff forming limestone, brown green variable unit of marly limestone interbedded with thin beds of marl and yellow brown clayey sandstone; 
C3 = Hammana formation: alteration of brownish green marl and marely limestone; C4 = Sannine formation: dolomite & limestone, jointed and 
fissured; C4-C5 = Upper sannine maameltein formation: jointed and fissured dolomitic limestone with chalky limestone and micritic limestone;  
C6 = Chekka formation: Greyish white jointed and fissured chalky to marly limestone alternating with marl beds; J4-7 = Karstified Jurassic 
formation 

Figure 6. Geologic map of Damour River basin 
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The main hydrogeological system of the study area is the upper aquifer (C4– C5) (Figure 7). This 

Cretaceous formation is one of two major aquifers in Lebanon. It constitutes a little over 40% of 

the area of Lebanon and is distributed into many basins all over the country. The Sarafand - Khaldi 

Cretaceous basin constitutes part of this major aquifer and extends beyond the limits of Damour 

basin, reaching Khaldi to the north and Sarafand to the south. It is underlain by a semi-confining 

unit (C4b) and a moderately thin lower aquifer (C4a) (Figure 7, Table 3). These layers are dipping 

towards the west at an angle reaching 55 degrees at its steepest section (to the east of these layers). 

They also suffer from SWI from the Mediterranean as illustrated in Figure 7. The major aquifer 

(C4c-C5) is unconfined to the east and is semi confined by an aquitard C6 at the west, which is 

also covered by a minor quaternary aquifer. The quaternary formation covers a small area that is 

around 7 km2 and is quite shallow. It has a low slope and a high infiltration rate even though it is 

partially urbanized. It is located above the salt/freshwater interface. The Cenomanian aquitard (C6) 

is exposed to the surface just to the east of the quaternary aquifer (Figure 7). It has very low 

infiltration from precipitation and limited capacity for natural aquifer recharge. Meanwhile, the 

high elevation eastern parts of the basin are mostly underlain by Jurassic successions, which are 

also major groundwater reservoirs in Lebanon (Khadra, 2017; Khadra & Stuyfzand, 2014). 

 

 
Figure 7. Hydrogeological cross-section along the Damour basin (Khadra & Stuyfzand, 2018) 
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Table 3. Generalized description of the hydrostratigraphic units in the Damour area 
(Khadra & Stuyfzand, 2018; UNDP & MoEW, 2014) 

Hydrogeological 
unit 

Geological unit Symbol Description 

Minor aquifer Quaternary Q Sand, gravel and clay with spatial variation 

Aquiclude Chekka C6 Jointed and fissured chalky to marly limestone 
alternating with marl beds 

Aquifer Upper Sannine-Maameltain C4c-C5 Jointed and fissured dolomitic limestone with 
chalky limestone and micritic limestone 

Aquitard Middle Sannine C4b Jointed and fissured marly limestone 

Aquifer Lower Sannine C4a Dolomite jointed and fissured interbedded with 
dolomitic limestone & marly limestone 

Aquiclude Hammana C3 Marl and marly limestone 

Aquiclude/  
Semi- Aquifer 

Mdairej & Abeih C2 Jointed & fissured micritic and cliff forming 
limestone or marly limestone 

Aquifer Chouf C1 Ferruginous sandstone 

Aquifer West Barouk-Niha,  
& Salima 

J4-7 Karstified limestone & marls 

2.1.3 Climate  

The area is characterized by a Mediterranean climate with a moderately warm and dry summer 

and moderately cold, windy, and wet winter. Normally 80 to 90% of the annual precipitation in 

the basin occurs between November and March (Khair et al., 2016). Scattered rainfall events start 

in October and end in May. Similar to other areas of Mount Lebanon, the precipitation rates 

increase with altitude, from about 900 mm/yr around the river mouth area to more than 1,500 

mm/yr along the ridge of the Barouk Mountain (Figure 8) (Khair et al., 2016; UNDP & MoEW, 

2014). Future climatic predictions based on the Weather Research and Forecasting (WRF) 

dynamical downscaling model forced by HiRAM (High Resolution Atmospheric Mode) have 

predicted that between 2029 and 2050 precipitation across the country is expected to decrease by 

up to 30% relative to the reference year of 2008. The model also predicted that the mean summer 

temperature will increase by 1.5 oC across the country over the same time period (El-Samra et al., 

2017, 2018), which may increase evapotranspiration.  
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Figure 8. Annual precipitation map (UNDP & MoEW, 2014) 

2.1.4 Water resources  

Water users in the Damour river basin rely on both groundwater (public and private wells) and 

surface water sources. Agriculture and domestic supply are the two main water uses in the basin. 

The agricultural lands in the basin cover approximately 364,400 m2. Most farmers mainly adopt 

surface or trickle irrigation. Moreover, water conservation practices in the basin are limited and 

agricultural activities consume in excess of 50% of the theoretical water consumption (based on 

crop water needs) during the winter season and more than 150% during the summer season 

(ELARD, 2003). Agricultural water needs are almost fully satisfied by the Damour River 

(ELARD, 2003). Yet, recently farmers have increasingly resorted to groundwater pumping to 

satisfy their mounting irrigation needs during the dry summer season (ELARD, 2003; Khair et al., 

2016). Two small earthen impoundments have been constructed along the river to divert part of 

the water for irrigation purposes. The lower structure has the potential to divert up to 1,100 m3/h, 

while the upper impoundment can divert up to 650 m3/h to irrigate the agricultural areas at the 
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downstream sections of the Damour basin (Mehdi, 2004). Data on the operations of both 

impoundments is not available. 

Domestic water needs in the basin are satisfied exclusively from groundwater. The consumption 

rate has been estimated to range between 130 and 400 liters per capita per day (l/c/day) depending 

on location, network conditions, and the presence of private wells (ELARD, 2003; Khair et al., 

2016; Mehdi, 2004). Total demands in the basin have been estimated to range between 3.9 and 4.2 

MCM/yr. Additionally, the basin faces the challenge of water transfers from within its boundaries 

to outside regions. According to data from the Beirut and Mount Lebanon Water Establishment, 

14 wells operated by the Establishment are located in the Damour basin and provide around 10% 

of the total water consumption of Beirut (~183 MCM/yr) (Khair et al., 2016; Massoud, 2012; 

Mehdi, 2004). 

The surface water quality of the Damour River has been deteriorating due to waste disposal and 

wastewater discharge from domestic and recreational areas that lack wastewater treatment plants 

(CDR, 2017; ELARD, 2012; Khair et al., 2016; Mehdi, 2004) . A large part of the lower Damour 

River basin falls within the service area of the Ghadir wastewater treatment plant that has been 

operating as a preliminary treatment facility since November 1997 (Figure 9) (CDR, 2017; 

ELARD, 2012). However, most areas in the upper sections of the basin lack any treatment facilities 

and communities openly discharge their wastewater in the river or in shallow cesspools that 

compromise the quality of the groundwater. 
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Figure 9. Project location and study area of the Ghadir wastewater treatment plant (ELARD, 2012) 

 

2.1.5 Vegetation Cover 

The Damour river basin has a diverse vegetation cover. Arable lands, forests, and agricultural areas 

constitute the main land cover categories in the basin (Khair et al., 2016). Natural vegetation areas 

tend to be dense both in the valleys and along the slopes and decrease moving upstream (Khair et 

al., 2016; Makhzoumi et al., 2012). Degraded scrublands dominated by herbaceous species occupy 

55% of the land cover. They are spread along the coast and on the lower reaches of the river. Dense 

scrubland, conifer and oak woodlands constituting around 33% of the land cover and are mainly 

spread inland and along the eastern parts of the basin (Makhzoumi et al., 2012). The dominating 

native species in the area are mainly the Carob-Mastic, Quercus calliprinos series (Palestine oak). 

Each series include several species such as mastic tree myrtle and carob trees in the Carob-Mastic 

series. Yet in both series the most prolific species are carob, mastic shrub and myrtle (Makhzoumi 

et al., 2012).  
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Agriculture in the basin has changed significantly from the late 1800, when the cultivation of 

mulberry dominated in the basin, especially along the coastal area (Khair et al., 2016; Makhzoumi 

et al., 2012).The importance of mulberry cultivation was driven by the production of silk. Four 

silk factories in the area were active until the introduction of synthetic silk in the 1930s. After the 

1930s, mulberry trees were replaced with orange and other citrus trees. Citrus cultivation lasted 

for two decades to be afterwards replaced with banana. Currently, Damour’s banana production is 

about 15% of Lebanon’s agricultural production (Khair et al., 2016; Makhzoumi et al., 2012). The 

remaining agricultural areas in the coastal region of the basin are subject to touristic ventures and 

real-estate developments that are more profitable than agricultural production (Khair et al., 2016; 

Makhzoumi et al., 2012). 

2.2 Hydrologic modeling of water availability 

The source of water for MAR in the study area is the wet season runoff in the Damour River. The 

runoff potential was estimated using a simple GIS-based runoff estimation model. The input data 

for the runoff estimation model included a set of remotely sensed products and global weather 

datasets (Figure 10). The modeling framework thus integrated remote sensing with hydro-climatic 

datasets to generate high resolution runoff potential from land surfaces.  

Runoff was modeled using the VegET (root-zone) model (Senay, 2008), which relies on the water 

balance approach, integrating water balance algorithms that are usually used with remotely sensed 

Land Surface Phenology (LSP). VegET uses readily available global data sets to generate 

operational vegetation water balance modeling (Senay, 2008; Senay et al., 2012). The model 

simulates soil water levels in the root zone by assessing the evapotranspiration and the water 

balance. The main inputs to the model included the following (Figure 11): 

1. Precipitation: Several precipitation products were investigated including the GPCC FDD, 

CPC-global, RFE, TRMM, CHIRPS and PERSIANN, and the MSWER V1 (Multi-Source 

Weighted-Ensemble Precipitation). The MSWEP was found to be the most consistent rainfall 

product (R2 0.77, RMSE 0.3, Bias -0.11) for the Eastern Mediterranean area. As such, the 

MSWER V1 (Multi-Source Weighted-Ensemble Precipitation) datasets from 1984 to 2015 

with a 25 km resolution were used. These are satellite-based rainfall datasets that have been 
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validated and bias corrected. Precipitation estimates at monthly and annual time steps were 

used (Velpuri et al., 2018).  

2. Temperature: Temperatures were gathered from the WorldClim V2 datasets. The WorldClim-

V2 provides temperature data between 1970 and 2000 at a 1 km resolution. The temperature 

data were used for modeling snow processes. 

3. Vegetation: The MODIS Terra NDVI product from 2003 to 2019 were used with a 500 m 

resolution. Note that eight-day MODIS NDVI data were downscaled to a daily time step, using 

linear interpolation.  

4. Soils: The ISRIC (International Soil Reference and Information Centre) soils grid from 2001 

till 2019 was used providing the soil water holding capacity (WHC) at a 1m depth. It has a 

spatial resolution of 1 km. The data represents a key input for soil-water balance estimation. 

5. Evapotranspiration: Eto (reference crop-evapotranspiration) between 2001 and 2019 at a 10 

km resolution were estimated from the Penman-Monteith equation: 

λET = 
∆   

∆     
 

where Δ is the gradient of the actual vapor pressure with the mean air temperature in oC (n 

kPa°C−1), Rn is the net radiation (MJ m−2 day−1), G is the soil heat flux (MJ m−2 day−1), (es - 

ea) is the vapor pressure deficit of the air (kpa), ρa is the mean air density at constant pressure, 

cp is the specific heat of air (kg m3), Ɣ is the psychrometric constant (kPa°C−1), and rs is the 

surface resistance and ra is the aerodynamic resistance (s m−1).  

All the raster inputs were then incorporated in the VegET agro-hydrologic model and used to 

estimate the actual evapotranspiration (ET), soil moisture (SM), and surface runoff. The VegET 

model was run at a resolution of 500 m for the period between 1984 and 2015. The modeled runoff 

was then used as one of the criteria for aquifer recharge site ranking and suitability analysis.  
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Figure 10. General scheme of the runoff estimation model 
(GDAS Global Data Assimilation System, ET Evapotranspiration, NDVI Normalized Difference Vegetation Index, WHC soil 

water holding capacity, SM soil moisture) (Velpuri et al., 2012) 
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(a) Mean annual precipitation (b) Mean annual temperature (c) Maximum NDVI 

(d) Soil water holding capacity 
 

(e) Annual Potential evapotranspiration 

Figure 11. The raster data used in the regional VegET Model for runoff estimation.  

The VEGET model was validated by comparing the simulated volumetric annual stream flows 

against in situ gauge observations collected from the Damour basin. Daily discharge data available 

from 5 gauging stations along the river (Figure 12) and stretching between 1965 and 2017 were 

used. Data gaps existed between 1975 and 1990 due to the Civil War. The Bou Zebli station had 

data records between 1965-1975, 1980-1985, and 1990-2017. The Wadi es Sitt stations had data 

between 1965-1973 and between 1998-2017. Jisr el Qadi had flow records between 1948-1975, 
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1980-1982, 1992-1996, and 2000-2017. The Hammam station had records between 1965-1975 

and 1992-2017. Flow data at the river mouth exist between 1992-2017. Several additional flow 

measurements points are occasionally used in the basin to measure flows at a frequency of 1 to 2 

times every 3 weeks (Figure 12; Table 4). The data used in this study covers the years between 

2001 and 2017. 

 

Figure 12. Gauging stations and flow measurement points in the Damour basin 
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Table 4. Details of the gauging and flow measurement points 

Gauge Name Type Gauge Type 

Ouadi El-Sett Gauging Station River 

BouZebli, Rechmaya Gauging Station River 

Jisr El-Qadi Gauging Station River 

Al Hammam Gauging Station River 

Damour S.M. Gauging Station River 

Aazzounieh Measurement Point River 

Canal Raayen inside plant Measurement Point Canal 

Canal Safa Main Measurement Point Canal 

Canal Beiteddine Measurement Point Canal 

Canal Damour Upper Measurement Point Canal 

Canal Damour Lower Measurement Point Canal 

Ain Dara Aazounieh Measurement Point Spring 

Nabaa Al Safa Spring Measurement Point Spring 

The output data generated by the VegET model for the study area included zonal averages by 

catchment as well as gridded pixel based data for (1) precipitation (PPT) (in depth (mm/yr)), (2) 

evapotranspiration (ETA) (in depth (mm/yr)), and (3) surface runoff (SRF) (in depth (mm/yr) for 

the period between 1984 and 2015. Additionally, an annually averaged volumetric rate (m3/sec) 

was calculated for the entire basin based on the generated data between 1984 and 2015. The data 

was generated in ESRI’s raster and shapefile format as well as in excel spreadsheets for tabular 

and graphical analysis. All products had a spatial resolution of 500 m. The generated outputs from 

the VegET model included daily, weekly, monthly and annual products: 

a. Daily products: Daily maximum and minimum flows (m3/sec) across all years were calculated 

based on daily flows (m3/sec) recorded at each cell for the period between 1984 and 2015. 

b. Weekly products: Weekly maximum and minimum volumes (m3/sec) across all years were 

calculated based on the weekly volumes (m3/sec) simulated between 1984 and 2015. 

c. Monthly products: Monthly maximum and minimum volume (m3/sec) across all years were 

calculated based on the monthly volumes (m3/sec) estimated for each month between 1984 

and 2015. 

d. Annual products: For each year (1984-2015) the average annual runoff volumetric rates 

(m3/sec) were calculated based on the daily volumes for each year. Additionally, annual total 

and average products of precipitation (PPT) and evapotranspiration (ETa) were produced.  
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e. Long-term average: Average runoff volumetric rate (m3/sec) during the 32-year period (1984-

2015) and the maximum and minimum annual runoff volumetric rate (m3/sec) during this 

period generated at each raster pixel. 

2.3 MAR site suitability analysis 

2.3.1 GIS multi-criteria analysis 

Geospatial MCA was carried out using ArcGIS for MAR suitability. A grid size of 50x50 m was 

chosen based on the resolution of the available digital elevation model (DEM), which is one of the 

main inputs in hydrological and topographical estimations. Suitability indicators were carefully 

chosen based on common indicators used frequently in MAR siting. The indicators were checked 

to ensure minimality, non-redundancy, and completeness. Digital spatial data for these indicators 

were then collected and processed for uniformity and compatibility as detailed below. Some data 

were collected from previous MAR initiatives and were thus digitized and georeferenced in order 

to use then in the GIS analysis. A few of these indicators served as constraining parameters to 

eliminate unsuitable sites. This was done using Boolean logic (constraint mapping). Other 

indicators served as input to the suitability mapping that ranked sites based on a suitability index 

(suitability score). As such, the Boolean logic model serves only as a preparation step prior to the 

suitability index calculation. This approach has been shown to produce more accurate maps 

compared to the use of Boolean logic models alone (Alesheikh et al., 2008). The chosen method 

for index calculation is the Analytic Hierarchy Process (AHP) (Saaty, 1980), which is an additive 

weighting model and is “one of the most comprehensive methods of multicriteria decision 

analysis” (Malczewski & Rinner, 2015). It tolerates having multiple levels within the hierarchy 

allowing for major indicators (three in this case) and minor sub-indicators (9 in total), and it grants 

a means for directing the decision maker’s focus on establishing a proper structure that captures 

the significant components of the addressed problem along with their interaction (Malczewski & 

Rinner, 2015). Details on the adopted constraints, thresholds, AHP method, and its corresponding 

weights and indexes used for the MAR site selection process are discussed below. A Python code 

was developed in ArcGIS to perform the index calculation as per the chosen methodology. The 

end product was a basin-scale suitability map for MAR in Damour in addition to maps that showed 

the spatial distribution of the index for each of the three major indicators considered.  
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2.3.2 Suitability indicators 

Common indicators for MAR suitability 

There is no agreed upon “one-size fits all” type of GIS site suitability methodology that can be 

applied for MAR. In order to ensure a proper selection of indicators that are suitable for the study 

area, a systematic literature review of tens of GIS-based MAR site suitability studies (Sallwey et 

al., 2018) was referred to identify the main indicators that have been most commonly used in 

previous MAR suitability studies (Figure 13) (Sallwey et al., 2018). These indicators can be 

grouped into 3 general categories. Since MAR is the purposeful recharge of an aquifer with 

surplus available water for later recovery or environmental benefits, a representative suitability 

index for MAR potential would ideally include indicators that describe or give a preliminary 

indication on: (1) aquifer rechargeability, (2) water availability, and (3) maximal economic 

and environmental attractiveness for MAR.  

With regards to aquifer rechargeability, common indicators  are those that are indicative of aquifer 

properties, such as transmissivity or surface characteristics related to recharge, such as soil 

infiltration rate and surface slope. Note that the importance of each of these indicators, and thus 

its assigned weight, depends on the adopted MAR recharge method. For example, when recharging 

using injection wells rather than water spreading methods, slope becomes less relevant. 

Concerning, the potential indicators for water availability, they are typically the available surface 

runoff or the precipitation available at each location. Finally, indicators that reflect the economic 

and environmental attractiveness of a site either account for economic indicators such as land 

value, and to environmental constraints such as proximity to pollution sources or to protected 

areas. Figure 14 shows the set of indicators defined under the three defined suitability categories. 

Comparing the current choice of indicators to other suitability analysis projects, shows that while 

data limitations in the basin restricted the total number of indicators used to nine, most GIS-based 

MAR siting studies use between 4 and 10 indicators. Four of the most commonly used indicators 

across all studies include slope, geology, morphology, and land use (Sallwey et al., 2018); all four 

were part of this study. Each of the indicators was assessed at the pixel level by assigning to it a 

score between 0 and 100. Note that in addition to score assignment based on suitability, we adopted 

constraint mapping, where certain thresholds and constraints were defined for some attributes to 

exclude areas that were considered not feasible for MAR.  
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Figure 13. Common indicators considered in GIS MAR site suitability analysis (Sallwey et al., 2018) 

 

Figure 14. Indicators considered in under the three main MAR suitability categories 
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Indicators of aquifer rechargeability 

In an effort to assess aquifer rechargeability, the ARAK method was adopted and the Intrinsic 

aquifer rechargeability index (Equation 1) that was previously applied to a small section of the 

Damour’s GW basin (Daher, 2011; Daher et al., 2011) was calculated for the entire basin. It is a 

preliminary approach that is reportedly suited for karst aquifers. It assesses whether an aquifer is 

rechargeable from its surface through MAR operations at a given implementation site.  

𝐼𝑟𝑡 𝑎𝐸 𝑏𝑅 𝑐𝐼 𝑑𝐾 (1) 

Where Irt is the aquifer rechargeability index calculated for each grid; a, b, c, & d are weights 

assigned to each indicator (unitless), between 0 and 1, and their sum is 1; E, R, I, & K are indexes 

of relevant indicator at each grid, for epikarst, rock, infiltration, and karstification, respectively. 

All indexes are unitless and can potentially have a score ranging between 0 and 100.  

The index (E) represents the dominance of the epikarst in the region. The importance of the 

epikarst to MAR is linked to its contribution to a rapid versus slow infiltration of water into the 

aquifer. A well-developed epikarst acts as a transitory storage feeding a consistent slow recharge 

into the underlying aquifer. The presence of surface features on the other hand interrupts this slow 

consistent recharge (Daher, 2011; Daher et al., 2011). In the Damour basin, the epikarst extent was 

grouped into 3 categories as shown in Table 5 (Momejian et al., 2019). Figure 15 shows the spatial 

distribution of the three categories of epikarst in the basin, while the scores assigned to each of 

these categories is shown in Table 5. They were calculated as per the linear score function 

(Malczewski & Rinner, 2015). Meanwhile, index (R) in Equation (1) corresponds to the geologic 

formations (rock indicator). Detailed description of the different geological features in the area 

was presented in section 2.1.2. As can be seen from Table 5, areas with exposed & extremely 

fractured rocks of the Cenomanian C4-C5 layer were given the highest score, while regions 

underlain by the Cretaceous C2, C3, or C6 were completely excluded. Index (I) reflects the 

infiltration capacity indicator of the basin based on the slope at the surface (Daher, 2011; Daher et 

al., 2011). The variability of slopes in the study area is high, since the basin has several mountain 

ranges and steep slopes along the eastern sections of the basin along with deep valleys that 

delineate the river. Lowest slopes are encountered along the narrow Damour coastal plain to the 

west (Figure 16). The generated percent slope raster layer was then subdivided into the categories 

defined by the ARAK method (Table 5) (Daher, 2011; Daher et al., 2011). A max threshold of 
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50% was assigned to surface slopes and as such cells with steeper slopes were excluded. Finally, 

index (K) reflects the extent of karstification of the underlying aquifers (karst indicator). Karst in 

Lebanon is quite abundant and is classified into 4 categories based on its exposure: high , moderate, 

low, and covered (UNDP & MoEW, 2014). Three of these types are encountered in Damour basin 

(Figure 17). Higher scores were given to areas with lower karstifictaion and were calculated as per 

the linear score function (Malczewski & Rinner, 2015). 

Table 5. Assigned indicators belonging to the intrinsic aquifer rechargeability category and their relative scores 

Major Indicator Sub-indicator Attribute 
Score 
(0-100) 

Intrinsic aquifer 
rechargeability 

Epikarst 

E1: Fractures, developed faults, current/paleo 
channels/Rivers, flood plains + Buffer (500 m) around 
faults + Buffer 500 m around Rivers 0 

E2: Karst outcropping formations  50 

E3: Absent karstic morphology  100 

Rock Type  

Cretaceous C2, C3, & C6 Exclude 

Quaternary & Cretaceous C1 25 

Jurassic J4-7 and lower Cenomanian C4 75 

Exposed & extremely fractured Cenomanian C4-C5 100 

Infiltration - 
estimated from 
slope 

Slope > 50% Exclude 

Slope between 30 and 50% 25 

Slope between 15 and 30% 50 

Slope between 5 and 15% 75 

Slope < 5% 100 

Karstification High exposure 0 

Medium exposure 50 

Restricted exposure or covered karst 100 
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E1: Fractures, developed faults, current/paleo channels/Rivers, flood plains + Buffer (500 m) around faults  

+ Buffer 500 m around Rivers; E2: Karst outcropping formations; E3: Absent karstic morphology 

Figure 15. Spatial distribution of the Damour epikarst 

 
Figure 16. Damour River basin surface slope 
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Figure 17. Damour River basin karst  

Indicators of water availability 

For water availability, the average streamflow raster (due to surface runoff) generated by the 

VegET model were used to generate an index for water availability (Equation 2). Note that this 

streamflow is only part of the total river discharge, which is augmented with the groundwater 

baseflow. This ensures that an appropriate minimal flow in the river is maintained. It also ensures 

that recharge only occurs during the rainy winter season, where there is maximal flow in the river. 

This was accomplished by calculating a water availability index (Iwa) for each grid in the basin as 

shown in Equation 2. 

𝐼𝑤𝑎 𝑒𝐷 𝑓𝐶 (2)  

where Iwa is the water availability index calculated for each grid (unitless); e, and f are weights 

assigned to each indicator (unitless); D is the index for the depth of water available for recharge. 

It is based on 32 years annual average streamflow (unitless); C is the index based on the coefficient 

of variance (CV) of the same 32 years annual average streamflow (unitless). 
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Input values for both D & C indicators were determined from the VegET hydrologic modelling 

for water availability. It is assumed that the available water for recharge at each cell within the 

basin was equal to the accumulated flow in the nearest cell within the main flow path of the 

Damour River. Euclidean allocation allowed for assigning the depth of streamflow (average annual 

over 32 years) from the river cells to all other cells within the basin based on distance. In addition 

to determining streamflow, the reliability of the available water depth along the years due to the 

natural variability of precipitation was characterized by the coefficient of variance (CV) of the 

streamflow inter-annual variability. A reliable site for recharge is a site where there is little 

variability in the recharge volumes along the years and where CV is minimal. Sites with a high 

CV may be deemed unreliable for recharge. Since the water that is available for recharge at each 

cell was assumed to be coming from the nearest cell of the Damour river (as indicated earlier), the 

CV for each cell in the basin was also calculated using Euclidean allocation of the CV values of 

the river.  

Scores for both D and C were assigned by applying a linear score function. For annual streamflow 

depth (32-year average), a score of 100 was assigned for locations with the highest streamflow. A 

score of zero was assigned to the pixel that had the lowest flow value. Similarly, a maximum score 

of 100 was defined for a hypothetical pixel with a CV of zero and a zero score was assigned to a 

hypothetical cell with a CV of 100. Values within these set intervals were linearly interpolated as 

shown in Figure 18. 

  

Figure 18. Linear score function for score assignment to the water availability indicators 
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Indicators of economic attractiveness 

The economic attractiveness for the basin was determined based on a developed index (Iea) 

(Equation 3). Like Irt and Iwa, Iea is the sum-product of a set of indicators and their associated 

weights. 

𝐼𝑒𝑎 𝑔𝑆 ℎ𝐿 𝑗𝑃 (3)  

where Iea is the economic attractiveness index calculated for each grid (unitless); g, h, & j are 

weights assigned to each indicator (unitless); S, L, & P are the indexes of relevant indicator at each 

grid cell. They stand for indexes of stress in the aquifer (S), land use / land cover (L), and proximity 

to river (P), respectively. All indexes are unitless. 

Aquifer stress reflected in index S refers to the anthropogenic stress that the aquifer is facing. 

Based on recent national assessment of groundwater (UNDP & MoEW, 2014), almost all coastal 

aquifers in Lebanon are stressed, either due to depletion or due to SWI (Table 1). As for non-

coastal aquifers, they tend to be experiencing low stress with the exception of those in the Litani 

river basin. In the Damour basin, the only stressed aquifer is the C4-C5 formation (Figure 19). 

That aquifer was given a score of 100, while all other aquifers were assigned a score of 25. Land 

use / land cover also contributes to the economic attractiveness of the MAR chosen site, where 

land cost is a major contributor to the overhead cost of the recharge project. It is reflected in index 

L. Six types of uses are dominant in the basin. Wooded areas, agricultural lands, and natural terrain 

with or without vegetation cover are widely spread and are interspersed with urban zones (Figure 

20). Given that urban zones and water surfaces are not suitable for water storage, they were 

excluded. Meanwhile, other dominant land use / land covers in the basin were assigned suitability 

scores between 0 and 100 as shown in Table 6.  
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Figure 19. Aquifer stress in the Damour aquifers (UNDP & MoEW, 2014) 

 

Figure 20. Land use / land cover map of Damour (NCRS, 2017) 
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Table 6. MAR suitability scores assigned to each land use / land cover type 

Land use / land cover class Score (0-100) 

Urban zone and water surface Exclude 

Agricultural land 25 

Forest 50 

Natural terrain with herbal cover 75 

Natural terrain with little or no herbal cover 100 

Another contributor to the economic attractiveness of the chosen MAR site is the proximity to 

river since energy cost for pumping water from the Damour river (source) to the injection point is 

a major contributor to the operational cost of the recharge process. This is reflected in index (P) 

that promotes sites based on their proximity to the water source. Proximity was calculated based 

on Euclidean distance. Sites farther away from the river are thus penalized for MAR given the 

additional cost needed to move the water from the river. Assigned suitability scores ranged 

between 0 and 100 after applying a linear score function. A score of 100 was thus assigned to 

locations that were closest to river and a score of zero was assigned for the farthest cell from the 

river (Figure 21).  

 

 

Figure 21. Linear score function adopted for proximity to river 

2.3.3 Analytical Hierarchy Process  

The analytical hierarchy for this suitability analysis is a 2-level model (Figure 22) that reflects the 

current choice of indicators and their categorization into three groups as detailed in the previous 

section. At the first level, we have the 3 major categories of indicators contributing to the MAR 
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suitability. And at the second level, there are the 9 chosen sub-indicators. For calculating the final 

index of MAR suitability, the AHP method requires assigning a weight for each indicator and sub 

indicator within the hierarchy using pairwise comparison method (Saaty, 1980). It determines 

weights using comparative judgement for each pair of indicators within the same level. Matrices 

used for pairwise comparison and weight calculation are shown in tables 7 through 10. Note that 

values in the matrix indicate the comparative importance of each pair. A value of 1 indicates 

identical importance of that pair. Consistency ratio (CR) for all matrices was calculated and found 

to be 0% and thus satisfying the method’s condition of ensuring that the CR is less than 10% 

(Anane et al., 2008). For further detailed information on AHP & pairwise comparison methods 

and mathematical assumptions and rules refer to Malczewski & Rinner, 2015 and to Saaty, 1980. 

In this study, the three major categories were given equal importance, which yielded matrix 

pairwise values of 1 and subsequent weights of 33.3% (Table 7).  

 

Figure 22. Hierarchical grouping of indicators and weight assignments 
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Table 7. Pair-wise comparison matrix for evaluating relative importance and subsequent weights of the three major 
categories of indicators for MAR 

Indicator Aquifer 
Rechargeability 

Water Availability Economic 
Attractiveness 

Weight 

Aquifer Rechargeability 1 1 1 33.3% 

Water Availability 1 1 1 33.3% 

Economic Attractiveness 1 1 1 33.3% 

Number of comparisons = 3, CR=0% 

 

Table 8. Pair-wise comparison matrix for evaluating relative importance and subsequent weights of the four sub-
indicators associated with aquifer rechargeability 

Indicator Rock Type Karstification Infiltration Epikarst Weight 

Rock Type 1 3 6 6 60% 

Karstification 0.333 1 2 2 20% 

Infiltration 0.167 0.5 1 1 10% 

Epikarst 0.167 0.5 1 1 10% 

Number of comparisons = 6, CR=0% 

Table 9. Pair-wise comparison matrix for evaluating relative importance and subsequent weights of the two sub-
indicators associated with water availability 

Indicator Streamflow depth Streamflow CV Weight 

Streamflow depth 1 3 75% 

Streamflow CV 0.333 1 25% 

Number of comparisons = 1, CR=0% 

Table 10. Pair-wise comparison matrix for evaluating relative importance and subsequent weights of the three sub-
indicators associated with economic attractiveness 

Indicator Aquifer stress Land use/Land cover Proximity to river Weight 

Aquifer stress 1 2 2 50% 

Land use/Land cover 0.5 1 1 25% 

Proximity to river 0.5 1 1 25% 

Number of comparisons = 3, CR=0% 

For the first group of sub-indicators (aquifer rechargeability), rock type was chosen to be the most 

important indicator and was assumed to be 3 times as important as karstification. The two 

indicators relevant to surface features (epikarst and infiltration) were assumed to be equally 

important and only half as important as the karstification due to the adopted recharge method. Note 

that based on the recent national assessment of MAR potential in Lebanon and recommendations 

of experts in the field, injection wells were found to be the most desirable for recharge in karstic 

aquifers rather than surface spreading methods (UNDP & MoEW, 2014). The resulting weights 
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60% for rock type, 20% for karstification, and 10% for each of epikarst and infiltration (Table 8). 

In the second group of sub-indicators (water availability), streamflow depth, which promises 

higher volumes of recharge, was assumed to be three times as important as the variability and thus 

reliability of this volume between years. This yielded a weight of 75% for streamflow depth and 

25% for streamflow CV (Table 9). Finally, for the last group (economic attractiveness), land use 

and proximity to river were considered to be equally important whereas the aquifer stress was 

assumed to be twice as important since recharge in a stressed aquifer promises better economic 

returns as compared to recharge in an non-stressed aquifer. This yielded a weight of 50% for 

aquifer stress and 25% for each of land use and proximity to river (Table 10). 

Overall MAR suitability is thus calculated by summing the weighted index overlay of the level 1 

indicators. While those at level 1 were calculated by summing over their weighted index overlay 

of level 2 sub-indicators.  

3 Results & discussion 

3.1 Water availability for MAR 

The VegET model was calibrated against in situ measurements collected from gauging stations in 

the Damour river basin. Daily, monthly, and yearly runoff time series of evapotranspiration, 

predicted runoff (m3/sec), and accumulated surface runoff (m3/sec) were then calculated for the 

period between 1985 and 2015. A high correlation was found between the simulated volumetric 

annual stream flows and the measured flows (R2=0.72) across all of the stations in the basin, 

suggesting that the model is able to predict well the spatial variability of runoff in the basin. The 

VegET model performed reasonably well with a tendency to underpredict annual volumes, 

especially for values above 100 MCM. Figure 23 shows the simulated vs observed annual flows 

at the gauging stations of the basin.  The model is considered to be satisfactory calibrated 

considering the high correlation found between observed and simulated flows.  
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Figure 23. Simulated annual volumetric streamflow vs in situ observations at the Damour basin gauging stations 

The Damour basin was split into 7 subcatchments according to the location of gauging stations 

and measurement points (Figure 24)1. The highest generated flows were encountered in 

subcatchments 12, 3 and 1, whereas the lowest generated flows were found at the downstream part 

of the basin (i.e. subcatchment 4) (Figure 25 (a)). This is mainly due to the small contributing area 

of the latter and its comparatively lower precipitation rates as compared to the other subbasins. 

The highest cumulative flows are evidently encountered in the lowest parts of the basin (i.e. 

subcatchment 4) (Figure 25 (b)).  

 
1 The Damour basin has a larger coastal contributing area that is not captured by the hydrologic models due to the 
coarse DEM resolution. A higher resolution is needed to capture the unaccounted for coastal area. This causes an 
underestimation of the runoff reaching the sea mouth but doesn’t affect the MAR suitability siting. 
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Figure 24 Damour Sub-basins 
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Figure 25. Temporally averaged (1985 - 2015) daily simulated flows at the subcatchment level in the Damour basin. 
(a) subcatchment generated flows; (b) total accumulated flows 

 

The VegET model results also show the occurrence of lower precipitation accompanied with 

higher ETa and lower generation of surface runoff downstream in the basin. Meanwhile in the 

upper parts of the basin, substantial precipitation occurs accompanied with lower ETa, which leads 

to higher surface runoff (Figure 26). 
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(a) Minimum annual runoff (m3/s) 
 

(b) Average annual runoff (m3/s) 

(c) Maximum annual runoff (m3/s) 

(d) 
(e) Average annual evapotranspiration (m3/s) 

 

Figure 26. VegET model outputs for the Damour River basin, 1985-2015. 

The average yearly streamflow in Damour river, due to precipitation only as simulated based on 

the VegET model, reaches 75MCM/yr on average for the 30-year period under consideration 

(Figure 27). The inter-annual variation of this streamflow is low, with CV ranging between 28 and 

35 across the basin (Figure 28). Both the average yearly streamflow and its CV allow for the 

identification of cells that have consistently high flows over time. Sites with low variation and 

large mean flows can be considered as potential locations of recharge. The lower parts of the basin 

appear to satisfy these conditions (Figure 27, Figure 28).  
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Figure 27. Temporally averaged (1985-2015) annual accumulated streamflow excluding baseflow 

 
Figure 28. CV for the Temporally averaged (1985-2015) annual accumulated streamflow 

excluding base flow  
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3.2 MAR site suitability maps  

The aquifer rechargeability index (Figure 29) indicates that 52% of the basin area has no artificial 

recharge potential, particularly for the areas with the Cretaceous C2, C3, & C6 formations that are 

unsuitable for water storage and recovery (refer to excluded sites in Figure 29). The highest 

potential for MAR is within the Cenomanian C4-C5 geologic formation (the green region to the 

west and south of the basin). This region also coincides with the UNDP & MoEW preselected 

MAR site for the Damour basin (UNDP & MoEW, 2014). Within this region, the contrast between 

the higher and lower indexes reflects mainly difference in recharge suitability based on the epikarst 

types and slope variations (Figure 16). There is also moderate to low potential for recharge in the 

small shallow coastal quaternary aquifer (to the west) and in the other geologic formations along 

the eastern flank of the basin. Of the 48% of the basin that has some potential for artificial recharge, 

around 19% show low suitability (20 < Irt < 40), around 24% show average suitability (40 < Irt < 

60), around 50% show good suitability (60 < Irt < 80), and only around 6% show very good 

suitability (80 < Irt < 100). 

From a water availability perspective, the water availability index (Figure 30) reflects the high 

potential for recharge downstream towards the river mouth, where accumulated flows are higher 

as compared to the upstream regions. Around 80% of the basin area shows low to very low relative 

potential for MAR (Iwa < 40). Only 20% of the basin has an Iwa higher than 40. This region of 

relatively higher water availability starts at Jisr El-Qadi, where the 3 northern headwaters of 

Damour merge into one stream resulting in good water availability (60 < Iwa < 80). The area further 

downstream and to the east of Jisr El-Qadi shows even higher indexes due to the merging of the 

northern and southern sections of the river into one and where there is very good water availability 

(80 < Iwa < 100). It should be noted that Iwa was dominated by the accumulated runoff depth and 

minimally affected by the variability in the accumulated runoff (measured by CV), since in the 

Damour the CV varied over a very narrow range that was between 28 and 35. The MoEW-UNDP 

preselected MAR site (UNDP & MoEW, 2014) appears to have a good water availability index 

that is around 70 (out of 100) at the most favorable sites.  

Based on the economic attractiveness index Iea (Figure 31), around 12% of the Damour basin was 

considered as unsuitable for MAR, 38% of it had low suitability (20 < Iea< 40), 31% had average 
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suitability (40 < Iea < 60), 13% had good suitability (60 < Iea < 80), and only 6% had very good 

suitability (80 < Iea < 100). The regions of good to very good suitability are collocated in the areas 

where the aquifer is under stress, which is expected because this indicator is the major contributor 

to Iea. The regions of high stress are predominantly confined to the regions where the SWI affected 

Cenomanian C4-C5 geologic formation (Figure 7). The Iea map also reflects the effect of land use 

and land cover on MAR, where urban zones and water surfaces were excluded. Proximity to river 

is also evident in the map where almost all zones adjacent to the river path are showing higher 

index than those further away from it. As for the MoEW-UNDP preselected MAR site (UNDP & 

MoEW, 2014), it appears to have a very good economic attractiveness index that is around 85, 

since it is located in the stressed aquifer at a close distance from the river and not within an urban 

zone.  

Finally, the combined MAR suitability index (Figure 32) was generated by executing a weighted 

overlay of the 3 indexes based on the results of the AHP (Figure 22). The map indicates that the 

more than half of the basin is unsuitable for MAR (57%). Around 14% shows low MAR suitability 

(20 < I < 40), around 21% shows average suitability (40 < I < 60), around 7% shows good 

suitability (60 < I < 80), and only 1% shows very good suitability (80 < I < 100). 

The most suitable recharge sites occur across the coastal plain of Damour, within the C4-C5 

Cenomanian aquifer. The UNDP & MoEW preselected recharge site lies within this good to very 

good potential region with an index of around 77. Sites of greater suitability were found further 

downstream, mainly due to the increase of water availability downstream of the confluence of the 

2 branches of Damour. Another region of good MAR potential is a bit further upstream in the 

Jurassic formation. The regions of average potential for MAR tended to be found along the coastal 

shallow quaternary aquifer and along the southern part of the basin in addition to smaller regions 

further upstream. The least favorable recharge sites were at the headwaters of the basin in the 

quaternary, Cretaceous C1, and Cenomanian C4 formations. These sites are not under stress and 

at these locations water availability is also minimal.  

Note that it has been estimated by the UNDP that the total volume that can be recharged in Damour 

ranges between 9 and 18 MCM/yr if one is to assum that 5 to 10% of the entire river flow can be 

made available for recharge (UNDP & MoEW, 2014). Based on the modeled flows for the basin, 
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water availability appears to be less of a concern in the lower sections of the Damour basin as 

compared to other river basins (Figure 27). Judging from the geological cross sections of the basin 

(Figure 7), implementing an artificial recharge within the identified high potential zone will 

augment the groundwater in the aquifer and help push the SWI wedge towards the sea or at least 

to reduce the rate of intrusion (below the shallow quaternary aquifer). 
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Figure 29. Aquifer rechargeability index 
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Figure 30. Water availability index 
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Figure 31. Maximal economic attractiveness index 
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Figure 32. Overall MAR suitability index 
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4 Conclusion and recommendations 

Part of the water stress experienced in the Damour basin can be mitigated with integrated water 

management planning and with the implementation of beneficial management practices. One 

option is to reduce water shortages during the dry season with the storage of surplus water flowing 

into the sea during the wet season. Surface storage facilities are controversial and come at a high 

cost. In addition, their water quality can become deteriorated, especially with the absence of point 

and non-point pollution source controls. An improved alternative to surface storage is opting for 

underground storage in aquifers through MAR. This can replenish GW for later withdrawal and 

reduce the salinity stress in the aquifer caused by SWI.  

In this project, we attempted to answer two major questions linked to MAR projects that would 

encourage decision makers to carry on with such a measure. (1) How much water is available for 

recharge in the Damour basin? (2) What are the most suitable locations to implement MAR in this 

basin? Water availability for MAR was estimated using a hydrologic model to quantify the 

corresponding runoff. The generated maps of runoff and their accumulation into surface flow 

defined the water volumes that can potentially contribute to MAR activities. The MAR site 

suitability mapping was assessed by a geospatial MCA using common indicators contributing to 

aquifer rechargeability, water availability, and economic attractiveness. The results revealed 

promising MAR sites in the Damour coastal plain downstream of the basin at the Cenomanian C4-

C5 aquifer. Future validation work should target the analysis of the recharge process at facorable 

sites using groundwater modeling that can simulate the response of the aquifer to artificial water 

recharge.  Since SWI is a major stressor in this aquifer, coupling such models with a solute 

transport model will be imperative to assess the change of SWI as a function of MAR scenarios. 
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Appendix A- Measured* vs Predicted Volume 

 Water Year Discharge, million cubic meters 

 Sea Mouth Al Hammam Bou Zebli Ouadi El Set 

Water Year Measured Model Measured Model Measured Model Measured Model 

1992-1993 128.85 60.31 49.66 30.22 55.63 12.08   

1993-1994  126.62 27.49 30.22 35.88 17.06   

1994-1995 146.50 49.02 41.60 11.79 61.18 23.17   

1995-1996 142.39 83.06 43.21 19.86 84.05 14.78   

1996-1997 117.73 107.17 35.13 25.21 5.20 8.22   

1997-1998 79.57 65.07 35.61 15.95 66.61 10.94   

1998-1999 63.71 32.00 14.66 7.10   11.11 5.46 
1999-2000 71.52 70.92 28.95 17.43   17.00 10.69 
2000-2001 55.47 59.08 15.34 14.35   12.94 9.01 
2001-2002 165.03 78.41 28.33 19.17   18.21 11.58 
2002-2003 261.00 112.82 71.40 25.57   64.03 16.39 
2003-2004 190.13 97.83 43.06 24.27   45.99 14.94 
2004-2005 255.38 71.22 45.55 18.19   40.17 10.30 
2005-2006 178.60 58.50 42.57 14.18   30.72 8.99 
2006-2007 174.41 60.89 51.86 14.89   33.80 9.66 
2007-2008 115.19 44.98 34.56 11.12   25.72 6.93 
2008-2009 199.53 79.59 49.66 19.22   31.64 12.04 
2009-2010 250.92 60.65 71.16 15.42   36.64 8.74 
2010-2011 263.11 79.24 40.03 18.62   27.48 13.11 
2011-2012 289.97 114.82 79.82 28.86   23.48 16.51 
2012-2013  72.21 81.83 17.72   68.93 11.45 
2013-2014 44.13 37.24 19.31 8.47   6.21 6.22 
2014-2015 270.19 51.66 87.26 12.78   31.72 7.90 
         
         

*Annual water year (October-September) stream discharge measured at gauges in the Damour River basin, 1992—2017 
Source: LRA (Litani River Authority) gauging stations; VegET model  (Velpuri et al., 2012) 


