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 بسم اهللا الرحمن الرحيم
 

باستخدام نموذج متكامل    سهل صاللة الجوفي الساحلي        لحوض    اإلدارة المستدامة   
 )ملخص(

تكون حوض سهل صاللة الجوفي الساحلي الضحل في طبقات من الحجر الجيري الثالثي، يمتد شماًال                        
طبقة من رسوبيات العصر      تعلو طبقة الحجر الجيري         . إلى أقدام جبال القرا وجنوبًا إلى شاطئ الحافة              

تطورت عدسة عذبة من    . الرباعي، تتكون من رسوبيات األودية الغرينية والرسوبيات الجيرية الساحلية          
المياه الجوفية في وسط السهل مع وجود مياه جوفية شبة مالحة إلى الشرق والغرب من السهل بينما               

 . تحدث عملية تداخل لمياه البحر من جهة الجنوب        
إلدارة المستدامة للمياه الجوفية في حوض صاللة الجوفي بهدف االستغالل األمثل للمورد             تم دراسة ا

المائي والمحافظة عليه من االستنزاف والهدر والتصدي النخفاض مستويات المياه الجوفية وتداخل مياه                   
لبية الطلب      يعتبر مكمن سهل صاللة المائي المصدر الوحيد للمياه العذبة لت          .  البحر المالحة في الحوض      

بئر ) 1500(يتم ضخ المياه من الحوض الجوفي عبر أآثر من          . المتزايد على المياه في مدينة صاللة      
)  65(للمياه الجوفية لالستخدامات المختلفة بحوالي           ) م2005(إنتاجية حيث يقدر مجموع السحب الحالي          

 74سنويًا ليصل إلى    %  3اقع  مليون متر مكعب ومن المتوقع أن يزداد السحب سنويًا بمعدل متنامي بو     
 9(وعليه فمن المتوقع أن يتراوح العجز في الميزانية المائية للحوض الجوفي بين             . م2020مليون عام 

م، حيث يفوق اإلنتاج الكلي من الحوض       2020 إلى 2005بين العامين  )  مليون متر مكعب سنويًا13 إلى 
 إلى 2005أعلى من اإلنتاج اآلمن بين العامين  %) 21إلى % 16(التغذية الطبيعية والصناعية بنسبة بين     

المعدل الحالي للضخ غير مستدام وتدهور جودة المياه الجوفية واضحة في أجزاء آثيرة من              . م2020
 . سهل صاللة 

وقد تضمنت الدراسة بناء نموذج رقمي ثالثي األبعاد لتدفق وحرآة األمالح في المياه الجوفية لمحاآاة            
تمت معايرة النموذج الرقمي وفق الربط الزمني للحوض في مرحلة           . ساحلي  مكمن سهل صاللة ال 

قدرت الدراسة التغذية التحت سطحية        . م2005 لغاية 1992االستقرار وعدم االستقرار خالل الفترة من   
تم إجراء محاآاة تنبؤية تحت ظروف عدم       . السنة / مليون متر مكعب 50السنوية المتدفقة من جبال القرا بـ      

تبنى المشروع  ). م2020حتى عام  (قرار للتنبؤ بسلوك المكمن في الخمسة عشرة سنة المقبلة           االست
أعتمد على مبدأ   : منهجية إلعادة التوازن المائي للحوض إعتمادًا على عرض مشهدين أساسيين، األول           

اض أن الحكومة     مع إعتبار التغذية التحت سطحية السنوية ثابتة على إفتر          "business as usual"السوق أوًال   
سوف تتخذ إجراءات للمحافظة على النباتات واألشجار القائمة حاليًا في جبل القرا خاصًة تلك الواقعة                               

مع تخفيض    "business as usual"أعتمد على مبدأ السوق أوًال  : على قمة الجبل خلف سهل صاللة، والثاني     
وقع في آمية التغذية األفقية المعتمدة أساساًً          سنويًا، على خلفية النقص المت      % 5التغذية المذآورة بواقع  

على عملية تجميع مياه الضباب من األشجار نظرًا للتدهور الغابوي المستمر في جبال القرا والذي يمثل                 
من  % 98الشريط الداخلي لنطاق التغذية لمكمن سهل صاللة، حيث يزود الحوض الساحلي بما نسبته                     

لكل حالة، وذلك بإستخدام        )  سيناريوهات (وتم اقتراح وتقييم سبعة مشاهد       . مجمل التغذية الطبيعية السنوية     
المحاآاة لفهم والتنبؤ بسلوك المكمن عند تنفيذ تلك اإلجراءات من خالل مشاهدة التغير في مستويات المياه                

نقل مزرعتي جرزيز والبحوث الحيوانية بعيدًا عن       ) 1: م وهم2020-2006واألمالح في الحوض للفترة     
تغيير في   )  3 أشهر في السنة،     4تعليق الضخ إلنتاج األعالف الخضراء لفترة           ) 2حوض المائي العذب،      ال

  ، الخيار األول والرابع معاً    ) 5إنشاء محطة تحلية مياه البحر،       ) 4أنظمة الزراعة والري في المحاصيل،        
-1الخيارات  (اء إداري  تبين أن أي إجر). 4+3+2+ 1(آل الخيارات  ) 7الخيار األول والثالث معًا و   ) 6
وبالتالي يجب دمج الخيارات اإلجرائية مع          .  سنة القادمة  15لن يستطيع تحسين الوضع بمفردة خالل   ) 4

وتشير نتائج المحاآاة إلى أن منهجية الخيار الخامس هي             . بعضها لكي يتوقف التدهور ويحصل إتزان     
التنبؤ بينما منهجية الخيار السادس هي األفضل         األآثر فاعلية بالنسبة لتحسين مستويات المياه خالل فترة        

بالنسبة لتحسين حالة الملوحة وتوصي الدراسة بتطبيق منهجية الخيار السادس نظرًا ألفضليته في اإلدارة                      
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يشير االحتمال إلى ضرورة األخذ في االعتبار تنفيذ          . المستدامة للحوض مقارنًة بالخيار الخامس        
تم دراسة   . القادمين لضمان تلبية إمدادات مياه الشرب لساآني المدينة        إجراءات إضافية خالل العقدين       

الخيارات اإلدارية على حوض صاللة الجوفي الساحلي، والتي يمكن أن يتم تطبيقها في مناطق آخرى لها                        
 . ظروف مشابهه 

جار في   تم ربط هذه الدراسة بالعمل الميداني لتجربة دراسة هيدرولوجية الُسحب الموسمية وتدهور األش            
حيث  . م2005-2003جبال ظفار ودور المظلة الشجرية في اصطياد الضباب وذلك خالل موسم الخريف                 

تم ربط العمل الميداني بالدراسة النظرية لتقييم واختبار نتيجة التغذية التحت سطحية من جبل القرا إلى                       
وآذلك لتوضيح أهمية   مكمن سهل صاللة الساحلي المشتقة من النموذج الرياضي الذي تمت معايرته        
وتقدر نتائج النمذجة    .  استدامة المظلة الشجرية في جبال القرا بالنسبة لمساهمتها في التغذية الجوفية                   

الرياضية للمياه الجوفية والمحاآاة إلى أن آمية مياه التغذية الطبيعية السنوية التحت سطحية القادمة من                   
  53السنة مقارنًة بـ     / مليون متر مكعب  50بحوالي   جبال القرا لتغذية حوض صاللة الجوفي الساحلي              

  60قدرت الدراسة أن   . السنة المشتقة من استخراج النتائج الميدانية للتجربة المذآورة          /مليون متر مكعب
من مجمل التغذية الطبيعية السنوية لحوض صاللة الجوفي تأتي من عملية الترسيب األفقي                  % 80إلى 

 . ر لمياه الضباب أثناء فصل الخريف        الذي يحدث نتيجة تجميع األشجا    
تثبت التجربة العملية لدراسة اصطياد الضباب في جبال ظفار بما ال يدع مجاًال للشك إلى أهمية النباتات                              
في جبل القرا آمصدر رئيسي للتغذية الجوفية السنوية للمكمن الساحلي من خالل المساهمة في التساقط                          

انخفاضاً   .األفقي   في امتداد الغطاء النباتي، وهكذا فإن آميات المياه اإلضافية              سريعاً  ويشهد الجبل   
المتوافرة في المراعي من خالل اجتذاب األشجار للمياه الضبابية أخذت في التناقص، مما يعني انخفاض                           

في الجبل وفي حوض سهل       لتغذية مستودعات المياه الجوفية     آمية المياه المتوافرة من هذا المصدر  
 . صاللة الساحلي    

تم اتخاذ إجراءات من قبل الحكومة لتحفيز استدامة المظلة الشجرية في الجبل من خالل تخفيض إعداد                       
اإلبل في محافظة ظفار التي من خالل الرعي تهدد الغابات وخاصًة تلك الواقعة على قمة الجبل خلف                      

.   الساحلي بصاللة     سهل صاللة التي تساهم في ترسيب مياه الضباب وبالتالي في تغذية المستودع المائي                 
منطقة قيرون    (وقامت وزارة البلديات اإلقليمية والبيئة وموارد المياه بإنشاء مشتل نباتي في جبل القرا               

م وسيتم تنفيذ خطط وبرامج هادفة       2005بمحافظة ظفار في عام          )  متر فوق سطح البحر    872 -حيرتي 
 نطاق أوسع لتعزيز حماية األشجار         الستزراع أنواع مختلفة من النباتات بغرض إآثارها ونشرها على          

 50 نوع نباتي، منهم 750المحلية وإعادة الغطاء الغابوي ال سيما وأن محافظة ظفار تحتفظ بأآثر من           
هذه الدراسة تؤآد أهمية إجراء برنامج طويل المدى لزراعة األشجار بالجبل            . نوع مستوطن في األقليم 

وتؤآد الدراسة االقتراح بتنفيذ عمليات        .  وفي لمياه صاللة    إلعادة التأهيل الغابوي وتغذية الخزان الج       
استزراع األشجار المحلية في مناطق الحشائش لتعزيز استدامة الغطاء الشجري في جبال ظفار بغرض                            

زيادة في إنتاجية     تحفيز عملية تجميع مياه الضباب من خالل ازدياد اعتراض األشجار للضباب وبالتالي          
 . لجبل والتغذية الجوفية السنوية لمكمن صاللة الساحلي          الحشائش الطبيعية في ا     

وفيما يتعلق بمبدأ التغذية الصناعية بالمياه المعالجة في الشريط الساحلي لحوض صاللة لكبح تداخل مياه                   
تم وضع عملية تجميع ومعالجة مياه الصرف الصحي              . م1998البحر فقد تم طرحه من قبل الباحث في             

م بدأت عملية الحقن الجوفي المباشر للمياه المعالجة في آبار جوفية             2003م  لمدينة صاللة ومنذ العا  
في هذه الدراسة     .  بغرض عمل حاجز هيدروستاتيكي لمنع عملية تداخل مياه البحر في الحوض الساحلي                 

تم اختبار تأثير الجوانب التطبيقية للمخطط المتعلق بالترشيح الصناعي للمياه المعالجة لكبح تداخل مياه                           
تم مقارنة البيانات      . البحر وذلك باستخدام النمذجة الرياضية لتدفق المياه وحرآة األمالح في المياه الجوفية             

بينت نتائج النمذجة    . المشتقة من النموذج الرياضي ببيانات المراقبة الميدانية لمشروع التغذية الصناعية         
ية حقن المياه المعالجة في الشريط الساحلي                االحتمالية لتدفق وحرآة األمالح في المياه الجوفية بأن عمل             

تساعد في ارتفاع مستويات المياه الجوفية في المناطق المجاورة آلبار خط التغذية ومن المتوقع أن تعمل                
 .م2019 متر في عام  700على دفع نطاق الملوحة للخلف بواقع        
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ABSTRACT 

A numerical flow model was developed for the Salalah coastal aquifer using both the MODFLOW computer code 
and the MT3DMS computer code to assist in the analysis of freshwater flow and saltwater intrusion. The underflow 
was derived from the developed numerical groundwater flow modelling and calibration on hydraulic heads of 1992. 
A model-calculated water budget indicates that 51 million cubic metres per year of freshwater recharge the Salalah 
plain aquifer system, of which 98% of this water is underflow originating from Jabal AlQara, and the remaining 2% 
is the recharge on the plain.  
Two baseline scenario simulations were run to calculate the potentiometric surface and salinity distribution for the 
"business as usual" conditions (no-management interference) of the aquifer for the period 2006 until 2020. Baseline 
scenario A, assumes "business as usual" and the underflow (constant recharge) to continue the same and baseline 
scenario B, supposes "business as usual" and the underflow to decrease (changing recharge) at 5% annually. The ef-
fectiveness of seven scenarios under each baseline scenario proposed in this work was assessed in comparison with 
the "business as usual" conditions. The developed simulation model was used to predict the distribution of the po-
tentiometric surface, salinity distribution, and mass balance under these proposed scenarios for the prediction pe-
riod 2006-2020.  
The experimental work in Jabal AlQara was linked with the theoretical study of the flow model to optimize the re-
charge analytically in order to evaluate the output of the recharge that was obtained by the calibrated flow model. 
The investigation of fogwater collection demonstrates the importance of the vegetation in Jabal AlQara as a source 
of subsurface recharge by contributing to the horizontal precipitation. This project estimated that the horizontal 
precipitation caused by fogwater capture by the Jabal vegetation, contributes to the annual natural recharge by 60% 
to 80%. The experimental studies on fogwater harvesting in Dhofar demonstrated the importance of vegetation in 
Jabal AlQara as the main source of the annual underflow to the Salalah coastal aquifer. The extent of tree cover 
over parts of the Jabal is rapidly declining; in turn water from fogwater collection may decrease. This means that 
there will be a decrease in the quantities of available water from this source to recharge the aquifers in the Jabal and 
the Salalah aquifer. 
Measures have been taken by the government to enhance the sustainability of the Jabal vegetation through the re-
duction of the camel population, which, by browsing, threatens the fogwater collecting forest on the mountain crest 
behind the Salalah plain. In addition, the government (MRMEWR) established a plant nursery in Jabal AlQara (Qai-
roon hairriti- about 872 m amsl) to enhance the conservation as a result of transplantation of the indigenous plant 
species to combat desertification and restore the plant canopy. The ecosystem of the Dhofar region supports more 
than 750 terrestrial plant species, out of which about 50 are endemic. This study stresses the importance of imple-
menting a major programme to enhance fogwater collection. Tree planting in the Jabal grassland is proposed for re-
forestation with the principle purpose of causing an increase in fogwater interception to benefit grassland produc-
tion and increase the recharge of the Salalah groundwater aquifer. 
This study investigated the effectiveness of the artificial infiltration, through the application of reclaimed treated 
sewage recharge, to halt the salinity of the Salalah aquifer using a modelling technique. The study argues that the in-
jection scheme is effective in pushing back the saline zone front by 700 metres in 2019. 
 

INTRODUCTION 

Most of the coastal areas around the globe depend 
totally on coastal aquifers as the major source of wa-
ter. There are many sources of groundwater con-
tamination as a result of human influence such as 
seawater intrusion (Goudie, 1993). This problem is 
more severe in arid and semi-arid regions where the 
groundwater constitutes the main freshwater re-
source, as with the case of the Salalah plain aquifer. 
3% of seawater mixed with the freshwater in a 
coastal aquifer would render the freshwater resource 
unsuitable for human consumption (Sherif & Singh 
2002).  
Seawater intrusion has been detected in many coastal 
aquifer areas all over the world, as in the Quaternary 
aquifer West of Tripoli, Libya (Belaid & El-Fateh 
1995), Tripoli, Libya (Sadeg, 1996), the coastal aqui-
fer in South and South East Asia (Jacks & Ra-
jagopalan 1996), Nauru Island in the central Pacific 

Ocean (Ghassemi, et al., 1996), Bahrain (Zubari et al., 
1997, Zubari 1999, Al-Shabaani, A. H 1999, Zubari 
2005 and Zubari & Lori 2005), United Arab Emirates 
aquifers (Rizk et al., 1997), Lebanon (Sadek & El 
Fadel 1998), the Gaza Strip in Palestine (Yakirevich et 
al., 1998, Hamdan, 1999 and Al-Yaqubi & Al-Jamal 
2002), the Nile Delta aquifer in Egypt (Amer, 1995, 
Sherif & Amer 1995, Sherif, 1999 and Sherif & Singh 
2002), Cyprus and Rhodes (Greece) (Prieto, 2001), 
Coastal Alluvial Aquifer of Northern Oman-Eastern 
Batinah coastal plain- (Weyhenmeyer & Waber 
2002), Kuwait (Al-Murad, 1994 and Al-Rashed & Al-
Senafy 2000) and the north-eastern coast of Australia 
(Zhang, et al., 2004). 
The Salalah plain is underlain by a shallow limestone 
aquifer, which extends north up to the foot of Jabal 
AlQara, and south to the Hafah coast (Fig. 1). Qua-
ternary deposits that include Wadi alluvium, a Cal-
carenite layer, underlain by limestone layers, consti-
tute the Salalah aquifer. The coastal plain aquifer is 
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Fig. 1 The site location of the study area. Map of Sultanate of Oman (a), photograph of Salalah plain and Jabal Al-
Qara (b(, and satellite image of Salalah plain and adjacent Jabal Al-Qara (c). 

historically the only natural source of water supply in 
the Salalah plain. Currently (2005) the average pump-
ing rate is more than the recharge rate. Seawater in-
trusion has been reported in the Salalah plain aquifer 
by the author (1998 & 2002), and Geo-Resources 
(2004). This project uses MODFLOW, a three-
dimensional simulation flow model, steady state and 
transient in saturated zone flow, and MT3DMS for 
solute transport. The model is used to develop the 
aquifer domain and predict the water level variations 
and salinity changes in the Salalah coastal aquifer and 
design the sustainable management of the aquifer. 

Aims and objectives 

The aim of the study was to determine a number of 
options that could be implemented in the region to 
provide water services to the growing population as 
well as to reduce the saltwater intrusion on the 
groundwater resource currently being impacted by 
over-abstraction. This project proposed sustainable 
management options for the plain aquifer and the 
scenarios were examined using numerical modelling. 
Each scenario predicted the aquifer hydraulic heads 
and salinity intrusion in the coming 15 years. 
The main objectives of this study are as follows: 
1. To determine the groundwater quality condi-

tions by investigating seawater intrusion (Paper 
1). 

2. To provide a rational quantitative understanding 
of the hydrogeologic system of the Salalah plain 
and establish the expected exhaustion of the aq-
uifer with respect to the time (Paper 2). 

3. To use the established MODFLOW & 
MT3DMS numerical codes for the study and 
simulate the hydrodynamics of the aquifer (Pa-
per 1). 

4. To study the relationship between the horizontal 
precipitation in Jabal AlQara and groundwater 
recharge, and the groundwater modelling of the 
plain aquifer (Paper 3). 

5. To design the aquifer sustainable management 
options with which future management proc-
esses for the Salalah coastal freshwater aquifer 
can be evaluated and assessed for proper man-
agement using the established model (Paper 4). 

6. To study the effectiveness of reusing the treated 
wastewater on halting salinity intrusion into the 
Salalah plain aquifer (Paper 5). 

Previous studies 

The water resources of the Salalah plain and Jabal 
AlQara have been studied by a number of Consult-
ants, Ministries and Researchers since the mid-1970s. 
(PAWR, 1986; WS Atkins, 1989 & 1990; Moot 
MacDonald, 1996; COWIconsult, 1990 & 1992; 
FAO, 1992; D&MI, 1991, 1992, 1993 & 1997; De 
Jong et al., 1995; O’Boy, 1995; Milligan & Gharbi, 
1995; Chebaane & Alesh, 1995; Al-Mashaikhi, 1997; 
ENTEC, 1998; Shammas, 1998 & 2002; the National 
Water Resources Master Plan by Binnie, 1999; Elhag 
& Ghawas 2000; Baawain & Abu-Ashour 2002; 
Alesh, 1998 & 2003; Al-Hakmani, 2003; Qatan, 2003; 
Geo-Resources, 2004; HMR, 2004; Renardet, 2004; 
Hildebrandt et al., 2004; Hildebrandt 2005; and 
Hildebrandt & Eltahir 2006. 

Problem identification 

One of the main challenges in coastal aquifers is to 
provide the short-term water demand through ab-
straction from the coastal aquifers while maintaining 
long-term aquifer water balance. Increased extraction 
of groundwater and reduction of flow towards the 
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coast has caused the saltwater interface to move 
inland (Paper 1). This could further proceed due to 
the unbalanced situation in the aquifer water budget 
(Paper 2).  
Consequently, seawater intrusion is expected to con-
tinue to increase, which will cause serious problems 
if solutions, such as the resource management op-
tions being proposed in this study, are not imple-
mented. To help with this problem, a pond injection 
system was already proposed in 1998 (Shammas, 
1998), but in view of the permeable aquifer condi-
tions, well injection was chosen and the injection 
scheme started in April 2003. However, the 9.4 Mm3 
being injected till the end of 2005 is not sufficient to 
balance the water budget of the aquifer (Papers 1& 
2).  

Study approach 

The main approaches of this study are: - how to 
bring balance between aquifer recharge and abstrac-
tion? What are the available alternatives and the ef-
fectiveness of each in introducing an effective solu-
tion to the problem? What is the best groundwater 
management methodology to be used to combat the 
Salalah aquifer salinisation?  
Modelling has been done to investigate the plain aq-
uifer hydrogeological flow system (Paper 1 & 2) and 
to understand the effectiveness of the artificial infil-
tration scheme (Paper 5). In addition, the actual con-
dition of the aquifer system and prediction of the 
groundwater situation due to present/future abstrac-
tion can be simulated by modelling, which can then 
subsequently be used for the evaluation/ suggestion 
of management scenarios to halt saline intrusion (Pa-
per 4). 
The study was linked instrumentally with the field 
experiments on investigating the hydrology of a de-
grading semi-arid seasonal cloud forest in Dhofar, 
which are intended to evaluate the output of the re-
charge that was optimized by the calibrated flow 
model. These field experiments were also designed to 
demonstrate the sustainability of the Jabal AlQara 
woodlands in terms of the aquifer recharge, as it acts 
as the surface Salalah aquifer catchment and provides 
the plain aquifer with 98% of its annual natural re-
charge (Paper 3). 

Outline of the study 

This thesis is based on the following papers, which 
will be referred to by their roman numbers: 
I. Shammas M. I. and Jacks G, 2002. Seawater in-

trusion in the Salalah coastal aquifer, Oman. 
Proceedings of the International conference on 
water resources management in arid regions, 
(Warmar), 2002 March 23-27, Kuwait. Sherif, 
M., Singh V.P., Al-Rashed M. (editors). A.A. 
Balkema, Netherlands, Swets& Zeitlinger, Lisse, 
ISBN 90 5809 3654, Vol. 3. 323-333. Revised 
and resubmitted to Environmental Geology 
Journal in the 26  October 2006. Published in 

the 30  January 2007. DOI:10.1007/s00254-
007-0673-2 

th

th

II. Shammas M. I. and Jacks G, 2006. Management 
of the Salalah aquifer, Oman. Submitted to 
Hydrogeology Journal in the 20th June 2006. 

III. Shammas M. I., 2007. Impact of the Al-Qara 
mountain fogwater forest on groundwater re-
charge in the Salalah coastal aquifer, Sultanate of 
Oman. The International Journal of Ecohydrol-
ogy & Hydrobiology, Vol. 7, No 1, 37-49, 2007. 

IV. Shammas M. I and Thunvik R, 2007. Predictive 
simulation of flow and solute transport for man-
agement of the Salalah coastal aquifer, Oman. 
Submitted to Water Resources Management 
Journal in the 6th April 2007. 

V. Shammas M. I, 2007. The effectiveness of artifi-
cial recharge in combating seawater intrusion in 
the Salalah coastal aquifer, Oman. Accepted for 
publication in Environmental Geology Journal 
in the 20  January 2007th .  

Articles published or in press are reproduced by 
permission of the respective journals. 

DESCRIPTION OF THE STUDY AREA 

Salalah is a city located 1,100 km from Muscat the 
capital. Salalah is the second largest city in the Sul-
tanate of Oman with a population of 134,000 and a 
growth rate of about 2.2% a year (Oman Census 
2003). Public administration accounts for 27% of the 
total employment in Salalah (Oman census 1993 
data). This is followed by construction (16%), trading 
(16%), manufacturing (9%) and agriculture (4%). It 
was found that 18% of the area is being used for ag-
riculture out of the total developed area in Salalah. 
Agricultural net benefits contribute marginally to the 
national economy (<3% GDP) (Al sulaimani, 2003). 
The ecotourism industry is growing steadily in Dho-
far as the region is distinguish by a unique climate 
found nowhere else in the Arabian Peninsula. Ecot-
ourism during the southern monsoon season 
“Khareef” is increasing. The number of tourists has 
increased by about 26% between 2003 (167,000) and 
2004 (about 210,000) and by more than 14% be-
tween 2004 and 2005 (240,000). The census was 
taken in the monsoon period between 21/06 and 
21/09 each year. This will increase the domestic wa-
ter demand in Salalah and the wastewater effluents. 
Salalah Sanitary Drainage Services Co. (SSDSCo) re-
ported that the wastewater influent flow has in-
creased from 19,618 m3 as a daily average in June to 
20,785 m3 in July and to 28,000 m3 in the first week 
of August 2006. 
Figure (2a) shows the traffic on the road to Ain Gar-
ziz (110 m amsl), which is about 10 km from the cen-
tre of Salalah. Figure (2b) shows the underflow in 
Ain Tubrak. Ain Tubrak (70 m amsl) is a perennial 
type of spring, situated at the Jabal front outside the 
plain aquifer sub-basin in the east of Salalah, about 7 
km from the coast, which yields about 1 Mm3/yr 
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Fig. 2 The typical ecosystem in Jabal Al-Qara front (a) the road to Ain Garziz, and (b) Ain Tubrak (Sep. 2006)  

from Umm Er Radhumma Formation. The springs 
in Salalah are also a tourist’s destination. Dhofar 
governorate has about 360 water springs, some of 
which are perennial (flow constant), which include 
Ain Sahalnawt, Razat, Tubrak etc. The water quality 
found at Jabal front Ains (springs) is currently within 
500 mg/l TDS, and there is an apparent strong link 
between Khareef rainfall and spring flow. 
The industrial and commercial sectors in Salalah are 
also growing. The issuance of new laws and regula-
tions is encouraging local and international compa-
nies to start work in Salalah, and this includes Royal 
Decree No. 62/2006 (that was issued in 20 June 
2006) concerning the law on the establishment of a 
Salalah free zone. Therefore, the water demand for 
the industrial sector will also increase.  

Evaporation on the plain  

Regular monitoring of evaporation using the Piche 
method is carried out at only one site on the Salalah 
plain- the Salalah airport at an elevation of 20 m 
amsl. The maximum average monthly evaporation 
values occur during January, December, February 
and November with a rate of 11.33, 11.15, 9.35 and 
9.13 mm/day, respectively. The lowest rates occur 
during the Khareef when extensive cloud cover sig-
nificantly restricts the evaporative potential, and an 
average value of 2.23 and 1.75 mm/day occurs dur-
ing July and August, respectively. The hot months 
(i.e. March, April, May and June), have average 
evaporation values of 8, 7.12, 5.85 and 5 mm/day, 
respectively. 
Maximum evaporation occurs during December, 
January (>10 mm/day) and November, February (>9 
mm/day), with the lowest evaporation rates during 
the monsoon, typically between 2 and 4 mm/day 
(Renardet, 2004). The maximum mean evaporation 
of about 11 mm/day is during January when the 
most intense north winds occur and the lowest 
evaporation mean is about 2 mm/day, during the 
cloud covered humid monsoon (O’Boy, 1995). 
The windy months are December and January, being 
mostly northerly in direction. The rest of the year is 
between low to mid-speed winds, which are mostly 
in a southerly northerly direction.  

Concerning the evaporation issue and its importance 
in the irrigation scheme on the Salalah plain, the au-
thor has executed a field survey, especially in the 
farms that irrigate grass crops. The survey concerns 
the timings of irrigation periods in the farms. The 
survey took place between the 19th and 30th August 
2005. The author asked the farmers some questions 
such as: how many times per day do the farmers irri-
gate their farms? How many cuttings do the farmers 
make of the grass?  
Farmers irrigate grass crops on the Salalah plain as 
follows: 
• During the hot months (i.e. March, April, May 

and June), the farmers irrigate the grass for two 
to four hours between 16:00 and 20:00 hours 
and the next day not operational day. 

• During the Khareef season months (i.e. July and 
August), the farmers irrigate the grass for two to 
four hours between 16:00 and 20:00 hours and 
then they will not irrigate the crops at all for the 
next four to five days. 

• During the months of November, December 
and January, Salalah receives the northerly wind 
and sometimes the wind will be strong, espe-
cially during December and January, so the 
farmers irrigate the grass for two to four hours 
between 16:00 and 20:00 hours every two to 
three days. 

Farmers irrigate vegetables on the Salalah plain as 
follows:  
• During the hot months (i.e. March, April, May 

and June), vegetable irrigation lasts for five to six 
hours between 15:00 and 20:00 hours and then 
there will be no irrigation for the next two to 
three days. 

• During the Khareef season months (i.e. July and 
August), the farmers irrigate the vegetables for 
five to six hours between 15:00 and 20:00 hours 
and then there will be no irrigation for the next 
seven to ten days. 

• During the months, October, November, De-
cember and January, the farmers irrigate the 
vegetables for five to six hours between 15:00 
and 20:00 hours each four to five days. 
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• During the strong winds the farmers irrigate the 
vegetables for five to six hours between 15:00 
and 20:00 hours every two to three days. 

The farmers irrigate during the evenings and night in 
order to reduce the water evaporation losses. The 
farmers usually cut the grass after 45 days, so they 
make between 8-10 grass cuttings annually. The 
farmers in the Awqad area (west Salalah) mentioned 
that they notice that the salinity on their farms is cur-
rently (2005) less than it was three to four years pre-
viously. All the surveyed farms were located south of 
the tube-wells of the re-injection scheme of the 
treated sewage effluents into the Salalah plain aquifer 
to halt saline intrusion. This may account for the arti-
ficial recharge by the treated wastewater, since the 
operations of injection wells by the reclaimed water 
along the coastal zone of the Salalah plain was com-
menced in April 2003 and the project is still ongoing.  

Hydrogeology 

The recharge to the aquifer zone in the Adawnib 
Formation takes place mainly from Khareef precipi-
tation in the Jabal (paper 1). This water percolates 
through the Umm erRhaduma of the Jabal and flows 
out into the plain as subsurface recharge (paper 3). 
Some springs exist along the foot of the Jabal on the 
fault lines. The most notable are Garziz and Sahal-
nawt springs located in the Salalah plain. The spring 
water flows through a cemented canal and is used to 
irrigate Garziz and Sahalnawt fodder farms, respec-
tively. 
The aquifer is confined in the Jabal and starts to be-
come semi-confined from the Jabal front and con-
tinues up to the agricultural belt where the ground-
water is abstracted from wells dug in the Calcarenite 
where the aquifer is unconfined (D&MI, 1992). 
D&MI (1993) reported that the greatest development 
of the high permeability within the Salalah plain aqui-
fer occurs in its central part. 
The aquifer was modelled using 3 geological satu-
rated layers. The depth to the water table ranges 
from 0 m in the coast to 9 m in the north of the cen-
tral Salalah plain. The groundwater salinity ranges 
from more than 35,000 ppm in the south to 500 ppm 
in the freshwater zone. The Fars group (Nar & 
Adawnib Formation) generally ranges from 60-70 m, 
but thins to the east and west, where it has low per-
meability sediments. The maximum thickness of the 
aquifer is modelled at 70 m. 
The upper aquifer layer consists of 20 m thick Qua-
ternary Wadi alluvium. This layer is the primary yield-
ing zone for the traditional farms in the agricultural 
strip and residential vicinity. Those strips have the 
majority of the dug wells in the Salalah plain, where 
water depth is generally less than 10 m. Boreholes are 
more common on the rest of the plain where water 
levels exceed 15 m. The major aquifer layer of the 
Salalah Plain is the Baleed Member of Adawnib 
Formation, which is 30 m- 45 m thick. The third 
saturated layer is about 20 m thick. 

The second and third layers are the primary yielding 
zones for domestic water supplies, as well as bore-
holes of the large farms, and occur on the eastern 
and western margin of the central freshwater zone as 
a source for fodder crop irrigation. These large farms 
cultivate grass as the major crop and the irrigation 
method is drip and spray (Chandler & Al-Abri 1995). 
Garziz farm is the largest commercial grass farm lo-
cated in the freshwater zone, with a total cultivated 
area of 360 ha and uses 7.55 Mm3/yr. Sahalnawt 
farm is the second largest commercial grass farm lo-
cated adjacent to the freshwater zone, with a total 
area of 260 ha and uses about 6 Mm3/yr. 
The main Salalah saturated aquifer layers are the up-
per Alluvium layer of the Quaternary Age and the 
second layer of fractured limestone, deposited in the 
Tertiary Age. The third saturated layer is marly lime-
stone, with low transmissivity and porosity. The vol-
ume of fresh groundwater in storage in the central 
freshwater zone was estimated by D&MI (1991) to 
be about 340 Mm3 and estimated by Binnie (1999) at 
362.5 Mm3. The Department of Water Resources 
(DWR) (1999) estimated the aquifer storage at 346 
Mm3. This is the volume of groundwater with salinity 
(EC) <2,000 μS/cm), equivalent to 1,200 mg/l. Bin-
nie (1999) also estimated the volume of brackish 
groundwater in the eastern brackish zone and in the 
western brackish zone to be about 345.4 Mm3 and 
231.8 Mm3, respectively. 

GROUNDWATER DEVELOPMENT 

AND MANAGEMENT  

Dhofar is the only region in Oman to benefit from a 
substantial amount of rainfall from the southern 
monsoon “Khareef”. The Salalah population de-
pends entirely on the plain coastal aquifer as the only 
natural source of water supply in the Salalah plain. 
Mechanized well drilling and abstraction was intro-
duced to the Salalah plain in the 1970s. This has cre-
ated a pressure on the only water source in the city 
(Paper 1). Discharge from the aquifer has gradually 
increased as a result of the growth in the country 
(Paper 2) and agricultural activity has usually utilized 
over 70% of the groundwater. 
As recorded by the Directorate General of Water 
Supply in Salalah City, the potable water increased 
from 7.8 Mm3 in 1990 to 14.8 Mm3 in 2004. In Sala-
lah, where groundwater has been used extensively 
since the mid- 1990s for agricultural, industrial and 
municipal purposes, groundwater is withdrawn from 
the aquifer more rapidly than it can be replenished by 
natural recharge (Paper 2). The heavy withdrawal of 
large quantities of the groundwater from the aquifer 
leads to the encroachment of seawater (Paper 1). 
Previous studies on the Salalah aquifer since the 
early-1990s, which are mentioned in this study, dem-
onstrated that the aquifer is facing a challenge in 
terms of its quality (Paper 1) and quantity (Paper 2), 
which would not be sustainable for future develop-
ment unless abstraction is controlled (Papers 1 & 2). 
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Natural recharge  

Vertical precipitation 
The Dhofar region receives the monsoon season 
from late June to late September every year. During 
the Southwest monsoon, the mountains of Dhofar 
are covered in a dense fog with frequent drizzle and 
light rain with a maximum duration lasting out the 
monsoon. In most years more than 80% of total an-
nual precipitation falls during the summer monsoon 
months of June, July and August. Precipitation on 
Jabal AlQara occurs as fine mist and rain and occult 
precipitation from fog (Paper 3). The average annual 
rainfall of Jabal AlQara and the Salalah plain is re-
ported in several studies (Paper 3).  

Horizontal precipitation 
Horizontal precipitation is known locally as the inter-
action between trees and fogwater. The fog moisture 
collection of the Jabal Al Qara has been studied by a 
number of Consultants, Ministries and Researchers 
since the end of the 1980s (Paper 3). The inhabitants 
of the area have known about fog and mist water col-
lection in the Dhofar Mountains for many genera-
tions. Only a few decades ago the villages in the 
Dhofar countryside had no access to piped domestic 
water networks. Inhabitants harvested water by con-
structing small reservoirs under large trees so they 
could collect a lot of water during the monsoon sea-
son (Al-Khatheri, 1996). Currently, most of the in-
habitants in the Dhofar Mountains have access to a 
reticulated water supply.  
The numerical study was linked with the field ex-
periment (Hildebrandt, et al., 2004) in Jabal AlQara 
(Jojub) between the monsoon of 2003 and 2005. The 
study investigated the relationship between the mon-
soon, Jabal vegetations and fogwater interception, 
landforms on the recharge of the Salalah plain aqui-
fer and computed analytically the underflow from Ja-
bal AlQara to the plain aquifer, to evaluate the aqui-
fer recharge optimized by the steady-state calibrated 
flow model (Paper 3). 

Discharge from the groundwater 

MRMEWR has initiated a programme of well regis-
tration and set up a well inventory for the Salalah 
plain. National Well Inventory (NWI) properties sur-
veyed the total abstraction rates on the Salalah- 
Taqah plain. According to the NWI (1994), the esti-

mated agricultural water demand in terms of net wa-
ter demand (crop consumption plus evaporation 
losses) was approximately 62 MCM per annum for 
the 2,819 ha of net-cropped area irrigated. The huge 
majority of volume of water used by irrigated agricul-
ture is not measured (only 4% of agricultural 
bores/wells have meters (NWI, 1994).  
The net water demand in the agricultural sector is 
calculated at 61 Mm3/yr (Geo-Resources, 2004). 
Traditionally, the main area of agriculture on the 
Salalah plain has been a 2 km coastal zone extending 
some 20 km from Awqad in the west to Dahariz in 
the east. These small farms produce a variety of 
crops, including coconuts, fruit, vegetables and grass 
using water from wells dug in the Calcarenite (the 
upper layer). However, large-scale modern farms 
have now been developed inland and these use water 
from boreholes tapping both the fresh and brackish 
water zones. This increase in farming has created a 
corresponding increase in water requirements, and a 
number of private boreholes have been constructed 
for this purpose. 
Water resources are utilized for both urban and agri-
cultural consumption. The previous estimation of 
groundwater abstraction for agricultural demand in 
the plain aquifer of the Salalah groundwater basin 
varies from one report to another. Most of the 
wells/boreholes of these farms do not connect to 
flow metres. The exact annual abstraction by agricul-
ture, especially from the traditional farms, is not 
known. Chandler & Al-Abri (1995) considered the 
net agricultural demand at 62 Mm3; they also in-
cluded the demand from Razat and Sahalnawt farms. 
This work excludes Razat farm and part of Sahalnawt 
farm consumption as they are outside the aquifer 
model domain of the eastern boundary. So, the net 
agricultural demand is modelled in this study at 46 
Mm3/yr along the predictive period (Paper 4). 

Groundwater management  

What is being done about it? MRMEWR together 
with MAF are providing the assessment, develop-
ment and management of the water resources in the 
Dhofar Governate. Furthermore, the government 
has implemented several measures to sustain the wa-
ter resources, which include the facts presented be-
low. 

a b Fig. 3 Salalah central STP (Raysut area),
the aeration tank (a) and the collection
tank before discharge (b). Photograph by
the author (2004).
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Monitoring of aquifer performance 

DWR has regularly been monitoring the aquifer state 
variables of the electrical conductivity and water lev-
els since the early 1980s. A database for the EC and 
water levels of the plain aquifer has also been estab-
lished. The ministry (MRMEWR) integrated a moni-
toring network of rainfall, Wadis, springs gauges as 
well as wells, wetlands and dams which exceeds 4600 
monitoring points and covers the most important ar-
eas of the Sultanate. The staff monitoring water 
situations conducts routine monitoring visits, records 
the readings and updates the ministry water monitor-
ing network database. MRMEWR has a database for 
monitoring changes in water levels and electrical 
conductivity over a large part of the Salalah plain. 
This database has allowed the author to develop a 
calibrated aquifer model (Papers 1 to 5). The current 
model should be used, updated and recalibrated as 
additional data become available to evaluate aquifer 
performance under a variety of different land uses 
and management strategies. 

Recharge/flood protection dams 
Recharge dams are useful for water resources devel-
opment. In addition to contributing to increase the 
quantities of water resources and control seawater in-
trusion, these dams also act as barriers to control 
floods risks. On the Salalah plain, a 22 m high dam 
was constructed in 1993 on Wadi Sahalnawt, near the 
Jabal front, north of Salalah. Sahalnawt dam has a 
capacity of 6.4 Mm3 and has filled one time to date 
during the tropical cyclone in Dhofar, May 2002. 
Unpublished data of the DWR recorded that 1.8 
Mm3 flowed over the main spillway of the dam dur-
ing the cyclone event at (May 2002). The artificial re-
charge of the dam is assumed to be 75% (Al-Battashi 
& Syed 1998; and Atkins, 1989) of the stored vol-
ume, i.e. 6.15 Mm3/yr. 
During the last cyclone (May 2002), the existing Sa-
halnawt dam was completely filled and some water 
even overflowed from the top of the dam to the ad-
jacent Sahalnawt Wadi. The mid-part of Salalah was 
flooded and the water was almost half a metre above 
the ground surface in some areas and in roads and 
low areas of the city itself. Most of the flooding that 
covered the mid-part of Salalah City was from the 
Wadi Garziz flood. D&MI (1992) predicted that a 
cyclone would occur in the Dhofar region at a dura-
tion of once every seven to ten years. In June 1996, 
April 1983 and June 1963, major cyclonic storms oc-
curred in the Dhofar Governate. 
A design study for two recharge dams at Wadi Garziz 
in the central Salalah plain is currently underway with 
a capacity of 15 Mm3. Only 75% of the stored vol-
ume is assumed to be available as artificial recharge, 
which means that the existing Sahalnawt dam and 
two more flood control and recharge dams at a ca-
pacity of 6.4 and 15 Mm3 would contribute in the re-
charge by 16 Mm3 at times of a cyclone event like the 
one that happened in May 2002, i.e. equivalent to 2.7 
Mm3/yr. The dams will act as an artificial recharge 

and protect Salalah City from flooding caused from a 
temporary tropical cyclone. The cyclonic rainfall will 
provide a significant recharge to the system, but it is 
not expected to reverse any major increases in salin-
ity as cyclones occur only on an occasional basis (Pa-
per 1). 

The direct injection of reclaimed wastewater 
SSDSCo utilises a biological treatment system, 
known as an activated sludge process, to achieve ter-
tiary treatment (Fig. 3). The client company expects 
that the plant will receive 20,000 m3 per day by the 
year 2007. The processes of the STP in brief are; the 
preliminary treatment (primary settling basins), the 
secondary treatment (consists of aeration tanks and a 
settling tank) and the final process, disinfection (the 
used disinfectant is chlorine), which is added before 
discharge. The Salalah central sewage treatment plant 
currently receives sewage water of some 18,000 m3 
per day. 
The STP effluents are treated to the tertiary level. Af-
ter the chlorination phase, effluents are discharged 
into a pipeline parallel to the coast and recharged 
into tube-wells. The process aims to act as a hydrau-
lic barrier to combat saltwater intrusion and to partly 
replace water abstracted from hand dug 
wells/boreholes further inland and downstream (Pa-
per 5). 
The significance of the injection rates regarding the 
water balance have increased from 2003 (Fig. 4). 90% 
of the treated effluents daily are available for injec-
tion, and the balance is currently discharged to Ray-
sut cement factory and Bir Bint Ahmed farm. The 
quantities of treated sewage effluents projected in 
this study, which are available for reuse, is about 6.6, 
8.6 and 10 MCM for 2006, 2015 and 2020, respec-
tively. These quantities are sufficient to irrigate be-
tween 273, 356 and 414 Ha, assuming a net water 
demand at 24,170 m3/ha/yr as assumed by Geo-
Resources (2004). The use of treated wastewater on 
amenity plantings and water conservation measures 
would also be appropriate.  

Reduction of the camel population  
The government purchased about forty-five thou-
sand (45,000) camels from the owners in the Dhofar 
Mountains during 2004 to 2005. The main aim was 
to reduce the camel population, which in turn would 
preserve the tree canopy in the Jabal. Camel brows-
ing threatens the fog forests in the mountains, espe-
cially those on Jabal crest behind the Salalah plain, 
that contribute in the plain aquifer recharge (Pa-
per 3).  
The number of animals in the Dhofar such as, sheep, 
goats, cattle and camels, were 7,605; 170,123; 
173,892; and 53,527 in 2005, respectively (Oman 
livestock census, 2004-2005), whereas in 2002 the 
numbers of goats, cattle and camels were 169,000; 
236,000; and 83,000, respectively. The camel popula-
tion has decreased from 83,000 in 2002 to 53,527 in 
2005. This accounts for the camel population reduc-
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Fig. 4 The artificial recharge rates from 
the Salalah central STP effluents versus 
time, 2003-2020

tion programme that took place in Dhofar between 
2004 and 2005. It is essential to extend the grazing 
animals (camels and cows) depopulation project in 
the Governate of Dhofar so that livestock owners 
can benefit, while vegetation is used in a sustainable 
manner. Saving the vegetation would enhance the 
horizontal precipitation and groundwater underflow.  

Available measures to government  
Salalah aquifer receives renewable water through the 
annual recharge of the aquifer by the Khareef. This 
study calculated the current (2005) average annual re-
charge to the aquifer at about 56 Mm3. However, the 
current average annual abstraction from the aquifer is 
65 Mm3. 
Looking to the future, two things are obvious:  
• Annual natural recharge to the aquifer will not 

increase (unless the reduction of the population 
of camels as well as long term tree canopy trans-
planting in Jabal Al-Qara are continued and 
strengthened); and 

• Annual demand for water from the aquifer will 
increase. 

Thus, the current annual deficit of over 9 Mm3 will 
increase over the coming 15 years to approach dou-

ble the current figures. 
So, is there is any way to bring the recharge to and 
abstraction from the aquifer into balance? Obviously, 
there is a need to introduce potential management 
options to carry the aquifer to a balanced state (Ta-
ble 1). This is the main approach of this study. 
It is obvious that the only solutions lie in developing 
other freshwater sources or reducing freshwater de-
mand. The only potential source of new freshwater is 
through desalination. Demand must be reduced 
through reallocation of the fixed amount of freshwa-
ter available, probably by limiting its use for agricul-
tural purposes. Although the majority of the work 
performed by the ENTEC (1998) study was directed 
towards the qualitative study of the wellfields, they 
stated that the problem of saltwater intrusion is es-
sentially a quantitative “general” problem that can 
only be solved by reducing the volume of abstrac-
tion.  
Potential groundwater management solutions to bal-
ance the coastal aquifer have been proposed (Pa-
per 4). Table (1) shows the suggested management 
scenarios and their objectives. Predictive scenarios 
were proposed and assessed using the numerical 
simulation model, in order to predict the extent of 

Table 1 Predictive scenario and their objectives

 Prediction scenarios Objectives Percentage of reduction 
1 Relocate Garziz and MAF farms far 

from the freshwater zone 
To see the impact of the relocation 
of the two big grass production 
farms on the aquifer water balance 

The abstraction will be re-
duced by 17% 

2 Suspend the abstraction of the grass 
production for 4 months a year 

To see the effect of this reduction 
on the aquifer, especially during 4 
months with high evaporation in 
Salalah plain  

This option will reduce the 
abstraction by 13% 

3 Change in irrigation system pattern To see impact of the modern irri-
gation system 

This option will reduce the 
current abstraction by 20% 

4 Establish the Desalination Plant To see the impact of the reduction 
from the potable abstraction from 
the municipal Wellfields on the 
aquifer balance  

This will reduce the projected 
abstraction from 14% to 15% 
between the year 2006 and 
2020 
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Fig. 5 The vegetation covers on the Salalah plain and Jabal Al-Qara (from Miller and Morris, 1988) 

water levels and salinity for the period 2006-2020 
(Paper 4). 

Jabal reforestation 
Three decades earlier there was an environmental 
balance between natural resources and grazing activi-
ties within the primary social and economic activity 
in Dhofar Mountains. Currently more than half of 
the Dhofar indigenous species are about to become 
extinct as a result of overgrazing (personal communi-
cations with Ahmed Al-Khatheri, MAF-Salalah, 
March 2006). The population of the grazing livestock 
(camels, cows and goats) has increased since the mid-
1970s after the Omani renaissance. The government 
has provided the Jabal inhabitants with needed ser-
vices, i.e. water, by drilling boreholes in the Jabal set-
tlements. The most significant cause of deterioration 
in the grasslands environment in the Dhofar region is 
the increase in the number of animals and the result-
ing grazing pressure on the grasslands. 
Jabal reforestation and combating desertification in 
Dhofar have been investigated by several studies 
since the early 1980s. Atkins (1989) recommended 
policies for the Jabal reforestation in the regional de-
velopment plan produced for the Dhofar Governate 
on behalf of PCDESR. Travers Morgan (1995) stated 
that the planting of 2,000 to 4,000 ha of trees on the 
Jabal will greatly improve Khareef recharge. Few of 
these proposed plans for the Jabal reforestation and 
anti-desertification in the Dhofar Mountains have 
been implemented to date. 
MAF in the 1990s fenced a couple of areas in the Ja-
bal to conserve the existing genetics of the indige-
nous plants in the Jabal. The government 
(MRMEWR) established a plant nursery in Jabal 
AlQara (Qairoon hairriti- about 872 m amsl) in 2005 
to enhance the conservation of the indigenous plant 
species through transplanting to combat desertifica-

tion and restore the plant canopy. Miller & Morris 
(1988) mentioned that the ecosystem of the Dhofar 
region supports more than 750 terrestrial plant spe-
cies, of which about 50 species are endemic (Fig. 5). 
The relationship between numbers of livestock and 
the available grazing areas are unbalanced as a result 
of continuous grazing pressures on the grasslands. 
Currently the Jabal is facing severe overgrazing. Al-
Khatheri (1996) concluded that animal activities, es-
pecially overgrazing, had contributed greatly to the 
deterioration of natural grasslands in the Dhofar 
Mountains. Natural grassland on the Jabal currently 
does not produce its full potential because of the ex-
cessive grazing pressure problem. The importance of 
the concept of tree planting in Jabal AlQara for re-
forestation and the recharge of the Salalah ground-
water aquifer through fogwater harvesting has been 
stressed in this study (Paper 3). The higher the alti-
tudinal range above sea level the higher the potential 
for fogwater interception in the Dhofar Mountains 
(Barros & Whitcombe 1989). 

Irrigation water distribution and efficiency of water use 
There is a requirement to control agricultural water 
use in the Salalah plain. To put this into effect, MAF 
would take responsibility for supplying water to 
farms through a main distribution system to individ-
ual farms. Water input into the system would be bal-
anced by having different abstraction rates from dif-
ferent wells in the region for the overall benefit of 
the aquifer. A metered output, providing a fixed 
amount of free water in accordance to the farm size, 
would be allocated to each farm. Any water con-
sumed above this amount would be charged for. This 
would encourage farmers to practice efficient irriga-
tion and allow smallholders to conduct very concise 
control over their water. 
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Fig. 6 The flow chart of the model methodology for flow and solute transport

There are some 1,060 small-scale farmers within Sala-
lah, with holdings ranging from 1 to 5 ha. In these 
small-scale farms, the surface methods known as 
“flood irrigation systems” are almost exclusively used 
and need to be switched over to modern irrigation 
systems. The efficiency of an unlined flood irrigation 
system is considered the lowest in the order of 50% 
to 60% against the highest efficiency of 80% 
achieved by modern irrigation systems. In drip irriga-
tion, efficiencies are generally 85-90% (D&MI 1992). 
Trickle irrigation of fruit and vegetable is the most 
important new practice required and involves a 
change of farm structure. This measure will reduce 
agricultural water use (a 15% saving may be possible) 
on the plain (Atkins, 1989). Efficiencies can be much 
lower due to poor design and management.  

Modern irrigation techniques are in operation in large 
agricultural farms mainly for the production of fod-
der crops such as alfalfa and Rhodes grass. Modern 
irrigation has also been promoted on 100 of the tra-
ditional farms (D&MI 1992). 75% of the project was 
funded by MAF whose target was to provide more 
efficient and productive water use. This project also 
included an improvement of the efficiency of water 
used for irrigation in traditional farms to achieve 
maximum productivity at the lowest cost, through 
the application of drip or sprinkle irrigation as rec-
ommended by MAF. 
Atkins (1989) and Geo-Resources (2004) made a 
proposal to conserve irrigation supplies to the small-
scale farmers by the provision of a common water 
supply, to be provided from the many existing wells, 
into a ring main to provide a basic distribution sys-
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Fig. 7 The current (2005) rates of the water re-
sources to the plain aquifer 

agricultural 
demand

71%

domestic 
water use

23%

private wells
6%

Fig. 8 The current (2005) rate of groundwater utilization
from the plain aquifer 

tem. Farmers would then be allocated a free volume 
of water every year based on crop and plot size. The 
application of irrigation water during the night has to 
be encouraged. This will reduce evaporation losses 
considerably, especially in the dry season. The proc-
esses of implementing the modern irrigation systems 
in Salalah took a long time and it is in the farmer’s 
hand unless the government applies a tariff on the 
water. 

Seawater Desalination Plant 
The key factor in any decision on desalination is the 
cost and sustainability. The unit cost of desalinated 
water would be approximately 0.660 O.R. (currently 
equivalent to 1.73 US dollars) per cubic metre, 
(D&MI 1992). A seawater desalination plant option 
in Salalah is now under study. The proposal is based 
on the previous data on the aquifer water budget. 
The desalination plant could cover the water deficit 
in Salalah. Abdel Warith, an engineers’ consultancy, 
did the study in July 2003 for the office of the Minis-
ter and Governor of Dhofar, D.G. of Water Supply. 
Abdel Warith (2003) has investigated options for dif-
ferent plants and power sources. Capital costs for the 
first stage construction ranged between M.O.R. 20 to 
46. The cost of the water supply ranged between 
0.420 and 0.650 O.R/m3. Abdel Warith (2003) pro-
posed a desalination plant for Salalah in three stages.  

MATERIALS AND METHODS 

The modelling was carried out using a 3-dimensional 
flow groundwater simulation model (McDonald & 
Harbaugh, 1988). Solute transport modelling was car-
ried out using MT3DMS (Zheng & Wang, 1999), a 
mass transport simulation model. The computer 
codes are widely recognized and have been tested 
and verified worldwide. The theoretical basis of the 
model was explained in Paper 4. 

Numerical modelling development 

The pre-development (no-abstraction flow scenario) 
is calibrated by changing the model parameters (hori-
zontal and vertical hydraulic conductivities) inputs 
until the water levels of the model become close to 
the observation water levels in the coastal aquifer. A 
steady-state configuration was developed to repre-
sent the average flow system and to develop the ini-
tial conditions for the transient flow model calibra-
tions. This study has introduced the methodology of 
proposing and assessing groundwater management 
scenarios to combat saline water intrusion and to 
contribute to the sustainable management of 
groundwater resources in Salalah, using predictive 
simulation and solute transport modelling. The estab-
lished flow model is used as a tool to investigate the 
different management options.  

Fig. 9 The previous and projected to-
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The grid size is discretized from (∆x= ∆y) from (320 
x 320) m at the central of the plain where pumping 
and injection activities occur, to small values to ex-
amine the grid sizes effect on the model results. The 
model shows that the underflow would increase by 
4% when comparing small grid sizes (32 x 32 m) with 
the large grid sizes (320 x 320 m). Due to the com-
puter memory (RAM) limitations, one uniform grid 
size (320 x 320 m) values were used for each layer at 
the central of the plain where pumping and injection 
activities occur. 
Within the simulated aquifer domain, 43 observation 
wells were used. During the calibration process (Pa-
per 1), the simulation results were checked constantly 
against the available observed hydraulic heads and sa-
linity levels, and were ended when the results of the 
simulated and the observed are obtained. The 
calibration procedures and the adopted methodology 
to balance the aquifer were explained in Paper 4. Fig-
ure 6 shows the flow diagram of the model method-
ology for flow and solute transport.  

Fogwater Collection experiment  

A study was made by Hildebrandt et al. (2004) on the 
investigation of the hydrology of the Dhofar Moun-
tain fogwater forest for the MRMEWR and, included 
an experiment on fog and rainfall collection in Jojub 
locality in Jabal Al-Qara (The author was responsible 
for data collection). The data derived from this ex-
periment, which was collected during the monsoon 
seasons of 2003, 2004, and 2005, were used in this 
study, namely the measured parameters of tree stem-
flow and throughfall (Paper 3). The experiment work 
in the Al-Qara Mountain was linked with the theo-
retical study of the flow model to optimize the re-
charge analytically in order to evaluate the output of 
the recharge obtained by the calibrated flow model. 

RESULTS AND DISCUSSION 

Introduction 

The aim of the study was to determine a number of 
options that could be implemented in the region, 
which could be used to provide water services to the 
growing population, as well as reduce the saline in-
trusion on the groundwater resource currently being 

impacted by over abstraction (Paper 1). DWR (1999) 
recommended that a more reliable estimate of re-
charge from the Salalah groundwater flow model be 
obtained. The recharge would be used as a tool for 
the effective management of the Salalah plain aquifer. 
This study used a 3-D finite-difference groundwater 
flow model to calculate the recharge (Papers 1 & 2). 
The total current calculated recharge into the plain 
aquifer is 56 Mm3, of which 50 Mm3 derives from 
the inflow of groundwater coming from the Jabal 
plus the 1 Mm3/yr recharge from plain rainfall; the 
remainder is from the artificial recharge of treated 
sewage effluents. The underflow is the combined re-
charge from the vertical component of precipitation 
(rainfall/drizzle) and recharge from the horizontal 
component of precipitation (fogwater-mists captured 
by Jabal vegetation cover) (Paper 3).  
Currently (2005), the various development sectors in 
Salalah depend on the plain aquifer water sources by 
about 91%, the remaining balance coming from the 
treated sewage effluents supplied by the Salalah cen-
tral sewage treatment plant in Raysut (Fig. 7). 
The domestic water demand is projected to double in 
2020 as a result of the population and tourism and 
industrial growth. The rates of the current groundwa-
ter users of each sector are shown in Figure 8. The 
main water consumers of the Salalah aquifer are the 
following sectors: 
• The potable demand; 
• The urban/industrial demand; and 
• The agricultural use 
Currently (2005), the agriculture utilizes about 71% 
of the groundwater. The domestic abstraction is 
about 23%, of which about 1% is utilized by the in-
dustrial sectors in Salalah. Private boreholes use the 
remaining balance of water. Total consumption cur-
rently exceeds natural and artificial recharge by 16% 
(i.e., a deficit of 9 MCM) and is expected to increase 
to exceed the safe yield by 21% in 2020 with a con-
stant underflow (Paper 2). 
Simulations were made under an assumption that the 
pumping rates of the domestic water supply from 
Salalah and Saada Wellfields increase according to 
the population rate and development growth in Sala-
lah, or about 3% a year. The D&MI (1992) estimated 
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that the total abstractions from the aquifer will be 
82.06 Mm3 in 2020, which is close to the prediction 
estimation of this study, i.e. that the discharge would 
reach 74 Mm3 in 2020. This study’s prediction of 
pumping rates is shown in Figure 9. 
Garziz & MAF farms and the private production 
boreholes pump from layer two, 10.76 and 4.04 re-
spectively, equivalent to 23% of the total pumping. 
The potable abstractions from the second and third 
layer of the Salalah and Saada Wellfields are 15.2 
Mm3/yr in 2005, equivalent to 23% of total pump-
ing, of which 70% derives from the Salalah Wellfield 
boreholes, the remainder from the Saada Wellfield. 
Plain abstractions outside the basin were excluded, 
e.g. Razat farm, DCFC Sahalnawt farm, which draws 
6.24 Mm3/yr and 5.68 Mm3/yr, respectively (D&MI, 
1992). Sahalnawt farm abstraction was modelled as 
being only 4.04 Mm3/yr, since part of the farm bores 
are outside the aquifer eastern boundary. 
This study shows the link between the experimental 
work in Jabal AlQara on horizontal precipitation and 
groundwater recharge, and the groundwater model-
ling of the plain aquifer (Paper 3). The project has 
computed the total annual subsurface inflow from 
the Jabal to the coastal aquifer at 53 Mm3/yr, equiva-
lent to 116 mm/yr, which is higher than the 110 
mm/yr that is used from the model groundwater in-
flow outputs. Figure (10) shows the potential impor-
tant role of plants on Jabal AlQara in the groundwa-
ter recharge of the plain aquifer. The change in un-
derflow is based on the likely deterioration of the 
fogwater collection forest on the Jabal behind Salalah 
plain. Figure (10) predicted how the impact of 
browsing increases on the underflow. The underflow 

is predicted to change by 5% annually. The 50 Mm3 
underflow in 2005 is predicted to decrease to 50% in 
2020 if measures are not implemented to maintain 
the currently available plants on the Jabal AlQara sur-
face area (Paper 3). The calculated values of the 
model show that the underflow from Jabal AlQara in 
2020 would decrease to less than half of the value de-
rived from the groundwater modelling (23 Mm3 out 
of 50 Mm3). Hildebrandt & Eltahir (2006) stated that 
the unusual forest could be driven into extinction if 
hungry camels continue eating too much of the foli-
age. They added, as the greenery disappears, it is pos-
sible that the trees will lose the ability to pull water 
from the mist and recharge underground reservoirs. 
The practical experiment of fog collection demon-
strates the importance of the vegetation in Jabal 
AlQara as a source of subsurface recharge by con-
tributing to horizontal precipitation (Paper 3). As the 
Jabal AlQara forests act as the surface Salalah aquifer 
catchment and estimates in this study to provide the 
plain aquifer by between 60% to 80% of its annual 
natural recharge (Paper 3). Some measures have been 
taken by the government to sustain the Jabal vegeta-
tion through the reduction of the population of cam-
els, which by browsing threaten the fog collecting 
forest on the Dhofar Mountains. 
Comparative estimation of the recharge is used in 
this project to obtain reliable results of the ground-
water inflow from the adjacent mountains that match 
the model inflow outputs. The natural Jabal AlQara 
subsurface recharge rates are computed at 53 
Mm3/yr, equivalent to 116 mm/yr (Paper 3). The 
flow model of no-abstraction outputs using large grid 
sizes (320 x 320 m) calculated the groundwater in-
flow from Jabal at 50 Mm3/yr, equivalent to 110 

Fig. 11 The abstraction and recharge rates in Salalah versus time, 1993-2020.
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a b

Fig. 12 The calculated water levels (m) in Salalah aquifer in 2015 for the baseline scenarios A (a) and B (b)

mm/yr (Paper 1), whereas the underflow was the cal-
culated by the flow model at 52 Mm3/yr, equivalent 
to 114 mm/yr by using small grid sizes (32 x 32 m). 
The result of the recharge evaluation method is too 
close to the Jabal subsurface inflow of the flow 
model. The evaluation supports the flow model out-
puts on underflow estimation. 
Two baseline simulations were run to calculate the 

rent situation 

s of artificial 

Piezometric surface 

rios of business as usual illus-

scenario A and B, respectively (Table 2). 

piezometric surface and salinity distribution for the 
"business as usual" conditions of the aquifer (no-
management interference). Both scenarios were pre-
dicted and simulated from 2006 until 2020. Baseline 
scenarios A, supposes business as usual and the the 
calculated underflow remains constant, domestic 
supply increases by 3% annually and the treated sew-
age system also increases annually at 3%. No-
management interference scenario A assumes that 
the efforts to maintain the plant surface area (refores-
tation) will be implemented (Paper 4). Baseline sce-
nario B, assumes business as usual and the underflow 
decreases annually by 5%, domestic supply increases 
3% annually and the treated sewage system also in-
creases annually at 3%. No-management interference 
scenario B expects no-actions to maintain the forest 
canopy behind Salalah plain or weak efforts that 
could not support the degraded and fragmented eco-
system (Paper 3). The established simulation model 
was used to predict the distribution of the piezomet-
ric surface, salinity distribution, and mass balance 
under these proposed scenarios for the predictive pe-
riod 2006-2020. This project assessed the effective-
ness of seven scenarios in comparison to the "busi-
ness as usual" conditions (Paper 4).  
No action scenario represents the cur
without considering the management options. Figure 
11 shows the variation of the discharge and recharge 
values. The discharge values are higher than the re-
charge by 16% in 2005 and are increasing to reach 
21% in 15 years, under constant underflow. The dis-
charge values are higher than the recharge by about 

53% in 2020, under changing underflow. In both 
scenarios, on plain rainfall and annual artificial re-
charge rates were included through the calibration 
and predictive periods. The irrigation return flows 
were included in the established model, but excluded 
during water budget estimations, as the aquifer 
freshwater water budget is the concern. 
This study investigated the effectivenes
recharge in combating seawater intrusion in the Sala-
lah coastal aquifer, Oman (Paper 5). The water level 
in some of the observation bores of the injections 
scheme along the Salalah coastal belt in 2000 and 
2005 shows an increase. This study shows that in the 
Salalah coastal aquifer of Southern Oman, the wedge 
of saline intrusion was delineated, up to 2 km from 
the coast in 2005. The developed flow model pre-
dicts that the wedge of saline intrusion in 2020 would 
reach up to 3 and 4 km from the shoreline with the 
injection and without the injection, respectively, dur-
ing constant underflow (baseline scenario A). 
Whereas under reducing underflow (baseline scenario 
B), the model predicted that the wedge of the saline 
intrusion is tracked up to 9 and 10 km from the 
shoreline with the injection and without the injection, 
respectively (Paper 5). In the Batinah coastal aquifer 
of Northern Oman, the wedge of saline intrusion 
was delineated, up to 10 km from the coast (Young et 
al., 1998). This study claims that the injection scheme 
is effective in pushing the saline zone front by 700 
metres in the year 2019. 

The two baseline scena
trate a continuation of the general drop in the poten-
tiometric heads observed in the transient calibration 
and predictive stages (Fig. 12). The model predicted 
an increase in the drawdown by about 30% and 80% 
at the end of the prediction period (2020), in com-
parison to the hydraulic heads in 2006, in baseline 
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Fig. 13 The calculated TDS (mg/l) in Salalah aquifer in 2015 for the baseline scenarios A (a) and B (b) 

a b

ithin agri-
 

Table 2 The calculated drawdown (m) w
cultural coastal belt (model cell, row 49, column 19) 
for the baseline scenario A and B  
 2006 2010 2015 2020 
Baseline sce- 0.56 0.62 
nario°A 

0.67 0.72 

Baseline sce-
nario°B 

0.56 0.66 0.83 1 

T e in the groundwater levels in the Salalah 
coast r edicted by the flow model in the order of 

The two baseline scenarios of business as usual illus-
n of the general rise in the TDS 

ed 

he declin
 a e pr

0.02 and 0.03 m per year in baseline scenario A and 
B, respectively. The drawdown within the agricultural 
coastal belt in baseline B in 2020 is predicted to in-
crease by 40% more than the drawdown within the 
agricultural coastal belt in baseline A. 

Solute transport 

trate a continuatio
observed in the transient calibration and predictive 
stages (Fig. 13). Table 3 indicates that the TDS is on 
the increase through the predictive baseline B sce-
nario however, the model cell, row 50, column 19 is 
located about 200 m downward of the treated sewage 
injection bore. The TDS of the baseline scenario B 
within the agricultural coastal belt increases by about 
four, nine and ten times the 2006 TDS value, for the 
years 2010, 2015 and 2020, respectively (Table 3). 

The saline inflow is reduced by about 70% and 50%, 
for the scenarios 5, and 6 respectively, compar
with the saline intrusion of baseline B. This may ac-
count for the reduction in the underflow, as option 
five would limit the abstraction for the domestic de-
mand at 10 Mm3 annually, whereas in the case of 
changing underflow the domestic demand is on the 
increase at 3% per year. 

Table 3 The calculated TDS (mg/l) within agricul-
tural coastal belt (model cell, row 50, column 19) for 
the baseline scenario A and B 
 2006 2010 2015 2020 
Baseline sce-
nario A 

3,050 3,300 5,550 13,700

Baseline sce-
nario B 

3,050 11,420 26,800 30,800

Mass balance analysis  

Figure (14a) shows the assessment and evaluation of 
the effectiveness of the proposed management op-
tions for groundwater sustainability by using the 
mass balance of the calculated hydraulic heads of ob-
servation (E 195200 and 1895000 N). The calculated 
hydraulic heads under baseline A show that scenario 
5 is the best option in terms of its effectiveness to in-
crease the hydraulic heads in the aquifer through the 
predictive period. Scenario 4 would be the second ef-
fective option in terms of maintaining the hydraulic 
heads along the predictive period. The calculated hy-
draulic heads under baseline B (Fig. 14b) shows that 
scenario 5 is the best option in terms of its effective-
ness to increase the hydraulic heads in the aquifer 
through the predictive period. Scenario 4 would be 
the second effective option in terms of maintaining 
the hydraulic heads along the predictive period.  
Figure (15) shows the assessment and evaluation of 
the effectiveness of the proposed management op-
tions for groundwater sustainability by using the 
mass balance of the calculated TDS of observation 
(AD982274AA). The calculated TDS under baseline 
A shows that scenario 6 is the best option in terms of 
its effectiveness to reduce the salinity through the 
predictive period. Scenario 2 would be the second ef-
fective option in terms of reducing the aquifer salin-
ity.  
The model shows that management option 1 would 
reduce the current abstraction by 17% and scenario 2 
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would reduce the total abstraction by 13%. Manage-
ment option 3 would reduce the current abstractions 
by 20%. Scenario 4 would reduce the total abstrac-
tion at 14% to 15% for the predictive period. Any of 
the suggested management scenarios from 1 to 4 
would not carry the aquifer to balance in the predic-
tive period. There is a need to combine the manage-
ment scenarios together to balance the aquifer in the 
next 15 years. Option 5 is introduced as the combi-
nation of 1 and 4, scenario 6 is the combination of 1 
and 3 together, and scenario 7 is the combination of 
all options together (1 + 2+ 3+ 4). After the applica-
tion of the management options, the model shows an 
increase in the hydraulic heads and a decrease in sa-
linity levels that varies from one scenario to another. 
The model shows that best alternative as a long man-
agement term is option 5 but the demand manage-
ment option 6 seems more environmentally sound. 
In addition, to the link between the experimental 
work in Jabal AlQara on horizontal precipitation and 
groundwater recharge (Paper 3), and the groundwater 
modelling of the plain aquifer, the methodology of 
estimating the underflow, and proposing and assess-
ing groundwater management scenarios to combat 
saline water intrusion in the Salalah aquifer using 
predictive simulation and solute transport, were the 
main contribution of this work (Paper 4). 
The application of a modern irrigation system, such 
as in scenarios 3 and 6, will take a long time to im-
plement and remains in the farmers’ hands. There are 
social and economical challenges from the farmers if 
the government charges on irrigation. The govern-
ment should compensate the farmers if the irrigation 
measures are considered. 
Declining the underflow concept (Paper 3) is the 
likely loss of the additional water source from the 
horizontal precipitation, which contributes in the un-
derflow by between 60% and 80% of the total annual 
underflow, as this ecosystem is under significant 
stress from camels feeding on tree canopies. Reduc-
ing grazing animals, such as camels and cattle, as well 
as the implementation of reforestation programs 
would be necessary to maintain the available natural 
rangelands and underflow to the Salalah aquifer. 

Model limitations 

The southern boundary of the aquifer is at the 
coastal line, some of the model has problems to pro-
vide the accurate hydraulic heads near the coastline, 
as the south boundary is in direct hydraulic intercon-
nection with the saline water. The south boundary 
was set as a fixed head/concentration boundary at 
zero to account for the zero level at the coast. So, ini-
tial hydraulic head and concentration at the coast 
should be specified to avoid model limitations. 
The solute transport model solves the advective 
transport equations in three dimensions based on 
calculated hydraulic heads and flow terms derived 
from the groundwater flow model. In this study, a 
solute transport model was established for the aqui-
fer using model MT3DMS, and based on the con-
structed transient groundwater flow model 
(MODFLOW).  
To be able to see the effect of the density in altering 
the flow and salinity evolution patterns, density-
dependent flow and transport, the density-dependent 
flow model is to be used. SEAWAT-2000 software is 
one of the software codes that couples the flow 
equation in MODFLOW2000 and the transport 
equation in MT3DMS. SEAWAT-2000 is a computer 
programme for the simulation of three-dimensional, 
variable-density, transient ground-water flow in po-
rous media. 
Despite the above difficulty, this project addresses 
the associated limitations and will make refinement 
for future improvements in data availability that ad-
dresses the associated limitations. 

CONCLUSION AND 

RECOMMENDATIONS 

Flow model- Conclusions 

Sustainable groundwater management of the Salalah 
renewable aquifer requires the demands on the aqui-
fer to be in balance with its recharge capacity, in or-
der to maintain the aquifer water quality and water 
levels. This study proposes a sustainable management 

Fig. 14 Mass balance of the simulated potentiometric heads for the transient and predictive periods of the two
baseline scenarios versus the management scenarios (1993-2020). 
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of groundwater resources in Salalah. In this study, 
numerical simulation modelling was used to develop 
a representative three-dimensional numerical flow 
and solute transport model for the Salalah coastal 
aquifer using computer codes MODFLOW and 
MT3DMS.  
The constructed model was used to predict, under 
transient conditions, the future behaviour of the aq-
uifer under proposed demand management-
conservation and supply augmentation programmes 
for the period 2006-2020. Two baseline scenarios 
were run to calculate the potentiometric surface and 
salinity distribution for the "business as usual" condi-
tions of the aquifer (no management interference). 
Both "business as usual" baseline scenarios show the 
expected aquifer hydraulic heads and salinity distribu-
tion with no-management interference for the com-
ing 15 years. 
The project shows the link between the experimental 
work in Jabal Al Qara on horizontal precipitation and 
groundwater recharge, and the groundwater model-
ling of the plain aquifer. The flow model calculates 
the groundwater inflow from Jabal Al Qara at 50 
Mm3/yr. The underflow estimation derived from the 
experimental work on Jabal Al Qara is 53 Mm3/yr. 
So, the underflow from Jabal Al Qara to the Salalah 
plain aquifer is between 50 Mm3/yr to 53 Mm3/yr. 
The practical experiment of fog collection demon-
strates the importance of the vegetation on Jabal 
AlQara as a source of subsurface recharge by con-
tributing in horizontal precipitation. 
About 98% of the total natural recharge amount 
originates from the adjacent Jabal Al Qara, and the 
balance from the direct precipitation on the coastal 
plain. There is a direct relation between the health of 
the woodlands and grassland and the efficiency of 
water recharge to the Salalah plain, during the mon-
soon from water collected from mist and fog in the 
Jabal. This study urges that the horizontal precipita-
tion caused by fogwater capture by Jabal vegetation, 
contributes in the annual natural recharge by 60% to 
80%.  

The importance of tree planting in Jabal Al Qara for 
reforestation and the recharge of the Salalah 
groundwater aquifer through fogwater harvesting has 
been stressed in this study. 
The current (2005) water consumption is 16% higher 
than the resources currently available from renewable 
and treated wastewater. In 2020, this will reach 21% 
more than the safe groundwater yield with no-
management interference under constant recharge. 
Thus, the groundwater in Salalah catchments is ex-
tensively declining. 
The effectiveness of the drawdown in baseline sce-
nario B "business as usual" under changing under-
flow by 5% annually was more pronounced than the 
baseline scenario A "business as usual" with constant 
underflow through the predictive period.  
The proposed management scenarios show the posi-
tive effect on the aquifer water qualities and quanti-
ties. Option 1 would reduce the current discharge by 
17% and option 2 would reduce the current dis-
charge by 13%. Option 3 would reduce the current 
discharge by 20% and option 4 would reduce the aq-
uifer discharge by 14% - 15%. Any of the four op-
tions (1-4) would not carry the aquifer to balance in 
the next 15 years. 
Two other options were proposed to balance the aq-
uifer. Option 5 would decrease the discharge by 
about 31% and option 6 would decrease the dis-
charge by 26%. Options 5 or 6 would secure the aq-
uifer water budget for the coming 15 years. 
The relocation of Garziz and MAF farms as well as 
changes in irrigation system patterns would provide 
the best scope for managing the aquifer system, and 
prevent the inland aquifer from further encroach-
ment. 
The injection scheme of the treated wastewater in the 
Salalah plain aquifer has helped to stabilize the water 
levels. The injection scheme would be less effective 
with no-management interference, particularly in the 
eastern and western parts of the coastal areas as the 
underflow flushing is weak in comparison to the 
flushing of the underflow in the central part of the 
Salalah plain. 

Fig. 15 Mass balance of the simulated TDS (mg/l) for the transient and predictive periods of the two baseline scenar-
ios versus the management scenarios (1993-2020). 
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The flow model demonstrated that high drawdowns 
are unusual in a highly transmissive karstic aquifer 
with a direct dynamic connection to the sea, such as 
the case of the Salalah coastal aquifer, because unlim-
ited inflows from the sea rapidly compensate for any 
depletion in freshwater storage. 

Solute transport model– Conclusions 

The effectiveness of salinity intrusion in baseline 
scenario B "business as usual" under changing under-
flow by 5% annually is more pronounced than the 
baseline scenario A "business as usual" with constant 
underflow through the predictive period. The TDS 
within the agricultural coastal belt in baseline B in 
2020 is predicted at more than twice the TDS within 
the agricultural coastal belt in baseline A and more 
than 12 times the current (2005) TDS within the ag-
ricultural coastal belt. 
The annual average predicted increase in the 
groundwater salinity in the Salalah coast is at about 
12% in baseline scenario A, for the years 2006 to 
2020. Whereas in baseline B, the annual average pre-
dicted increase in the groundwater salinity in the 
Salalah coast is at about 20%, for the years 2006 
through 2020. In baseline scenario B, the salinity will 
increase sharply and that accounts for the change in 
the underflow in the scenario. 
It is predicted that by the year 2020 the aquifer water 
levels would decline under constant recharge by 
about 216% within the Salalah Wellfield location, 
from their levels in 2006 and would cause a reversal 
of flow from the sea, and the freshwater/seawater 
front will move by 3 km inland with the injection. 
This would make large areas of the aquifer unusable. 
This study argues that the injection scheme is effec-
tive in pushing the saline zone front by 700 metres in 
2019. The injection scheme of the treated wastewater 
helps to reduce the influence of saline inflows from 
the coast. 
Under constant underflow, option 6 seems the best 
management scenario in terms of reducing the TDS, 
whereas under changing underflow option 5 seems 
the best management scenario in terms of reducing 
the TDS.  

Recommendations  

Unless aquifer exploitation is decreased, the original 
objectives of using artificial recharge to store fresh 
water cannot be met in the long run. This project 
stresses the importance of achieving a rapid reduc-
tion in current aquifer over abstractions to ensure the 
aquifer sustainability. This project recommended the 
relocation of Garziz and MAF grass farms of low 
crop value, along with a change of the irrigation sys-
tem patterns. Furthermore, other costly measures, 
such as the establishment of a desalination seawater 
plant in Salalah plain, are examined. 
In order to obtain a more accurate understanding 
and to enable the management of water abstraction 
from the freshwater lens, it is recommended that an 

audit of all residential, commercial, govern-
ment/institutional/industrial boreholes/wells is un-
dertaken. 
In the future, regarding the study of groundwater 
management systems by artificial recharge, it is rec-
ommended that an evaluation be made after five 
years of operation.  
Groundwater modellers' scientists recommend a pre-
diction time length to be the same as the calibration 
time length. 
The government (MAF) should monitor the system 
by placing flow meters in each farm well, in order to 
know the water quantity that each well is pumping. 
Furthermore, a regulation of this matter must be is-
sued to enable the authorities to take actions and any 
amounts above the free allocation would be subject 
to a penalty charge. 
To combat desertification, the government should 
continue supporting the effort exerted to control 
overgrazing in the Jabal area of the Dhofar Gover-
norate, so that the vegetation cover could assist in 
recharging the underground reserves to support the 
water position at the Salalah plain.  
These policies are required to protect the groundwa-
ter of the Jabal as it contributes towards 98% of the 
recharge. A policy to combat desertification in the 
Dhofar region is very essential to protect what re-
mains of the Jabal’s unique biodiversity and to en-
hance the groundwater recharge to the Salalah aqui-
fer. 
It is essential to extend the grazing animals (camels 
and cows) depopulation project in Jabal Dhofar, so 
that livestock owners can benefit while vegetation is 
used in a sustainable manner. Reducing grazing ani-
mals, such as camels and cattle, as well as the applica-
tion of reforestation programmes, would be essential 
to sustain the available natural rangelands. 
This study emphasizes the importance of implement-
ing a major programme of enhancing fog- water col-
lection. Tree planting in the grassland is proposed 
with the principle purpose of causing an increase in 
fogwater interception to benefit grassland production 
and cause increased groundwater recharge. 
Evaluation of suitable recharge methods and predic-
tions about further effects using both groundwater 
and hydrogeochemical modelling are to be consid-
ered. 
More research on the links between climate and wa-
ter resources in the region must be undertaken. 
Moreover, increased public awareness of water re-
source issues in the region, especially to the owners 
of the farms, must be initiated. 
MT3DMS is a solute transport model, and as density-
dependent factors are of concern, it is important to 
utilise density-dependent flow and transport software 
codes, such as SEAWAT-2000, SUTRA etc, in future 
studies in the Salalah aquifer. 
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