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AB STRACT 

In and and semi-arid regions, surface water resources are scarce and, in most cases, groundwater is the only 
natural resource of freshwater. Pumping of groundwater often exceeds natural recharge. Therefore, 
groundwater levels are declining and its quality is deteriorating. Sustainable management of groundwater IS 
thus a key issue and requires implementation of appropriate technologies to augment groundwater 
resources. Artificial recharge augments the natural movement of surface water into the underground 
formations using some means of construction whereby surface water from streams or lakes is made to 
infiltrate into the ground. 

The UAE is known by its arid conditions and limited renewable freshwater resources. Surface water in 
UAE IS very limited and of a little significance in the water budget of the country. Despite the construction 
of many desalination plants, groundwater represents a vital natural resource. Although it may not be 
suitable, in most cases, for drinking, it represents the main source for irrigation. About 85% of the total 
water con umption in UAE is from groundwater. The sustainability of this precious resource is of prime 
concern ill the UAE. Many dams have been constructed during the last two decades across the main wadis 
to harvest surface water runoff and recharge groundwater. 

The unportance of this study e olves from the need to assess surface water and groundwater resources in 
the main wadis which are of vital role in the sustainable development of UAE, specifically, the agricultural 
development. The study aims at the simulation and quantitative assessment of surface water runoff and the 
as ociated groundwater recharge in Wadi Ham., UAE. HEC-HMS and MODFLOW models were used. Due 
to data limitation, HEC-HMS was applied for the period 1979 to 1989 and MODFLOW was applied for the 
period form January, 1990 to December, 1993. The study provides a methodology that can be followed in 
other sites of similar hydrological and hydrogeological conditions. All the data and facilities were provided 
through a project entitled "Assessment of the effectiveness of AI-Bib, Al-Tawiyaen and Ham Dams in 
groundwater recharge using numerical models". The project was funded by the Ministry of Agriculture and 
Fisheries. 

The catchment area and drainage network were delineated based on the available toposheets and remote 
sensing images using ArcYiew GIS and AutoCAD softwares. Different wadi tributaries and properties were 
identified. Comprehensive analyses were conducted to study the variations of rainfall, surface water flow 
and groundwater levels based on historical records. Several lithologic cross sections were developed to 
assess the hydrogeology of the area and identifY the aquifer geometry. A rainfall/runoff model (HEC-HMS) 

was used to study the surface runoff process and quantify the total runoff yields. A three-dimensional 
groundwater flow model (MODFLOW) was used to quantify groundwater recharge and study flow 

directions and the water balance. 

The total catchment area to the Wadi Ham Dam is approximately 195 km2. This includes Wadi Ham itself 
and the catchment of Wadi AI-Farfar system. Rainfall distribution is intermittent and highly scattered. The 
mean annual rainfall, estimated for 23 years, is 154 mm. Surface water flow is also variable reflecting the 

illtermittent nature of rainfall. Wadi AI-Farfar system has major contribution to the total runoff and 
accounts for about 40% of the total runoff yield accumulated at the dam site. The Wadi Ham Dam has an 
effective role in groundwater recharge and its effect is clearly reflected by rise in groundwater levels. The 
recharge from the dam ranged from 32% to 43% of the dam storage. The flow of seawater to the aquifer is 
reduced to very low levels during recharge events from the dam while water losses to the sea appear to be 

very minor. 

The study suggests some recommendations including continuity of measurements and additional 

installations of flow gauges and observation wells. The groundwater model developed ill this study can be 

enhanced and its capabilities can be expanded by conducting field inventory of pumping wells, new 

drillings and pumpmg tests of longer durations. 

Keywords: Arid regions, UAE, Wadi Ham, artificial recharge, groundwater, surface runoff, Mathematical 

models. 
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Chapter One 

INTRODUCTION 



CHAPTER ONE: 

I NTRO D U CT I O N  

1 . 1 Prologue 

Doubtless, water is the most essent ial substance for l i fe in the globe not only for humans 

but also for every l iving being. Water is  the cornerstone for the socio-economic 

development and important for the functioning of a modem, developed society. In 

addition, water is  essential for insuring the integrity of the Earth's ecosystems. With no 

exaggeration; water is  the synonym of l ife. 

Water is  the most widely occurring substance on this planet but unfortunately most 

of the Earth's water is saline. The freshwater is very scarce. Of all the water in the world, 

97% i s  salt water in the oceans (Bouwer, 1978). Of the remaining freshwater, two thirds 

is in the form of ice in arctic and mountainous regions. Of the remaining l iquid 

freshwater, less than 2% is surface water in  streams and lakes, and much of that i s  fed by 

groundwater. Thus, more than 98% of the world's l iquid fresh water is groundwater 

(Bouwer, 2000a and 2002) .  

In recent years, the avai labi l ity of and access to freshwater have been highl ighted as 

among the most critical natural resource issues facing the world. The UN environmental 

report, GEO 2000, states that the global water shortage represents a ful l-scale emergency 

where the 'world water cycle seems unl ikely to be able to adapt to the demands that wi l l  

be made of i t  in  the coming decades' . It has been estimated that today more than 2 bi l l ion 

people are affected by water shortage in over forty countries; 1.1 bi l l ion people do not 

have sufficient drinking water and 2 .4  bi l l ion people have no provision for sanitation 

(WW AP, 2003) .  

The fact that the world faces a water cris is has become increasingly c lear in recent 

years - most notably in arid and semi arid regions where drought conditions prevai l .  The 

tremendous popUlation growth, higher l iving standards and industrialization cause ever 

increasing demand for freshwater, and thus shortage in freshwater is l ikely to restrain 

socio-economic development, especial ly in arid and semi-arid regions. In such areas, 

surface water resources are almost absent and, in most cases, groundwater is the only 
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natural resource of freshwater, and often its pumping great ly exceeds natural recharge. 

Therefore, ground\ ater levels are dec lining and its quality is deteriorating. 

Arid regions di ffer from humid regions in that their amount of precipitation is very 

l itt le as compared to high evaporation rates. Rainfal l events often occur as infrequent, 

short duration, high intensity storms which cause excess rainfal l to propagate rapidly 

through watersheds resulting in flash floods which flow as ephemeral streams. 

In order to achieve sustainable development in arid and semi arid regIons, 

management of groundwater resources should be adopted through accurate assessments 

and wise use of water resources. Appropri ate technologies to augment groundwater 

resources should also be implemented. To that end, artificial recharge of groundwater has 

become a common practice and is widely used as a conservative technique to store water 

at the time of abundance to be used during drought periods. 

In contrast to natural recharge (which results from natural precipitation, flow of 

wadis  and storm runoff), artificial recharge augments the natural movement of surface 

water i nto the underground formations by some means of construction or by art i ficial ly 

changing natural conditions. Art ificial recharge may be defined as the planned activity of 

man whereby surface water from streams or lakes is  made to infi ltrate into the ground, 

commonly at rates and in quantities many times in excess of natural recharge, giving a 

corresponding increase in  the magnitude of the safe yield. Art ificial recharge may also be 

defined as a practice of increasing the amount of water reaching the subterranean 

reservoir  by art ificial means (Todd, 1980; Bouwer, 1978). 

A variety of methods have been developed to recharge groundwater artificial ly, 

including water spreading, pits, recharge through wells, and pumping to induce recharge 

form surface water bodies. The most widely practiced method is water spreading 

general ly c lassified as basin, stream channel ,  ditch and furrow flooding, and irrigation 

technique. 

In most situations, artificial recharge projects not only serve as water-conservative 

mechanisms but also assist in  overcoming problems associated with overdraft. Therefore, 

art ificial recharge projects are conceptually designed to serve one or more of the 

fol lowing main purposes (Todd, 1980; Bouwer, 1978): 
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1 .  Maintain or augment the natural groundwater as an economic resource. 

2. Combat adverse conditions such as a progressive lowering of groundwater levels, 

unfavorable salt balance, and sal ine water intrusion . 

3 .  Coordinate operation o f  surface and groundwater reservoirs .  

4. Pro ide subsurface storage for local or imported surface waters. 

5 .  Reduce o r  stop sign i ficant land subsidence .  

6. Provide a localized subsurface distribution system for establ ished wells .  

7. Provide treatment and storage for reclaimed wastewater for subsequent reuse. 

1.2 P h ys ic a l  a n d  C l i m atolog ical  Setti ngs of U AE 

The United Arab Emirates, with a mainland surface of about 83 ,600 km2, l ies in the 

southeastern part of the Arabian Peninsula between Latitudes 22°40' and 26°00' North 

and longitudes 5 1  °00' and 56°00' East. It is bounded from the north by the Arabian Gulf, 

on the east by the Sultanate of Oman and the Gulf of Oman and on the south and the west 

by the Kingdom of Saudi Arabia (Fig. 1 . 1 ) . 

The United Arab Emirates may be divided into two distinct zones : the larger low

lying zone and the mountains zone. The fust covers over 90% of the country's area, 

extending from the northwest to the eastern part of the country where it is truncated by 

the mountains zone (Al Hamady, 2003) .  The low-lying zone ranges in altitude from sea 

level up to 300 meters above mean sea level (amsl ) .  Its major part is characterized by the 

presence of sand dunes which rise gradual ly from the coastal plain  reaching their highest 

elevation of 250 m ams!. Along the coast of the Arabian Gulf, the low-lying land is  

punctuated by ancient rai sed beaches and i solated h i l ls which may reach up to 40 m amsl 

in some locat ions (Baghdady, 1 998). 

The area adj acent to the Arabian Gulf Coast comprises a number of salt domes. 

These features often form is lands in the sea and isolated hi l ls  on land. The highest of 

which is  Jabal Dhana and it rises to 99 m ams1. Where the low-lying zone merges 

gradually with the mountains zone, several isolated anticl inal h i l ls and mountains 

(trending general ly, in N-S direction) occur. The highest and most extensive of these is  

Jabal Hafit with a maximum alti tude of over 1 000 m amsl (AI Shamsei , 1 993) .  
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The mountains zone consists of a N-S trending ridges and is relatively paral lel to the 

east coast (Gulf of Oman) .  It forms the northern part of the Oman Mountains with a 

maximum N-S extent of 150 km and an E-W extent of 50 km. Along its eastern and 

western edges, the mountains chain is fringed by Bahadas . On the eastern side, a narrow 

low coastal plain separates the Bahada from the Gulf of Oman. These mountains are 

formed as a result of upl ifting and thrusting which leave a series of jagged peaks rising to 

heights over 1500 m amsl (Al Shamsei , 1993). 

The UAE is  known by its arid conditions. A long hot summer and short mild winter 

characterize the c l imate. The characteristics of the c l imatologic and hydrometeorologic 

conditions of interest for this study can be summarized as fol low (MAF, 2001): 

Temperature: The mean annual temperatures are approximately uniform 

throughout the country with s l ight local variations, most noticeable in the eastern 

mountains where the mean temperature is around 25° C. 

Relative humidity: The relative humidity is  high In  coastal areas, decreasing 

sharply toward the interior. The mean monthly relative humidity is around 60% during 

winter and around 50% during summer with extreme diurnal variation. 

Evapotranspiration: The annual average evapotranspiration vanes regularly 

throughout the country from average low values of about 80 mm to peak average values 

of about 2200 mm. 

Rainfall: The pri ncipal rain  in  UAE fal ls between November and March, with the 

maximum intensity during February and March .  About 90% of precipitations fal l  during 

winter and spring. The average rainfal l  during winter is about 38 mm compared to 0.3 

mm during summer. 

The mean annual rainfal l  i s  about 110 mm with extreme variabi l i ty in space and 

time. The mean annual rainfal l  in  the eastern and northeastern mountains is about 160 

mm, with extreme value as high as 350 mm in some parts. In contrast, during the drought 

period of 1984-1985 the mean rainfall was about 24 mrn and as low as 6 rum in Abu 

Dhabi .  

Winter rainfal l  i s  generally l ight and moderate and widespread in nature being 

frontal as the dry polar air masses meeting the warm moist air of the Arabian Gulf. 
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Summer rainfall occurs as heavy isolated events associated with the passage of retreating 

monsoon or as a result of convection giving rise to l i fting mechanism. This  rain is 

confined to the mountains and foothi l l  areas. During the period extending from 1 965 to 

2000, the mean annual rainfall in  UAE fluctuated between 7mm in 1 999-2000 water-year 

to 3 82mm in 1 995-96 water-year (MAF, 200 1 ) . 

1 .3 Water Reso u rces Cond it ions i n  UAE 

The UAE is known by its arid conditions and its l imited renewable freshwater resources. 

Due to the increase in population and the rapid development in the country, water 

demands have increased abruptly in the last two decades. In order to meet the ever

increasing demand on water, the United Arab Emirates rel ies on non-conventional water 

resources including desal inated water and treated wastewater. A large part of the 

freshwater demand i s  being met by desalinated water mainly for drinking purposes. The 

treated wastewater i s  mainly used for forestation development. The conventional and non

conventional water resources are summarized in Table 1 . 1 ,  (AI-Nuaimi ,  2003 ; Rizk, 

1 999). 

Seasonal floods, springs, falaj es and groundwater represent the major conventional water 

resources in the country. However, surface water in UAE is very l imited and of a l ittle 

significance for direct uti l ization. Conversely, groundwater represents a vital natural 

resource and is regarded as the cornerstone for socio-economic development in UAE .  

Although it may not be  suitable, in most cases, for drinking and other potable purposes, 

groundwater represents the main source for i rrigation. About 85% of the total water 

consumption in UAE is groundwater ( Rizk et ai, 1 997) .  

Table 1 . 1 .  Summary of conventional and non-conventional water resources in  UAE 
(after Rizk, 1 999) 

Resource Existing Potential ]n use Source 

Conventional Water Resources ( MCM per year) 

Seasonal Floods 1 25 1 25 1 25 AI-Asam, 1 996 
Perennial Springs 3 6 3 Rizk and EI-Etr, 1 997 
Seasonal Spnngs 22 40 --- MAF, 1 998 
FalaJes 20 40 20 Rizk, 1 998 

AquIfer Recharge 1 20 1 20 1 20 Khalifa, 1995 

Groundwater --- --- 880 MAF,1998 

Non-Conventional Water Resources ( MCM per year) 

Desaltnated Water --- --- 694 M EW, 1 998 

ReclaImed Water 1 50 --- ISO Hamouda, 1 995 
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In United Arab Emirates four major types of aquifers are recognized (Fig. 1 . 2) .  

These include the Limestone Aquifer, the Ophiol ite Aquifer, the Gravel Aqui fer, and the 

Sand Dune Aquifer (Rizk, 1 999). The largest reserve of fresh groundwater in UAE occurs 

in the gravel al luvial deposits e tending along the western side of Oman mountain chain 

from Ras Al Khaymah to AI Ain. The Sand Dune Aquifer covers about 74% of the total 

area of UAE. It receives most of its recharge from the eastern mountains, whereas the 

Arabian Gulf and Gulf  of Oman are the main discharge area. The Limestone Aquifers are 

seen in  the northern region at Wadi B ih  catchment, as well as Jabal Hafit catchment in 

AI-Ain region. Most of the natural recharge to the western and eastern aquifer systems is 

received at the heads of al luvial fans by infiltration form wadis' flows originated in the 

mountain zone. 

Groundwater resources in the UAE have been over exploited to meet the increasing 

water demands, especial ly for agriculture purposes. The total withdrawal from the main 

western al luvial aqu ifer, mainly by agriculture sectors, has increased from 224 mi l l ion 

cubic meters (MCM) in 1 975 to 880 MCM in 1 995 whi le the estimated mean annual 

recharge from rainfal l  is 1 20 MCM per year (Rizk, 1 999). Due to the recharge-discharge 

imbalance, a remarkable depletion of the groundwater levels has occurred in many 

aqui fers . The exist ing imbalance has originated as a consequence of lack of natural 

recharge and excessive discharge. Therefore, it is of great importance to replenish and 

recharge the depleted aquifers to ensure the sustainabi l i ty of groundwater resources. 

The Ministry of Agriculture and Fisheries (MAF) is undertaking major actions 

toward the implementation of appropriate rainwater harvesting technologies. Surface 

water from flash floods can be uti l ized to recharge the depleted aquifers and sustain the 

groundwater resources. Therefore, a large number of detention and retention dams have 

already been constructed during the last two decades across the main Wadis to harvest the 

surface water runoff and protect the c i ties at the downstream side of the Wadis (Sherif 

and Merabtene, 2002) .  

The importance of this study evolves from the need to  assess surface runoff in the 

main wadis and quant ify the associated groundwater recharge. Despite i ts l imited 

avai labi l i ty, groundwater p lays a vi tal role in the sustainable development of UAE, 

spec ifical ly, the agricultural development ofUAE. 
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1 .4 O bjectives of Study 

The 0 erall obj ective of this  study is  to provide a quantitative assessment for the 

groundwater recharge at the dam site in Wadi Ham during the period from January, 1 990 

to December, 1 993. The study aims also at the simulation and quantitative assessment of 

surface water runoff from the wadi catchment under various rainfal l  events in the period 

1 979 to 1 989. These periods were selected based on the avai labi l i ty of required data. The 

spec ific obj ectives of the study include: 

1 - Identify the main geometric, hydrological and hydrogeological characteristics for 

Wadi Ham including, catchment boundary and area, drainage streams pattern, 

average areal annual and monthly rainfall basin parameters, infiltration rates, 

evaporation rates, aquifer dimensions, storativit ies, hydraul ic conductivities, and 

transmissivit ies. 

2- Develop a conceptual model and apply a hydrologic model ing software to 

simulate the rainfall -runoff process at Wadi Ham and cal ibrate the model against 

the avai lable h istorical records. 

3- Apply the model to estimate the surface water runoff from Wadi Ham and its 

tributaries and the accumulated volume of surface water at the dam site for 

d ifferent rainfal l  events. 

4- Develop a conceptual model and apply a numerical model to study the 

groundwater flow and recharge processes associated with water storage at Wadi 

Ham Danl site and cal ibrate the model against the avai lable historical records. 

5- Study the groundwater balance for the Wadi Ham aquifer system under both 

recharge and no-recharge conditions and provide a quantitative assessment for the 

groundwater recharge from the dam. 

6- Study flow directions and assess the possibi l ity of water losses to the Gulf of 

Oman or seawater flow to the aquifer from the Gulf based on the groundwater 

balance. 

1.5 Meth odology of Study 

This  thesis has been completed III the franlework of a collaborative research project 

between the UAB University and the Ministry of Agriculture and Fisheries (MAF), 

entit led "Assessment of the Effectiveness of Al Bih, Al Tawiyean and Ham Dams in 
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Groundv ater Recharge Using Numerical Models" .  The work presented in this thesis i s  

focused on Wadi Ham.  

All  resources, col lected data and field visits and measurements were made avai lable 

through this project. The project was funded by the MAF. The fol lowing activi t ies were 

completed to ful fi l l  this study. 

1- Literature Review 

A comprehensive l i terature review of previous investigations related to Wadi Ham was 

completed. Reports of several previous studies carried out prior to during the 

construction phase, and after the construction of Wadi Ham Dam have been reviewed. 

Reports about general c l imatic conditions, precipitation and evaporation rates were also 

re ie, ed. The avai lable geological and l ithological information for observation wells and 

boreholes were assessed. Several geological cross sections in Wadi Ham were avai lable. 

Other related publ ished research papers, unpubl ished reports and M . Sc. and Ph.D .  theses 

were also reviewed (e.g. , Bouwer, 2002 ; Rizk, 1 999; Al-Nuaimi  2003 ; and Baghdady, 

1 998) .  

2- Data Collection and Processing 

The avai lable geological, hydrological and hydrogeological data related to Wadi Ham 

were col lected from M AF and previous studies. The data were then categorized, 

presented in graphical forms and prepared in different digital forms such that they could 

be used directly in other appl ications. The col lected data have been crit ically examined 

and unrel iable or erratic information were el iminated. 

The col lected data included avai lable records for chmatic conditions and rainfal l  

events from the different rain gauges and meteorological stations in the vicinity of Wadi 

Ham, evaporation rates, records of surface water runoff and flood volumes, location of 

observation wells, records of groundwater levels, hydrogeological parameters based on 

the avai lable information in the completion reports of observation wells and the 

geological sequence of the subsurface layers. 

Topographic maps (toposheets) of different scales have been col lected from the 

MAF and a remote sensing image has been purchased. All  the necessary maps inc luding 
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catchment boundary, dam location map, drainage streams network map and model 

boundary map ha e been delineated and digitized based on these toposheets and the 

remote sensing image using ArcView GIS and AutoCAD softwares. 

3- Field Work 

Within the framework of the MAFIUAEU project, di fferent field visits have been 

conducted to compensate for any lack in the needed information and to verify some of the 

col lected data. During field visits, the important geological and hydrogeological features 

of Wadi Han1, inc luding rock types; rock materials; and depths to water table, have been 

in estigated. The coordinates of observation wel ls  have been confirmed using GPS. Field 

activit ies also included conducting infiltration tests within the ponding area of the dam to 

ident ify the infiltration rates. 

4- Surface Water Modeling 

The study of surface water flow in  Wadi Ham is considered a prerequisite for the study of 

groundwater system. Surface water model ing involved appl ication of the Hydrologic 

Modeling System (REC-HMS) to simulate the surface water runoff process from various 

rainfal l  events. The developed model helps to estimate flood volumes at the dam site to be 

used for the simulation of groundwater recharge. 

Because rainfal l  is the major input for surface water model ing, historical rainfal l 

data have been analyzed in both t ime and space. The historical records of surface water 

flow in Wadi Ham were also analyzed and several flood events were selected for the 

simulation. 

5- Groundwater Modeling 

The study of groundwater recharge at Wadi Ham Dam is  the main objective of this thesis. 

The three d imensional groundwater modeling code (MODFLOW) has been appl ied to 

model the aquifer system. Prior to the model ing work, the hydrogeology of the study area 

was investigated. Several l ithological cross sections have been developed. 

To introduce the aquifer geometry to the model , contour maps for ground surface 

and aquifer bottom were prepared. Prel iminary assessment of the aquifer response to 
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recharge has been done by plotting water table level fluctuations with time at selected 

observat ion wel ls .  After development, the model was calibrated against hi storical water 

table Ie els and the parameters were readjusted . The flow directions and the groundwater 

balance were examined to study flow conditions and to provide a quantitative assessment 

of groundwater recharge. 

6- Thesis Preparation 

Upon the completion of the previous activit ies, the output of the study was examined and 

conc lusions were made. D ifferent location maps, catchment maps and contour maps of 

model input, cal ibration and output were prepared in final forms. i l lustrative figures and 

tables were also finalized and discussions were written in  a scienti fic manner and 

presented in several chapters comprising this thesis. 

1.6 Lim itatio n s  of Study 

The rainfal l/runoff model presented in  this study was restricted by the avai labi l i ty of data. 

Surface water flow records are avai lable for Wadi Ham only during the period 1 979 to 

1 990. The model was calibrated to match recorded total flow volumes for selected flood 

events during this period. 

The groundwater model constructed in this study is  of prel iminary nature. I t  i s  

intended to  help providing a quantitative assessment for the recharge from the dam. The 

model had to be calibrated against recorded groundwater levels. Continuous records of 

groundwater levels were not available in all observation wel ls in the study area. The 

records were more avai lable and better distributed during the period from January, 1 990 

to December, 1 993 .  Therefore, the model is l imited to cal ibration phase during this 

period. 

1.7 O rg a n izatio n  of Thesis 

This  thesis i s  composed of six main chapters and three appendices containing relevant 

data. Chapter one elaborates on the importance of groundwater resources in arid regions 

in general, and UAE in particular. The importance of arti ficial recharge of groundwater is  

elaborated and i ts  main purposes are reviewed. Physical and c l imatological settings and 

water resources conditions in UAE are discussed. The general and spec ific objectives of 

the study are presented and the methodology and l imitations of study are explained. 
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Chapter two provides detai led discussions about hydrologic modeling and 

groundwater recharge. The concepts of hydrologic model ing and classi fication of 

simulation models are explained. The chapter goes on to discuss the different categories 

of both surface water and groundwater models. A detailed discussion about groundwater 

recharge is also presented. The di fferent sources of groundwater recharge are explained 

with emphasis on art ificial recharge. The concept of arti ficial recharge is elaborated and 

di fferent arti ficial recharge systems are explained. 

The location, geology and cl imatology of study area are presented in Chapter three. 

In this chapter, the general location of Wadi Ham and the Wadi Ham Dam are i l lustrated. 

The catchment area to the dam and the different tributaries of the wadi are identi fied. The 

characteristics of the dam and the geology of the study area are explained. The 

c l imatology of Wadi Ham is discussed with emphasis on rainfal l .  Historical rainfall data 

are analyzed on quantitative and probabil ist ic basis using stati stical and frequency 

analyses. 

Chapter four is  devoted to the assessment and modeling of surface water runoff in 

Wadi Ham .  The assessment is  made based on historical records of surface water flows. 

Surface water flow data are analyzed and compared with rainfall data prior to modeling. 

The chapter goes on to provide an overview of the main features of the Hydrologic 

Model ing System (HEC-HMS).  The appl ication of this model to simulate surface runoff 

process in  Wadi Ham is  explained. Model conceptual ization, construction, calibration and 

results are discussed in  detai ls .  

Chapter five i s  devoted to the assessment and model ing of the groundwater system 

in Wadi Ham.  The chapter provides detai led description of the hydrogeology of Wadi 

Ham plain area. Lithologic cross sections are presented and the different layers and 

aquifer geometry are ident ified.  Prel iminary assessment of aquifer response to recharge is  

made based on historical records of groundwater levels .  This chapter is concluded with a 

comprehensive discussion on the model ing of Wadi Ham groundwater system. A brief 

description of theoretical base and capabi l i ties of the model ing code (MODFLOW) is 

given and detai led explanation about the model conceptualization, construction, 

calibration and results is presented. 
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Chapter six includes the summary of al l  the work included in the thesis .  The 

conclusions of the study are presented and several recommendations are proposed for 

future investigations and studies. 

The thesis i s  supplemented by three appendices. Appendix A l i sts historical records 

of monthly rainfall depths at raingauges and the computed average aerial rainfall depths. 

Appendix B l i sts historical records of dai ly and monthly wadi flows measured by Bithnah 

Flow Gauge. Appendix C presents the rainfall patterns (hyetographs) for the storms 

simulated in Chapter four. 
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Chapter Two 

HYDROLOGIC MODELING AND 
GROUNDWATER RECHARGE 



CHAPTER TWO: 

HYDROLOGIC M O D E L I N G  AN D G RO U N DWAT E R  RECH ARG E 

2 . 1  Prologue 

Hydrologic engineers are often cal led upon to provide information such as rates and 

volumes of flow at any point of interest along a stream necessary for planning and 

designing new water projects, operat ing and/or evaluating existing water projects. 

Although many streams have been gauged to provide continuous records of streamflow, 

plarmers and engineers are sometimes faced with l ittle or no avai lable strean1flow 

information. Moreover hydrologic information sometimes needs to be predicted. For 

example, a flood-damage reduction study may require an estimate of the increased 

volume of nmoff for proposed changes to land use in a watershed. However, no record 

wi l l  be avai lable to provide this information because the change has not yet taken place. 

The alternative is  to use hydrologic modeling. Models are simpl ified systems that are 

used to simulate the real- l ife systems by relating something unknown (the output) to 

something known (the input) (US ACE, 2000; Viessman and Lewis, 1 995 ;  and Diskin, 

1 970). 

Simulation IS defined as the mathematical description of the response of a 

hydrologic water resource system to a series of events during a selected time period. For 

example, a streamflow simulation model can be developed for calculating dai ly, monthly, 

or seasonal streamflow based on rainfal l ;  or computing the discharge hydro graph result

ing from a known or hypothetical storm; or simply fi l l ing in the missing values in a 

streamflow record . S imi larly, a simulation model of a groundwater system might be 

developed to demonstrate the effects on groundwater storage of various pumping schemes 

(Viessman and Lewis, 1 995) .  

2 .2 Classification of S i m ulation M odels 

The varied nature of developed and appl ied simulation models has led to numerous 

c lassification attempts. However, models can be c lassified as fol lows. 
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2 . 2 . 1  Phys ical models 

These are reduced-dimension representations of real world systems.  A physical model of 

a watershed is  a large surface with 0 erhead sprinkl ing devices that simulate the 

precipitation input. The surface can be altered to simulate various land uses, soi l  types 

surface slopes, and so on; and the rainfall rate can be control led. The runoff can be 

measured, as the system is c losed. A more common appl ication of a physical model is 

simu lation of open channel flow and many such models have been constructed and used 

to provide infomlation for answering questions about flow in complex hydraul ic systems 

(USACE, 2000) . However a physical model is often so smal l that proper scaling of the 

field situation can not be achieved. But this type of model does give an overal l  view of 

how the system behaves (Driscol l ,  1 986). 

2.2 .2 Analog m odels 

These models represent the flow of water with the flow of electric ity in electrical 

networks of resistors and capacitors. With these models the input is  control led by 

adj usting the amperage, and the output i s  measured with a voltmeter. H istorical ly, analog 

models have been used to calculate subsurface and groundwater flow (USACE, 2000). 

The concept of using electric i ty to model groundwater flow remains valid because Ohm's 

law for the flow of electrici ty is analogous to Darcy's law for the flow of groundwater. 

Individual electrical analog systems, however, were designed spec i fically for a single 

groundwater system and therefore could not be adapted to general use (Driscol l ,  1 986). 

2 . 2 . 3  Mathematical  models 

These types are the most useful and the most commonly employed (Driscol l ,  1 986). A 

mathematical model rel i es on mathematical statements to represent the system. It includes 

a set of general laws or theoretical principles and a set of statements of empirical 

c ircumstances ( Woolhiser and Brakensiek, 1 982) .  The development of a mathematical 

model starts with a conceptual understanding of the system to be modeled. The 

conceptual model can then be translated into a mathematical framework (model)  that 

produces governing equations which describe the physical processes in the system (Fig. 

2 . 1 ). 
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Analytical Model 

Simplify equations so 
that solutions may be 
obtained by analytical 

methods 

Conceptua l Model 

Numerical Model 

Approximate equations 
numerical ly resulting in a 

matrix equation that may be 
solved using a computer 

L _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  � - - - - - - - - - - - - - - - - - - - - � 

Figure 2. 1 .  Logic diagram for developing a mathematical model (after Mercer 
and Faust 1 98 1 ). 

The nature of a modeled system is often complicated and can rarely be described 

completely by mathematical expressions, so simplifying assumptions must usuaUy be 

made to solve the governing equations for appropriate boundary and initial conditions. 

If enough simplifying assumptions are made, the equations can be solved 

analytically but the accuracy of the model is reduced. However, more accurate equations 

are often so difficult to solve that numerical approximation techniques must be used. The 

use of computer for solving equations by numerical methods makes it possible to simulate 

extremely complicated systems (Driscoll, 1 986) .  

Mathematical models can be classified using the criteria shown in Table 2 . 1 .  These 

focus on the mechanics of the model : how it deals with time, how it addresses 

randomness, and so on. 
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T a b l e  2. 1 .  Categorization of mathematical models. (after Ford and Hami lton, 1 996). 

Category 

E ent-Based s .  
Continuous Models 

Lumped vs. 
Distributed Models 

Empirical (system 
theoretic) vs. 
Conceptual Models 

Determi ni stic vs. 
Stochastic Models 

Measured-parameter 
vs. Fitted-parameter 
Models 

Description 

This distinction appl ies primari ly  to models of watershed-runoff 
processes. An event-based model simulates a single storm . The 
duration of the storm may range from a few hours to a few days. 
A continuous modeL simulates a longer period, predicting 
watershed response both during and between precipitation 
e ents. 

A distributed model is one in which the spatial (geographic) 
variations of characteristics and processes are considered 
expl icit ly, whi le in a lumped model, these spatial variations are 
averaged or ignored. 

This distinction focuses on the knowledge base upon which the 
mathematical models are built .  A conceptual model is built upon 
a base of knowledge of the pertinent physical, chemical, and 
biological processes that act on the input to produce the output. 
An empirical model, on the other hand, is bui l t  upon observation 
of input and output, without seeking to represent expl icit ly the 
process of conversion. 

If a l l  input, parameters, and processes in a model are considered 
free of random variation and known with certainty, then the 
model is a deterministic model. I f  instead the model describes 
the random variation and incorporates the description in the 
predictions of output, the model is a stochastic model. 

This dist inction is crit ical in selecting models for appl ication 
when observations of input and output are lmavai lable. A 
measured-parameter model i s  one in  which model parameters 
can be determined from system properties, either by direct 
measurement or by indirect methods that are based upon the 
measurements. Afitted-parameter model, on the other hand, 
includes parameters that can not be measured. Instead, the 
parameters must be found by fitting the model with observed 
values of the input and the output. 
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2 . 3  S u rface Wate r S i m ulation M odels 

In recent decades the science of computer simulation of surface water resource systems 

has passed from scattered academic interests to a practical engineering procedure. 

imu lation of surface water system impl ies the use of computers to imitate historical 

events or predict the future response of the physical system to a spec ific plan or action. 

urface water is simulated either for individual storm or continuous in time. A few of the 

numerous e ent-based, continuous and urban runoff computer models for simulating the 

h drologic cycle are compared in Table 2 .2 .  

T a b l e  2 .2 .  Digital hydrologic simulation models ( after Viessman and Lewis, 1 995) .  

Code l'a me Model Na me Agency or Organization 
Date of origina l 

development 

Continuous Streamflow Simulation Models 

API Antecedent PrecIpItation Index Mode Private 1 969 
USDAHL 1 970. 1 973. 1 97� Re ised Watershed Hydrology ARS 1 970 
SWM - I V  Stanford Watershed Model rv Stanford UniversIty 1 959 
H PF Hydrocomp SImulatIOn Program-FORTRAN EPA 1 967 
NW RF National Weather Service Runoff Forecast System 1 972 
SSARR treamilov. SyntheSIS and ReservOIr RegulatIon US Army Corps of Engineers 1 958 
PRJ\.1S PrecIpitation-Runoff Modeling System USGS 1 982 
SWRRB SImulator for Water Resources In Rural Basins USDA 1 990 

Rainfall -runoff Event Simulation Models 

HEC-1 HEC- I Flood Hydrograph Package US Army Corps of Engineers 1 973 
H EC-HMS H EC HydrologIC Modeling System U Army Corps of Engineers 1 998 
TR-20 Computer Program for Project Hydrology SCS 1 965 

U GS USGS Rainfall-Runoff Model USGS 1 972 

HYMO Hydrologic Model Computer Language A RS 1 972 

S\VM M Storm Water M anagement Model EPA 1 97 1  

Urban Runoff Simulation Models 

UCUR UniversIty of Cincinnati Urban Runoff Model University of Cincinnall 1 972 I STORM Quanllty and Quality of Urban Runoff US Army Corps of Engineers 1 974 
M ITCAT M IT Catchment Model M IT 1 970 
SWMM Storm Water Management Model EPA 1 97 1  

ILLUDAS I l linOIS Urban Drainage Area SImulator I l l inois State Survey 1 972 

DR3M Distnbuted Routing Rainfall-Runoff Model USGS 1 978 

PSURM Pennsylvania State Urban Runoff Model Pennsylvania State UniverSIty 1 979 

Streamflow simulation models are either event-based or continuous models (Table 

2.2) .  Urban runoff models also are primarily event simulation models. Both the event

based streamflow simulation (EBSS) and the continuous streamflow simulation (eSS) are 

employed to address a wide array of environmental and water resources problems. 

S ingh ( 1 992) presented detai led discussion on these types of simulation. A brief 

description of the main features is presented here. 
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2 . 3 . 1  Event-based streamflow s i m ulation (EBS S) 

The EBSS models attempt to simulate rainfal1-rw10ff processes resulting from a single 

storm thus their emphasis is on modeling the direct runoff hydrograph (DRH) or its peak 

characteristics. The period of simulation in EBSS models is usual ly as long as the DRH. 

For this reason some of hydrologic processes such as evaporation and transpiration, 

infiltration, interception depression storage, subsurface flow, and baseflow are 

considered with considerable approximation, some are lumped and some are neglected. 

The main elements required to bui ld an EBSS include watershed representation, 

determination of effective rainfal l  amount, determination of effective rainfal l  hyetograph, 

computation of direct-runoff hydro graph, flow routing and parameter estimation. The data 

required for EBSS inc lude watershed characteri stics, rainfall characteristics, infiltration 

and other loss characteristics and streamflow characteristics. EBSS has diverse 

appl ications in hydrologic analysis and design such as design of hydraulic structures, 

design of urban and highway drainage, p lanning of flood control works, assessment of 

non point source pol lution, evaluation of environmental impacts of land use and 

management practices, assessment of flood damage and evaluation of hydrologic 

consequences of c l imatic change (S ingh, 1 992). 

2 . 3 .2 Conti n uo u s  streamflow s i m ulation (CSS)  

The CSS models al low simulation of streamflow for long periods of time (months or 

years) and maintain a continuous accounting of the water in storage in the watershed. In 

CSS, the emphasis is on simulation of the entire land phase of the hydrologic cycle and 

because of the long periods of time, such hydrologic processes as evaporation and 

transpiration, infiltration, interception, depression storage, subsurface flow, and baseflow 

are considered significantly. 

Two phases are simulated : the land phase and the channel phase. The land phase is 

much more compl icated in CSS than in EBSS, but the channel phase is about the same in 

both. The elements required to build a CSS model include watershed representation, mean 

areal rainfal l ,  interception, depression storage, soi l  moisture storage, infiltration, 

evapotranspiration, interflow, baseflow, surface runoff, channel-flow routing and 

reservoir routing. 
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Data requirements for a CSS model must be as minimal as possible in order to be 

\ idely usable. Three types of data are usually avai lable:  ( 1 )  watershed characteristics: 

such as soi l  land use, and topographic data, (2) cl imatic characteri stics: which include 

rainfal l  and meteorological data such as temperature, radiation, humidity pressure, etc . ,  

and (3 )  hydrological characteristics that may include not only observed hydrologic data 

such as strean1flow, potential evapotranspiration, soi l  moisture, infiltration, etc . ,  but also 

information on parameters of hydrologic models used in CSS.  

E ample problems for application of CSS include flow forecasting, watershed 

experimentation, evaluation of the effect of land-use practice on watershed response, 

d sign of urban drainage, highway culverts, reservoirs, etc . ,  water-quality modeling, 

water-supply development and irrigation planning and management. 

The CSS models are models of the hydrologic cycle, whereas EBSS models are 

models of the rainfal l-runoff cycle .  For that reason it is logical to say that CSS models are 

more general and encompass EBSS models as their special cases (Singh, 1 992) .  

2.4 G rou ndwater S i m u lat ion Models 

For many years, groundwater specialists have used various types of digital simulation 

models to study the storage and movement of water in a porous medium. Distributed 

rather than l umped parameter models are used to imi tate observed events and to evaluate 

future trends in the development and management of groundwater systems. 

Groundwater studies involve the adaptation of a particular code to the problem at 

hand. Several popular publ ic domain computer codes for solving various types of 

groundwater flow problems are l isted in Table 2 . 3 .  The codes become models when the 

system being studied is described to the code by inputting the system geometry and 

known internal operands (aquifer and flow field parameters, initial and boundary 

conditions, and water use and flow stresses applied in time to al l  or parts of the system) .  

Codes have emerged in four general categories: groundwater flow codes, solute 

transport codes, particle tracking codes, and aquifer test data analysis programs 

(Viessman and Lewis, 1 995) .  
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Table 2.3.  Groundwater model ing codes (after Viessman and Lewis, 1 995) .  

I Code . arne I Description I Source I Year I 
Groundwater-flow Models 

PLASJ\.I T\\ o-dlmenslonal linlte dI fference I I I  SWS 1 97 1  
MODFLQW Three-dlmenslonal lintte dI fference USGS 1 988 
AQUIFEM - I Tv,o- and three-dlmenslOnal linlte element M IT 1 979 
GWFLOW Package 01' 7 analytical solutions IGWMC 1 975 
GWS I M - I l  I Storage and movement model TDWR 1 98 1  
GWFL3 D  Three-dImensIOnal lintte dI fference TDWR 1 99 1  
MODRET Seepage from relentlon ponds USGS 1 992 

Solute-transport Models 

ISUTRA DIssolved ubslance lTansport model USGS 1 980 
RA DOMWALK Two-dImensIonal transport model I I I . SWS 1 98 1  
MT3D Three-dImensIonal solute transport EPA 1 990 
ATi23D AnalytIcal soluhon package DOE 1 98 1  

IOC Two-dImensIonal solute transport USGS 1 978 

HST3D 3-D heal and solute transport model USGS 1 992 

Particle-tracking Models 

FLO\\'PATH Two-dImensIonal steady state SSG 1 990 

PATH3D Three-dImensIonal transIent solutions Wisc GS 1 989 

10DP TH Three-dImensIOnal transIent solutions USGS 1 99 1  
WHPA AnalytIcal solul1on package EPA 1 990 

Aquifer-test Analysis 

TECTYPE Pump and slug test by curve matching SSG 1 988 

PUM PTEST Pumping and slug test IGWMC 1 980 

THCVFIT Pumping and slug test IGWMC 1 989 

TGUESS Specific capacity determination IGWMC 1 990 

Groundwater flow codes provide the user with the di stribution of heads in  an aquifer 

that would result from a simulated set of distributed recharge-discharge stresses at cells or 

l ine segments. From Darcy's law, the flow passing any two points can be calculated from 

the head differential . The codes are used to model both confined and unconfined aquifers. 

Each can be structured to model regional flow, or flow in vicinity of a single wel l  or well 

field. Steady-state and transient conditions can be evaluated. Boundaries can be barriers, 

ful l  or partial ly penetrating streams and lakes, leaky zones, or constant head or constant 

gradient perimeters. By appl ication of Darcy's law, the seepage velocities of groundwater 

can be determined after solving for the head differentials. 

When groundwater seepage velocities are known, the advection, dispersion, and 

changes in concentration of solutes can be modeled. Solute transport models build on 

groundwater flow models by the addition of advection, dispersion, and/or chemical 

reaction equations. If the chemical, dispersion, or di lution concentration changes due to 

groundwater flow are not important, particle tracking codes model transport by advection 

and provide an easier method than solute transport models to track the path and travel 
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times of solutes that move under the influence of head differentials. Aquifer test data 

programs provide users with computer solutions to many of the hand calculations needed 

to graph and interpret aquifer test data for determining aquifer and well parameters 

(Viessman and Lewis, 1 995) .  

With few e ceptions, the hydrodynamic equations for groundwater flow have no 

analytical solutions, and groundwater model ing rel ies on numerical techniques to provide 

approximate solutions to a wide variety of groundwater problems. The most widely used 

numerical techniques for solving groundwater flow problems are the finite-difference and 

fill ite-element methods. A detai led discussion on these methods was given by Viessman 

and Lewis ( 1 995) .  However such detai led discussion is beyond the scope of this thesi s. A 

brief description is given in what fol lows. A graphical representation of these methods is 

shown in Figure 2 .2 .  

2.4.1  The fi n i te-d iffe rence method 

Application of finite-difference techniques to groundwater flow problems requires that 

the region of concern be divided into many small sub-regions or elements (Fig. 2 .2b). For 

each of these elements, characteristic values of al l the variables in the governing 

differential equation are specified. These values are assigned to the centers of the 

elements, which are cal led nodes. The heads in adjacent nodes are related through a 

finite-difference equation, which i s  derived from the governing differential equation. 

These d ifference equations can be derived by an appropriate Taylor's series expansion or 

by mass balance considerations. The resulting algebraic equations can then be solved 

simultaneously to yield the heads at each node for each time step considered (Viessman 

and Lewis, 1 995) .  

The success of any finite-difference scheme depends on the incremental values as

signed to the element dimensions and the time steps. In general, the smaller the dimen

sions of elements and time increments, the closer the finite-difference approximation to 

the d ifferential equation. However, as these parti tions are made smal ler, a price in 

computational costs and data needs must be paid. Furthermore, over-subdivision may 

even bring about computational intractabi l i ty. 
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Figure 2 . 2 .  Two-dimensional grid systems for finite-difference and 
finite-element methods (after Driscoll ,  1 986) .  
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Thus the object is to select the degree of definition that results in an adequate 

representation of the system whi le keeping data and computational costs at a minimum 

( iessman and Lewis, 1 995) .  

2 . 4.2 The fi n ite-e lement method 

The finite-element method is simi lar to the finite-difference method in that both 

approaches lead to a set of N equations in N unknowns that can be solved by relaxation. 

odes in the finite-element method are usually the comer points of an irregular triangular 

or quadri lateral mesh for two-dimensional appl ications, whi le for three-dimensional 

applications, bricks or tetrahedrons are commonly used (Fig. 2 .2c) .  

The size and shape of the elements selected are arbitrary. They are chosen to fit the 

appl ication at hand . They di ffer from the regular rectangular grid elements used in finite

d ifference modeling. E lements that are c losest to points of flow concentration such as 

wells are usually smal ler than those further away from such influences. Aquifer 

parameters such as hydraulic conductivity may be kept constant for a given element but 

may vary from one to another. To minimize the variational function, its partial derivative 

with respect to head is evaluated for each node and equated to zero. The procedure results 

in a set of algebraic equations that can be solved by iteration, matrix solution, or a 

combination of these methods. 

The finite-element approach offers some advantages over the finite-difference 

technique. Often, a smaller nodal grid is required, and this offers economies in computer 

effort. The fini te-element approach can also accommodate one condition that the finite

difference approach is unable to handle. When using the finite-difference method, the 

princ ipal directions of anisotropy in an anisotropic formation are paral lel  to the coordinate 

directions. In cases where two anisotropic formations having different principal directions 

occur in a flow field, the finite-difference approach cannot produce a solution, whereas 

the finite-element approach can (Viessman and Lewis, 1 995) .  
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2 . 5  G roun dwate r Rec h a rge 

Ground\ ater use is of fundamental importance to meet the rapidly expanding urban 

industrial ,  and agricultural water requirements, particularly in arid and semi-arid zones. 

To replenish and recharge groundwater resources is thus a prerequisite for sustainable 

de elopment in these dry areas, where such resources are often the only water source, 

susceptible to contamination and are prone to depletion (De Vries and Simmers, 2002) .  

Art i ficial recharge of groundwater is  expected to become increasingly necessary in the 

future as growing popUlations require more water, and as more storage of water is needed 

to sa e \ ater in times of water surplus for use in times of water shortage (Bouwer, 2002) .  

Furthermore, groundwater recharge is  a key component in any model of groundwater 

flow or contamination transport (Healy and Cook, 2002). 

S ince the mid- 1 980s, a relative explosion of recharge studies has been reported in 

the scient ific l iterature (De Vries and S immers, 2002) .  This section summarizes the 

various sources of groundwater recharge. Emphasis i s  accorded to art ificial recharge 

which becomes increasingly adopted in many parts of the world .  The discussions 

provided hereinafter are excerpted from Bouwer (2002) .  

2 . 5 . 1  Rec h a rge sou rces 

Groundwater recharge is defined as the entry into the saturated zone of water made 

avai lable at the water-table  surface, together with the associated flow away from the 

water table within the saturated zone" (Freeze and Cherry 1 979) .  Sources of groundwater 

recharge include natural, enhanced, induced, incidental and artificial recharge. 

Natural recharge: is how natural (meteoric)  groundwater is formed as the 

difference between water inputs into the soi l  (precipitation and infil tration from streams, 

l akes, or other natural water bodies) and outputs (evapotranspiration plus runoff). Natural 

recharge is typically about 30-50% of precipitation in temperate humid c l imates, 1 0-20% 

of precipitation in  Mediterranean type c l imates, and about 0-2% of precipitation in dry 

c l imates ( Bouwer, 1 989, 2000b; and Tyler et al., 1 996). Natural recharge rates are 

reflected by groundwater ages, which vary from a few hours or days in wet-weather 

springs or very shal low groundwater in high rainfal l  areas, to tens of thousands of years 

or more in  dry c l imates with deep groundwater levels or in confined aquifers at 
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considerab le distances from their outcrops where they are recharged (Bouwer, 2002 and 

references therein) .  

Enhanced recharge: consists mainly of vegetation management to replace deep

rooted egetat ion by shal low-rooted vegetation or bare soi l ,  or by changing to plants that 

intercept less precipitation with their fol iage, thus increasing the amount of water that 

reaches the soi l .  In wooded areas, this is achieved, for example, by replacing conifers 

\ ith deciduous trees (Querner, 2000) .  

Induced recharge: i s  achieved by placing wel l s  relatively c lose to streams or 

rivers, so that more r i  er water i s  "pul led" into the aquifer as water tables near the streams 

are lowered by pumping the wel ls .  The main objective of these "bank fi ltration" systems 

is often to get pretreatment of the river water as it moves through the river-bottom 

materials and the aquifers before it is pumped up for conventional drinking-water 

treatment and public water supply. Bank fi ltration is used particularly where river water is 

contaminated or where the public prefers groundwater over surface water (Kuhn, 1 999). 

Incidental recharge: i s  caused by human activities that are not intended for 

recharge of groundwater as such. These activit ies include sewage disposal by septic-tank 

leach fields or cesspits, and drainage or deep percolation from irrigated fields (Bouwer, 

2002). Another form of incidental recharge is obtained with urbanization, where most of 

the land is  covered with streets, driveways, roofs, and other impermeable surfaces that 

produce more runoff and have much less evapotranspiration than the natural surfaces. 

This recharge could be significant in semi-arid areas, where rain typically fal ls in  small 

amounts that do not penetrate the soil very deeply so that most of the water evaporates. 

With urbanization, however, more runoff is produced, which can be collected for on-site 

storage and artificial recharge, or it flows natural ly to ephemeral streams where it 

infil trates into the soil and moves down to the groundwater (Lerner, 2002) .  

Artificial recharge: i s  achieved by ponding or flowing water on the soi l  surface 

with basins, furrows, ditches, etc . (Figs. 2 . 3  and 2 .4); by placing it in infil tration trenches, 

shafts, or wel ls  in the vadose zone (Fig. 2 . 5 ) ;  or by placing it in wel ls for direct injection 

into the aqu ifer (Bouwer, 2002). 
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VADOSE ZONE 

AQUIFER 
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Figure 2.3. Section through a typical groundwater recharge system 
with infiltration basin and groundwater mound below the basin 
( after Bouwer 2002). 
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Figure 2.4. Plan views of in-channel infi ltration systems with low 
weirs in narrow, steep channel ( upper left); bigger dams in wider, 
more gently sloping channel (upper right); and T-Ievees in wide, 
flat channels (bottom) (after Bouwer, 2002) .  
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Figure 2 . 5. Sections showing vadose-zone recharge well  ( l eft) with 
sand or gravel fi l l  and perforated supply pipe; and recharge trench 
(right) with sand or gravel fi l l, supply pipe on top of fi l l ,  and cover. 
Arrows represent downward flow in wetted zone with hydraul ic 
conductivity K (after Bouwer, 2002). 

30 



Water sources for art ificial recharge include water from perennial or intermittent 

streams that might or might not be regulated with dams, storm runoff ( including from 

urban areas) aqueducts or other \ ater-conveyance faci l it ies, irrigation districts, drinking

"\ ater treatment plants and sewage-treatment plants. 

Arti ficial recharge is expected to become increasingly necessary in the future as a 

tool of groundwater storage for use in times of water shortage. It is also expected to play 

an increasingly important role in water reuse, because it gives "soi l-aquifer treatment," or 

geo-puri fication of the effluent as it moves through soi ls  and aquifers (Bouwer, 2002) .  

2 . 5 .2 Art i fi c i a l  rec ha rge systems 

Artificial recharge systems are engineered systems whereby surface water is put on or in 

the ground for infi ltrat ion and subsequent movement to aquifers to augment groundwater 

resources (Fig. 2 .3 ) .  Otber obj ectives of art ificial recharge are to reduce seawater 

intrusion or land subsidence, to store water, to improve the quality of the water through 

soi l -aquifer treatment or geo-purification, to use aquifers as water conveyance systems, 

and to make groundwater out of surface water where groundwater is tradit ional ly 

preferred 0 er surface water for drinking (Bouwer, 2002) .  

Surface Infiltration 

Surface infi ltration systems for artificial recharge are divided into in-channel and off

channel systems. In-channel  systems consist of dams placed across ephemeral or 

perennial streams to back the water up and spread it out, thus increasing the wetted area 

of the streambed or floodplain so that more water infi ltrates into the ground and moves 

down to the groundwater (Fig. 2.4) .  

Some dams consist of low weirs spaced a small  distance apart; others are larger 

dams spaced a greater distance apart (Fig. 2 .4, top) .  The larger dams often need 

considerable spi llway capacity to pass large flows. Sometimes they have a sacrificial 

section that washes out during high flows and is replaced when the flood danger is over. 

Steel weirs, earth dams, concrete dams, or inflatable rubber dams are used. The latter are 

inj ected with water or air; air is generally preferred. Air pressures are relatively low 

(about 1 0  psi, or 1 . 5 kPa). 
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When inflated, some water can spi l l  over the dam, but for the big floods they are 

deflated to l ie  flat on their foundation. Where channels have smal l slopes and water 

depths, water is spread 0 er the entire width of the channel or floodp lain by placing T - or 

L-shaped earthen levees about 1 m high in the channel (Fig. 2 .4, bottom) (Bouwer, 2002). 

Off-channel surface recharge systems consist of special ly constructed infi l tration 

basins (Fig. 2 .3 ), lagoons old gravel pits, flood-irrigated fields, perforated pipes, or any 

other faci l ity where water is put or spread on the ground for infi ltration into the soi l  and 

movement to underlying groundwater. 

Water sources for in- and off-channel recharge systems should be of adequate 

quality to prevent undue c logging of the infi ltrating surface by deposition and ac

cumulation of suspended solids (sediment, algae, and sludge); by formation of biofi lms 

and biomass on and in the soi l ;  by  precipitation of calcium carbonate or  other salts on  and 

in the soi l ;  and by formation of gases that stay entrapped in the soi l ,  where they block 

pores and reduce the hydraul ic  conductivity. Gases sometimes also accumulate under the 

c logging layer, where they form a vapor barrier to downward flow. Pretreatment of the 

water to reduce suspended sol ids, nutrients, and organic carbon, and regular drying of the 

system to enable drying and cracking of the c logging layer and physical removal of the 

c logging layer might be necessary to minimize clogging effects. However, even when 

suspended sol ids, nutrients, and organic carbon are mostly removed from the water, 

c logging sti l l  is l ikely to occur because of microbiological growth on the infiltrat ing 

surface ( Bouwer, 2002) .  

Surface infil tration systems normally require permeable surface soi ls to get high 

infiltration rates and to minimize land requirements. Where permeable soi ls  occur deeper 

down and the less permeable overburden is not very thick, the overburden can be 

removed so that the basin bottom is in the more permeable material . Vadose zones should 

be free from layers of c lay or other fine-textured materials that unduly restIict downward 

flow and form perched groundwater that waterlogs the recharge area and reduces 

infil tration rates. Perched water can also form on aquitards where aquifers are semi

confined. 
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Aquifers should be unconfined and sufficiently transmissive to accommodate lateral 

flo\ of the infi ltrated water away from the recharge area without forming high 

groundwater mounds that interfere with the infiltration process. Also, soi ls, vadose zones, 

and aquifers should be free from undesirable contaminants that can be transported by the 

water and move to aqui fers or other areas where they are not wanted (Bouwer, 2002). 

Vadose-Zone Infiltration 

Where sufficiently permeable soils and/or sufficient land areas for surface infiltration 

systems are not avai lable, groundwater recharge can also be achieved with vertical 

infi ltration systems, such as trenches or wells in the vadose zone. Recharge trenches are 

dug with a backhoe and are typically less than about 1 m wide and up to about 5 m deep 

(Fig. 2 .5 ) .  They are backfil led with coarse sand or fine gravel . Water normally is applied 

through a perforated pipeline on the surface of the backfi l l ,  and the trench is  covered to 

blend in with the surroundings. For example, a layer of topsoi l  for grass or other plantings 

is p laced on top of the backfil l  to blend in with landscaping, or concrete slabs or other 

paving are added where the area is paved (Bouwer, 2002) .  Sand-fi l led ditches have been 

tested in agricultural areas in Jordan to intercept surface runoff for deeper infil tration into 

the vadose zone (Abu-Zreig et al. , 2000). 

Vadose-zone wells (also cal led recharge shafts or dry wells) are normal ly instal led 

with a bucket auger, and they are about 1 m in diameter and as much as 60 m deep (Fig. 

2 .5 ) .  The wells are also backfil led with coarse sand or fine gravel .  Water is  normally 

appl ied through a perforated or screened pipe in  the center. 

The main advantage of recharge trenches or wells in the vadose zone is that they are 

relatively inexpensive. The d isadvantage is that eventually they clog up at their 

infil trating surface because of accumulation of suspended soi ls  and/or biomass. Because 

they are in the vadose zone, they cannot be pumped for "backwashing" the c logging layer, 

or redeveloped or c leaned to restore infil tration rates. To minimize c logging, the water 

should be pretreated to remove suspended sol ids. For recharge trenches, pretreatment is 

accompl ished in  the trench itself by placing a sand fil ter with possibly a geo-text i le fi lter 

fabric on top of the backfil l .  Where this would reduce the flow into the backfi l l  too much, 

the recharge trench could be widened at the top to create a T-trench with a larger fi lter 

area than the surface area of the trench itself (Bouwer, 2002).  
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Wells 

Direct recharge or injection-wells are used where penneable soi ls  and/or sufficient land 

area for surface infi ltration are not avai lable, vadose zones are not suitable for trenches or 

wells, and aquifers are deep and/or confined. Truly confined aquifers might sti l l  be 

rechargeable, because such aqui fers accept and yield water by expansion and compression 

of the aquifer itself and, particularly, of inter-bedded clay layers and aquitards that are 

more compressible than the sands and gravels or consol idated materials  of the aquifer. 

HO\ e er excessive compression of aquifer matelials by over-pumping is mostly 

lITe ersible ( Bouwer 1 978) .  

Recharge might also be possible through semi-confining layers . However, this 

situation creates qual i ty deterioration in the lower aqu ifer if the growldwater above the 

aquitard is  of low qual ity due to inigation, septic-tank leach fields, and other incidental 

recharges. In the USA, the water used for wel l injection is usually treated to meet 

drinking-water qual i ty standards for two reasons. One is to minimize c logging of the 

well-aquifer interface, and the other is to protect the quality of the water in the aquifer, 

especial ly where i t  is pumped by other wel l s  in  the aquifer for potable uses. Where 

groundwater is not used for drinking, water of lower quality can be injected into the 

aqui fer (Bouwer, 2002) .  

Although c logged recharge wel ls  can be redeveloped and rehabi l i tated with 

conventional techniques, a better approach is  to prevent serious c logging by frequent 

pumping of the well ,  for example, about 1 5  min of pumping once, twice, or three times 

per day. This frequent "backwashing" of the c logging layer, which of course, requires a 

dedicated pump in the well ,  often prevents serious c logging. As a matter of fact, the 

frequent backwashing might e l iminate the need for membrane fil tration (Bouwer, 2002) .  

Combination Systems 

Whenever possib le, surface infi ltration systems are preferred, because they offer the best 

opportunity for c logging control and the best soi l -aquifer treatment i f  quality 

improvement of the water is  of importance. If penneable soi ls  occur at the ground surface 

or within excavatable depth, the water can directly move into the coarse soi ls .  However, 

where deeper fine-textured layers significantly restrict the downward movement of the 

water to the aqui fer, and perched groundwater rises too h igh, surface infil tration can sti l l  
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be used i f  vertical infil tration systems are instal led through the restricting 

layer (Fig. 2 .6) .  The upper parts of the systems then function as drainage systems of the 

perched groundwater, while the lower parts function as systems for infiltration and 

recharge of the aquifer. I f  the bottom of the restricting layer is not too deep ( less than 3 m, 

for e ample), trenches can be used to drain the perched water and send i t  down to the 

aquifer (Fig. 2 .6  left). For deeper restricting layers (up to about 40 m) vadose-zone wells 

can be used (Fig. 2 .6, center), whereas conventional wel ls can be used where the 

restricting layers are beyond reach of bucket augers (Fig. 2 .6 ,  right) . The wel ls would 

then be screened above and below the restricting or confinjng layer (Bouwer, 2002) .  

The advantage of the systems shown in Figure 2 .6 is  that the water has been pre

fi ltered through the soil and the perched groundwater zone, so that its clogging potential 

is significantly reduced. Even then, if the lower part of the system extends into the 

aquifer, as in Figure 2 .6  ( right), i t  would probably be good practice to regularly pump the 

\ e l l .  Water-qual ity issues also must be considered, particularly where the water above the 

restricting layer is of lower qual ity than that in the aquifer itse lf. 

The principle of draining perched groundwater for recharge of underlying aquifers with 

systems such as shown in  F igure 2.6 has not been adequately tested in the field. Thus, 

p i lot testing of these systems should always be done to see if they work satisfactori ly and 

how they should best be managed before large projects are installed. Pi lot testing is also 

desirable for the simpler systems of basins, trenches, vadose-zone wells, and aqui fer 

wel ls, because how these systems perform and how they should be designed and managed 

depends very much on local conditions of soi l ,  hydrogeology, c l imate, and water quality 

(Bouwer, 2002). 
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Figure 2.6. Sections showing surface infiltration systems with 
restricting layer (hatched) and perched groundwater draining 
to unconfrned aquifer with trench ( left), vadose-zone wel l  (center), 
and aquifer wel l  (right) (after Bouwer, 2002) .  
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CHAPTER THREE: 

LOCAT I O N ,  G E O LO LOGY AN D C L I M ATOLOGY OF WAD I HAM 

3 . 1  Location and General  C h a racte ri st ics 

Wadi Ham l ies in the Eastern Region of the United Arab Emirates north west of Fujairah. 

It is a large south easterly flowing wadi complex comprising parts of the Masafi 

mountains in its north western upper part and alluvial plains to the east around Fujairah in 

its 10, er part. The upper part is characterized by narrow valleys and steep slopes whi le 

the lower part has a very low gradient and fonns a broad flat plain of coarse alluvial 

gravels and boulders covering the area between the Ham Dam and the sea. The location 

of Wadi Ham is shown in Figure 3 . 1 

3 . 1 . 1  The catc h ment 

Three main tributaries can be recognized within the area of Wadi Ham, namely, Wadi 

Ham, Wadi Yabsah and Wadi AI-Farfar (Fig. 3 .2) .  The main tributary, Wadi Ham, rises 

in the mountains immediately south and south east of Masafi draining south-eastward and 

eventual ly it drains into the Gulf of Oman between Fuj airah and Kalba. 

Wadi Yabsah drains the area south of Jabal Yabsah and Jabal Fariq, flows west of 

Jabal Mutarad and eventually confluences with Wadi Ham .  However, the confluence of 

Wadi Yabsah with Wadi H am is  located in  the downstream side of Wadi Ham Dam and 

consequently do not contribute to the storage accumulated behind the Ham Dam. 

On the other hand, Wadi AI-Farfar constitutes a part of the catchment to Wadi Ham 

Dam. It includes a small sub-tributary, cal led Wadi Mimduk, which i t  confluences with at 

Al-Farfar. The confluence runoff of these two wadis flows north of Jabal Ruham and 

subsequently confluences with Wadi Ham about one ki lometer upstream of the Ham 

Dam. The total catchment area fonned by Wadi Ham and Wadi AI-Farfar is 

approximately 1 95 km2 (Fig. 3 .3 ) .  This  represents the actual surface water catchment to 

the Ham Dam to be considered in the simulation of the surface runoff to the Ham Dam as 

described in Chapter four. 
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Figu re 3. 1 .  IRS true-color, 5 m resolution remote sensing image of Wadi Ham. 
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3 . 1 .2 Wadi Ham dam and reservoi r  

The Wadi Ham Dam is  located approximately 8 , 5  km to the west upstream from the coast 

at Fuj airah, It was constructed by the Ministry of Agriculture and Fisheries (MAF) in 

1 982 to act as a recharge dam intercepting flash floods caused by rapid runoff from 

rainfal l  e ents within the Wadi Ham surface water catchment. 

The Ham Dam is built upon wadi gravel deposits, which overl ie l i thologies 

belonging to the Samai l Ophiol i te Strata, on an alti tude of 75m amsl .  The average height 

of the dam is  1 6  m with its crest at an average elevation of 88 ,S  m amsl and the crest of 

spi l lways is  at 84 ,S m amsl (Electrowatt, 1 98 1 ) , 

At the dam site the wadi i s  crossed by a ridge of rock outcrops which runs 

perpendicUlar to the flow direction of the wadi ,  The complex structures compri sing the 

dam (Fig, 3 . 4) make use of the ridge by fi l l ing in the gap between a h i l l  c lose to the 

Highway ( left abutment) and a group of hi l ls  at the right hand side of the wadi (right 

abutment) , The complex of structures consists of (Electrowatt, 1 98 1 ) : 

Main Dam: baring the riverbed of Wadi Ham ,  

North Dam: forming the left wing of the structure to protect the highway, 

South Dam: separated from the two other dams by a series of smal l h i l ls  comprising 

the two spi l lways, 

Spillways: which have to work for major floods and of two outlets, 

Outlets: of the reservoir which are the bottom of the right abutment. 

The retention-elevation curve shows the fol lowing (ESCWA, 1 997) :  

The lowest point of the reservoir area i s  at 72 m amsl and the recording gauge 

zero is at 74, S  m amsl .  

At "lake" elevation of 82 m amsl, the volume of water stored in the reservoir is 

about 2 m i l l ion cubic meters (MCM),  

At elevations 83 m amsl and 84 m amsl, the storage is about 3 MCM and 4 MCM, 

respectively, With the reservoir  area of about one square ki lometers, the storage 

is approximately one MCM in each one meter of elevation, 
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3.2 Geology of Wad i Ham 

In general, Wadi Ham area is dominated in i ts  upper part by the Masafi mOlmtains and by 

al luvial plains in its lower part (Fig. 3 . 5 ) .  Wadi Ham initiates in the Masafi mountains 

\ here it i s  deeply incised forming narrow val leys which lead downward to al luvial plains. 

The Masafi mountains belong to the Samail formation which compri ses rock of prevai l ing 

ultrabasic and basic composition (Ophiol ite sequence). The wadi fol lows a major 

composite shear zone within the Samail complex and the rocks in the wadi area are 

therefore much fractured and tectonized. 

The Ophiol ite sequence rocks outcrop on the wadi valley sides and as smal l isolated 

hi l ls, such as the ones between the main dam, spi l lway and south dam. Electrowatt ( 1 98 1 )  

described the rock material as being typically medium grained gabbro and fine to medium 

grained diorites. The surface of h i l l s  i s  generally covered by tal lus material consisting of 

angular rock components with si l t  and sand. At outcrops these volcanic rocks have been 

extensi ely weathered. 

The al luvial plains contain basical ly gravels, cobles and boulders belonging to 

recent Pleistocene. S i l t and sand content is often remarkable.  The Wadi gravels compri se 

poorly sorted sub-rounded to sub-angular gravel .  Sand content within the gravels i s  often 

very high and clast size ranges from si l t  grade up to boulder sized material .  Erosion 

presumably  had already started in Paleocene times and progressively drowned the pre

Paleocene rel ief and resulted in narrow valleys with flat gravel floors. 

The gravels are typically composed of basic igneous c lasts with other c lasts of very 

well cemented sandstone and conglomerates. E lectrowatt ( 1 98 1 )  subdivided them into 

recent gravels, being sl ightly si lty sand gravel with some cobbles; young gravels, which 

are si lty sandy gravels with many cobbles and boulders, and finally old gravels, which are 

s i l ty sandy gravels with many cobbles and boulders which are weathered and cemented. 

3 . 3  C l i matology of Wad i H a m  

The catchment to  the Ham Dam and the general area l ies within the hot arid desert 

c l imatic zone. Evaporation rates are very high in the region of Wadi Ham due to the 

prevai l ing arid c l imatic conditions that dominates the Eastern Region of the UAE. 
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Evaporation rates in the Eastern Region of the UAE are measured using class-A 

e aporat ion pans at di fferent c l imate stations. Three of these c l imate stations are instal led 

\vithin the Wadi Ham area, namely, the c l imate stations at Dibba, Masafi and Kalba. The 

detai l s  of these stations are presented in Table 3 . l .  

Table 3. 1 .  MAF cl imate stations detai l s  (after Entec, 1 996) 

Climate Length of Evaporation 
Elevation,  m (AMSL) Station Data Record 

Dlbba Oct. 1 973 - Present 1 0  

Ma afi Jan. 1 974 - Jan. 1 985 450 

Kalba Oct. 1 967 - April 1 985 1 5 .0 

Mean evaporation rates vary seasonal ly with average yearly mean evaporation rates 

in the order of 1 0  mm/day at the three stations. Entec, 1 996 conc luded that values at 

Masafi are generally lower in the winter and higher in the summer than the two coastal 

stations at Dibba and Kalba which have similar values throughout the year. 

Rainfal l  is very low in comparison to the high levels of potential evapotranspiration 

and there is a large net deficit between the two. The net precipitation input to the Wadi 

Ham is solely via rainfal l .  Rainfal l  is low and variable and is general ly associated with 

'frontal' movements across the northern parts of the UAE. During the winter period of 

ovember to March,  i rregular rainfal l can be caused by depressions originating in the 

eastern Mediterranean and moving across the Arabian area. Summer months of June to 

September tend to be typi fied by easterly winds with spasmodic rainfal l  occurring along 

the inter-tropical convergence zone where it crosses the land mass from the Indian Ocean . 

Rainfal l  during the winter months is usual ly much heavier (Entec, 1 996). 

Rainfal l  i s  the primary input vector of the hydrologic cycle and is  a major input in 

any hydrologic model ing work. Rainfal l  varies great ly in both time and space. The 

variabi l ity can be visual ized by analyzing rainfal l records of different gauging stations. 

The variabi l i ty in space is addressed by studying the rainfal l  areal distribution and the 

variabi l i ty in time is addressed using statistical analysis of historical records. 

Comprehensive analyses of rainfal l  data of Wadi Ham are presented in what fol lows. 
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3.4 Rai nfa l l  Analys i s  

Rainfall is the primary input to  the hydrologic budget and thus i t  is essential to  study and 

critically analyze the avai lable historical records of rainfall in Wadi Ham .  Rainfall is 

measured at a number of MAF Rainfal l Recording and Cl imate Stations in and around the 

catchment area of the Wadi Ham. The stations are located at Bi thna, Farah, Fujairah, 

Jebel han11ah, Masafi and S ifuni . Rainfall data exists for these stations for variable 

periods dating back to 1 967.  The locations of these stations in relation to the surface 

water catchment of Wadi Ham are shown in Figure 3 .6 .  The station detai ls are l isted in 

Table 3 .2 .  

Table  3 .2 .  MAF rainfall recording stations detai ls (after Entec, 1 996) 

Rainfall Recording Installation 
Elevation, m (AMSL) 

Station Date 

Bithna Apri 1 l 97 1 1 90.0 

Farah May 1 980 220.0 

FUJairah October 1 967 1 0 .0 

Jebel Sharmah January 1 98 1  4 1 0 .0 

Masafi Climate St. October 1 965 450.0 

Sifuni August 1 976 3 3 5 . 0  

For most hydrologic analyses, i t  i s  important to know the areal distribution of 

precipitation. Usual ly, weighted average depths for representative portions of the 

watershed are determ ined and used for this purpose. Methods of calculat ing areal rainfal l  

averages include the arithmetic average of gauged quantities, the isohyetal map method 

and the Thiessen polygon method. The ari thmetic average may be incorrect if the 

precipitation is nonuni form and the stations are unevenly distributed within the area. 

The isohyetal method i s  general ly considered to be the most accurate method for 

computing the average areal rainfal l  over a drainage basin (Singh, 1 992). This method is 

accompl ished by drawing contours of equal rainfall ( isohyetal map) and the area enc losed 

between each two successive contours ( isohyets) is considered representative of these two 

isohyets. However, the number of raingauges avai lable in Wadi Ham is not sufficient to 

develop such an isohyetal map .  
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In this study the Thiessen polygon method has been used. This method is  

accomplished by connecting adjacent stations on a map by straight lines and erecting 

perpendicular bi sectors to each connecting l ine. The polygon formed by the perpendicular 

bisectors around a station encloses an area that i s  everywhere closer to that station than 

any other station. This area is assumed to be best represented by the rainfall depth at the 

enclosed stat ion (Linsley et al., 1 992). The average areal rainfall is the sum of each 

individual station depths, each multipl ied by its weight where the weight of a station is 

the ratio of i ts representat ive area to the total catchment area. 

The appl ication of this method (Fig. 3 . 7 )  has shown that the representative areas for 

only three of the avai lable raingauges fal l  within the catchment of Wadi Han1 and thus the 

areal average depth is the sum of weighted depths of these three representative gauges. 

These are gauges at B ithna, Masafi, and Farah stations with weights of 0.438, 0.23 1 and 

0 .33 1 respectively. The complete data of total monthly rainfal l  depths measured at each 

of these three stations and the Thiessen areal rainfal l  average depths are presented in  

Appendix A. Al l  the analyses presented hereinafter are based on the Thiessen areal 

rainfal l  average depths. 

3.4.1  Statist ical  a n alys is of rai nfa l l  data 

Many hydrologic processes are so complex because of their inherent randomness that 

they can not be interpreted and explained on a deterministic basis .  The alternative is to 

analyze and explain them in a probabi listic sense. The information to investigate these 

processes is contained in records of hi storical hydrologic observations. 

Methods of stat istical analysis provide ways to reduce and summarize observed 

data, to present information i n  precise and meaningful forn1, to determine the underlying 

characteristics of the observed phenomena, and to make predictions concerning future 

behavior. Statistical analysis deals with methods for drawing inferences about the 

popUlation based on examination of sample values from the popUlation. The inferences 

include information about the central tendency, range, distribution with in the range, 

variabi l i ty around the central tendency, degree of uncertainty, and frequency of 

occurrence of values (Viessman and Lewis, 1 995) .  
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These inferences are expressed in terms of distribution parameters including mean, 

standard de iation, range and coefficient of variation (variance), skewness coefficient and 

coefficient of asymmetry. The sample mean measures the central tendency of a given data 

set. The standard deviation and variance measure the di spersion of sample values around 

the mean. The skewness coefficient or coefficient of skewness measures the asymmetry 

of the frequency distribution of the data. The skewness coefficient has an important 

meaning since it gives indication of the symmetry of the distribution of the data. 

Symmetrical frequency distributions have very smal l or negl igible sample skewness 

coefficient (Cs) while asymmetrical frequency distributions have either positive or 

negative coefficients. A small value of Cs often indicate that frequency distribution, of the 

sample, may be approximated by the normal distribution function since Cs = 0 for tlus 

function. 

The coefficient of excess kurtosis measures the peakedness or the flatness of the 

frequency distribution near its centre. The positive value of an excess coefficient indicates 

that a frequency distribution is more peaked around its centre than the normal 

distribution. The negative value of an excess coefficient indicates that a given distribution 

is more flat around its centre than the normal . 

The statistical analyses of mean monthly, total annual and one day annual maximum 

rainfal l  for Wadi Ham were carried out . Total annual rainfal l in  the Wadi Ham ranges 

from 8 mm to 499 mm. Mean annual rainfal l  estimated for 23 years is 1 54 rnn1 with 

standard deviation of 1 23 mm, excess kurtosis of 1 . 36 and coefficient of asymmetry of 

1 . 1 8 . The probabi l ity of occurrence of 75% and 50% normal (mean annual) rainfal l  were 

estimated as 47 and 6 1  percent, respectively. It implies that the distribution of rainfall in  

Wadi Ham i s  rughly scattered and not dependable on annual basis .  

Rainfal l  distributed from January to December with maximum occurring during the 

months of February and March and also about 50% of total annual rainfal l  normally 

occurs during these two months. Monthly rainfal l values range from 0 to 1 98 mm, mean 

monthly  varies from 1 mrn to 42 mm with variation of standard deviation from 2 mrn to 

62 mm. The monthly standard deviation exceeds the monthly average precipitat ion and 

reveals that year-to-year monthly variation in precipitation is quite extreme in the area. 
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One day annual maximum rainfal l values range from 1 2- 1 3  7 mm with mean of 50 

mm, standard deviation of 34 mm , excess kurtosis of 0.69 and coefficient of asymmetry 

of 1 .06 . The probabil ity of occurrence of 75% and 50% of mean rainfall were 58 and 79 

percent, respectively. The statistical results are l isted in the Table 3 . 3  and Table 3 .4  and 

presented graphically in Figure 3 . 8  and Figure 3 .9 .  

T a b le 3.3.  Statistical values of mean monthly  rainfal l distribution in  Wadi Ham 

Month 
Rainfall Range Mean % of Normal S.D 

(mm) (mm) Rainfall (mm) 

October 0-74 6 4 1 6  

ovember 0-33 7 4 1 0  

December 0- 1 78 1 7  1 1  3 8  

January 0- 1 1 1  20 1 3  26 

February 0- 1 98 42 27 62 

March 0- 1 29 3 7  24 47 

Apri l 0-54 1 1  7 1 7  

May 0-28 3 2 8 

June 0-8 1 1 2 

July 0-72 5 3 1 5  

August 0-23 2 2 5 

September 0-7 3 2 5 

Table 3.4. Statistical values of annual rainfall distributions i n  Wadi Ham 

Rainfall 
Mean S.D 

Coefficient. Probability of Probability of 
range 

(mm) (mm) Kurtosis of Occurrence of Occurrence of 
(mm) Asymmetry. 75% normal 50% normal 

Total An n u a l  Rai nfal l  Distribution 
8-499 1 54 1 23 1 .36  1 . 1 8  47 6 1  

One Day An n u a l  Max i m u m  Ra i nfal l  Distribution 
1 2- 1 3 7 50 34 0.69 1 .06 5 8  79 
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3.4.2 F req uency analys is  of ra i nfa l l  data 

The statistical analysis presented in  the previous section is  used to describe the rainfal l  

data. Frequency analysis i s  performed to determ ine the frequency of the l ikely occurrence 

of hydrologic events. The hydrologic data to be analyzed for frequency analysis should be 

treated in l ight of the length of record. As a general ru le, frequency analysis is cautioned 

when working with records shorter than 1 0  years and in estimating frequencies of 

expected hydrologic events greater than twice the record (Viessman and Lewis, 1 995) .  

Frequency analysis i s  defined as the investigation of population sample data to 

estimate recurrence or probabi l i t ies of magnitudes of hydrologic variables. The frequency 

of a hydrologic event i s  the probabi l i ty that some value of discrete variable wi l l  occur or 

some value of a continuous variable  wi l l  be equaled or exceeded in any given year. The 

latter is more appropriately called the exceedance frequency but is often termed the 

frequency (Viessman and Lewis, 1 995) .  The frequency is a probabi l ity and has no units of 

measure. The reciprocal of the exceedance frequency is the return period in years. 

Frequency analysis of a hydrologic event is performed by fitting a theoretical frequency 

distribution to the historical data of the event. Many standard theoretical distributions 

have been used to describe hydrologic processes. These i nc lude, among others, Normal 

Distribution, Log-nomlal D istribution, Pearson type I I I  Distribution, Log-Pearson type I I I  

D istribution and Gumbel's Extremal Distribution. 

It should be emphasized that any theoretical distribution IS not an exact 

representation of the natural process but only a description that approximates the 

underlying phenomenon and has proved useful in describing the observed data. For 

example, the sum of a number of independent random variables is often found to be 

normal ly  distributed l ike annual rainfal l  which is the sum of the dai ly rains each of which 

is viewed as a random variable. Examples of variables that have been known to follow a 

log-normal distribution include dai ly, monthly and annual precipitation and runoff 

volumes (Viessman and Lewis, 1 995) .  Two methods are commonly used for fitting a 

theoretical d istribution to the observed data, namely, the graphical method and the 

frequency factor method. The graphical method has the advantage of simplic ity and 

visual presentation and has been adopted for the analysis of rainfal l data of Wadi Ham. 
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This  method in  olves fitting of an assumed probabil ity distribution to observed 

data. The sample data are arranged in descending order of magn itude and each data point 

is assigned a rank starting with 1 for the highest value , 2 for the second highest value, 

and so on, and the lowest value wi l l  have a rank of 11 . This  arrangement gives an estimate 

of the exceedance probabi l ity (frequency), that is, the probabi l ity of a value being equal to 

or greater than the ranked value. The probabil ities of data poi nts are detennined from a 

plotting-position formula. Many plotting-position formulas are avai lable in  the l iterature. 

The most commonly used plotting-position formula in hydrology is the Wei bull formula 

(S ingh 1 992). The Weibul l  formula takes the form : 

P = � m N + l  
(3 . 1 )  

where Pm i s  the exceedance probabi l i  ty ( frequency) of the mth data point ( observed value) 

in the sample of N observations arranged in  descending order. 

The return period of the mth data point, T,II' is then : 

T =� = N + l  
m P m m 

(3 .2)  

The observed values and their exceedance probabi l i ty (frequency) are then plotted 

on a probabi l i ty paper corresponding to the assumed probabi l i ty distribution. The 

objective of using the probabi l ity paper is to l inearize the distribution so that plotted data 

can be represented by a straight l ine. Several theoretical distributions plot as straight l ines 

on special graph paper developed for use with equations (3 . 1 )  and (3 .2) .  For example, a 

probabi l ity paper with an arithmetic scale ordinate and a logarithmic  scale probabi l i ty 

abscissa is  used to evaluate whether a Normal Distribution is  approximated by the data. A 

straight l ine plot would ident ify a Normal Distribution. The same paper but with a 

logarithmic scale as the ordinate tests the apparent fit to a Log-norn1al Distribution 

(Viessman and Lewis, 1 995) .  

Frequency analysis of one day annual maximum rainfal l  and total annual rainfal l  

data of Wadi Ham has been performed using Weibul l  formula for calculating frequencies 

and return periods. D ifferent trials have been made to fit the data using probabi l ity papers 

corresponding to d ifferent theoretical distributions. The Normal Distribution was found 

perfectly fitting (R2 = 0.99) with the observed data (Fig. 3 . 1 0) and (Fig. 3 . 1 1 ) . 

54 



Annual rainfall  

800 

700 _. 

600 

E 
E 500 

.: 

� 400 

c 
300 � 
200 

1 00  

0 

-------
l� � I , r-.... y = - 1 50.59Ln(x) + 696.67 ..... 

R2 = 0 9908  � i'--r--........ -...... .......... . 
N ....... 

I I I I I � � ..... � 
1 0  

Probabi l i ty of exceedance in  pe rcent 

Figure 3. 1 0. Normal di stribution fit of total annual rainfal l  versus frequency. 

250 

200 
-E E 150 -
(ij .... 
t: 100 
111 
e:: 

50 

o 

, 

1 

One Day Maximum An n u a l  ra infall 

------r-.-� 
� 

.......... -r--. -
� ....... 

y = -4D.472Ln(x) + 201 .94 � � R2 = 0.9805 • 
r-...... • .... � � � � 

10 

Exc e e d a n ce probabil ity i n  pe rce n t  

It.. 

1 00  

� 

100 

Figure 3. 1 1 . Normal distribution fit of one day maximum annual rainfal l  versus 
frequency. 

55  



The model for estimation of total aJU1ual rainfall for the corresponding frequency is :  

Total Annual Rainfall = - 150. 59 Ln(P) + 696. 6 7  (3 . 3 )  

The model for est imation of one day annual maximum rainfal l  i s :  

One Day Annual Maximum Rainfall = - 40. 4 72 Ln(P) + 201. 94 (3 .4) 

Rainfal l  for di fferent probabi l i t ies for one day annual maximum and total annual 

rainfal l  can be extracted from probabi l i ty graphs by interpolation and/or extrapolation. 

For total aJU1ual rainfal l ,  the probabi l i ty of occurrence of 75% and 50% of mean rainfall 

were 47 and 6 1  percent respectively. For one day annual maximum rainfal l ,  the 

probabi li ty of occurrence of 75% and 50% of mean rainfal l  were 57 and 79 per cent, 

respectively. These results along with relatively high standard deviation indicate highly 

scattered and inconsistent nature of rainfal l .  

Total annual rainfal l  and one day annual maximum rainfal l data were plotted against 

return periods and found fit to Normal D istribution (Fig. 3 . 1 2) and (Fig. 3 . 1 3 ) .  The 95% 

confidence interval values were also plotted on the same graph. A value of the variate 

estimated from probabi l ity distribution for a given return period is usual ly in error due to 

l imited sample size. The confidence interval indicates the l imits about the estimated 

values within which the true value is contained with a spec ific probabi l i ty. A 95% 

confidence i nterval indicates the l imits corresponding to an error of 5%. Usually an error 

of 5% is considered acceptable (Singh, 1 992; Helsel and Hirsch, 2000). The expected 

rainfal l depths corresponding to different return periods were extracted by interpolation 

and/or extrapolation and presented in  Table 3 . 5 .  

Table 3.5. Estimated return periods of  annual rainfal l  

Return Period Estimated Rainfall (mm) 
(Years) Total Annual One Day Annual maximum 

2 1 1 8 44 

5 253 8 1  

1 0  3 5 5  1 09 

25 490 1 46 

50 592 1 74 
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The estimated total annual rainfall for the two years return period is 1 1 8 rnnl and for 

50 years return period is  about 592 mm. The model for the estimation of total annual 

rainfal l for the corresponding return period is :  

TotaL Annuaf Rainfall = 1 4 7. 2  Ln(T) + 1 6. 402 (3 . 5 )  

The observed values are within the 95% confidence interval of the fitted values with 

coefficient of detem1ination about 0.98 .  In other words 98 percent of the original 

infomlation about total annual rainfall is included in the estimated rainfal l .  

The estimated one day annual maximum rainfal l  for the two years return period is 

44 mm and for 50 years return period is  about 1 74 mm . The model for the estimation of 

one day annual max imum rainfal l  for the corresponding return period is given by: 

One Day A nnual Maxim urn Rainfall = 40. 4 72 Ln (T) + 1 5. 562 (3 .6) 

The observed values are within the 95% confidence interval of the fitted values with 

coefficient of detem1 ination about 0 .98 .  
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CHAPTER FOUR:  

S U R FACE WAT E R  ASS E S S M E N T  AN D M O D E L I N G  

4. 1 Prologue 

Wadi Ham l ies within the hot arid desert c l imatic zone. The catchment to Wadi Ham Dam 

is dominated by the Masafi mountains belonging to the Samai l formation (Ophiol ite 

sequence). The drainage stream network of Wadi Ham is  a dendri tic system (Fig. 4 . 1 ) . 

Over the years surface water flow affected the surface geometry through the process of 

erosion resulting in numerous channels with steep slopes. The smal l cham1els join into 

higher-order streams; eventually form the main wadi course. The main wadi course starts 

in the mountains immediately south and south east of Masafi . It is deeply incised in its 

upper portion due to high flow velocities. It opens out to a broad wadi floor upstream of 

the dam consisting of al luvial gravels and boulders of various sizes deposited as a result 

of the reduced flow velocities. The catchment to Wadi Ham Dam includes the catchment 

of Wadi AI-Farfar tributary which confluences with Wadi Ham about one kilometer 

upstream of the Ham Dam .  The total catchment area formed by Wadi Ham and Wadi AI

Farfar i s  approximately 1 95 km2 (Fig. 4 . 1 ) . 

4.2 Analys i s  of S u rface Wate r R u noff 

The net precipitation input to Wadi Ham is  solely via rainfal l .  Rainfal l events often occur 

as infrequent, short duration and high intensity storms. Due to low porosity and 

permeabi l ity of the prevai l ing igneous and metamorphic rocks, the surface layer of the 

mountainous region is  unable to infi ltrate the incident rainfall ,  resulting in precipitation 

excess and surface water runoff that propagates rapidly through the watershed. Therefore, 

large amount of rainwater occurs as surface runoff or flash flood events . The surface 

water flow starts usually at the mountainous region near Masafi, moves south easterly 

through Wadi H am course, passes by B ithna and eventual ly ponds behind Wadi Ham 

Dam. The surface water col lected by Wadi AI-Farfar system flows separately through 

Wadi AI-Farfar course and its sub-tributary, Wadi Mimduk, and joins Wadi Ham 

upstream of the Ham Dam. 
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The Wadi  Ham system is subject to flash flooding from large rainfall events. 

Estimates of flood volumes accumulated at the dam site have been recorded by the MAF 

since the construction of the dam in 1 982 .  However, critical evaluation of rainfall data 

and recorded flood volmnes has shown that some flood events have not been recorded 

and sometimes the estimated volumes are not accurate. The max imum recorded storage at 

Wadi Ham Dam is  7 .50 MCM in February 1 988 .  The numbers of flood storages observed 

and recorded at the Wadi Ham Dam over the period since the construction of the dam in 

1 982 up to 2003 are presented in  the Table 4 . 1 .  Flood flow takes place general ly in the 

winter months of February March and Apri l .  However, isolated and heavy flows have 

been observed in the other months especially in November and December. The average 

number of floods per year is l . 3 .  

Table 4. 1 .  Occurrence of  flood events over the years 1 982 to  2003 

I Month I Number of Flood Events I 
January 0 

February 6 

March 9 

April 5 

May 0 

June 0 

July 0 

August 0 

September 0 

October 1 

November 3 

December 4 

Wadi Ham surface water flows have been measured at a MAF flow gauging station 

at the approximate grid reference (423208E, 2784299N). The location of this station is 

shown in Figure 4 . l .  The gauge was located below Bithna Weir to measure surface water 

flows for the portion of the catchment that l ies upstream of Bithna weir. The catchment 

area to the flow gauge is approximately 9 l . 5 km2 . The observed surface water flows were 

measured by using a rating curve procedure (stage-discharge curve) .  
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Surface \ ater flow data for this station e ists from 1 979 to February 1 990 when the 

gauging station was destroyed in a flood and has not been reconstructed . The complete 

discharge records on a dai ly basis as well as the total monthly flow are l i sted in Appendix 

B .  The avai lable data are analyzed hereinafter in order to detect variations in surface 

\ ater flow on yearly and monthly basis .  The total annual flow volumes are l isted in Table 

4.2. Annual and monthly flows are also presented graphically in Figures 4.2 and 4 .3 .  

Table  4 .2 .  Total annual flows for Bitlma flow gauge ( MAF 1 980- 1 989) 

I Meteorological Year I Flow (MCM/year) I 
1 979 - 1 980 0 .3234 

1 9 0 - 1 98 1  0.0592 1 

1 98 1  - 1 982 1 3 .063 8 

1 982 - 1 983 3 . 6428 

1 983 - 1 984 0.080 

1 984 - 1 985 0.0 

1 985 - 1 986 0.0 

1 986 - 1 987 0 .634 1 7  

1 98 7  - 1 988 7 . 1 280 

1 988 - 1 989 0 .530 

Average 2 .546 1 3  

Critical evaluation of surface water flow data and rainfal l data has shown that flash 

flooding nonnally results from large rainfal l  events with a very large proportion of runoff 

passing through the system very rapidly. Most flood events are over within a relatively 

short period of time, with many being over in less than a day. The flow data shows the 

volume of gauged flow to be extremely variable  reflecting the intenni ttent nature of the 

rainfall events discussed in Chapter 3. Gauged flows vary considerably from year to year 

and range from a maximum recorded dai ly flow of 5 . 3557  MCM/day on 1 7/02/ 1 988  to 

complete calendar years with no flow at al l  such as 1 985 and 1 986. Average yearly total 

discharge from the avai lable data for Bitlma flow gauge is 2 .546 1 3  MCM/yr. 

It should be emphasized, however, that Wadi H am Bithna Flow Gauge measures 

flow from only part of the surface water catchment to the Ham Dam. The catchment to 

the flow gauge is approximately 9 1 . 5 km2 
compared to 1 95 krn

2 to the Ham Dam. This 

does not include neither any of the flow being fed down by Wadi Ham itself nor the 

whole catchment of Wadi AI-Farfar system (Fig. 4 . 1 ) . 
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o measurements are a ai lable for the surface water flow drained by the whole 

catchment of Wadi Ham. The only recorded data are the total accumulated volume at the 

dam site and even these are not complete and vo lumes of some flood events are missed. 

Entec ( 1 996) estimated the volume of storage at the dam site by scal ing up the flow 

volw11es measured at Bi thna gauge to the whole catchment area assuming the runoff 

volume to be directly proportional to the catchment area. However, major flood events 

\J ere encountered after destruction of Bithna flow gauge l ike the ones occurred in 

February 1 990 and December 1 995 .  

In th is  study, efforts have been made to establ i sh relationship between annual 

rainfal l  and storage volume  at the dam site. However, no consistency was noticed 

between the arumal rainfal l  and the storage volume on the annual basis .  For proper 

assessment of the Rainfal l-Runoff process and the runoff yield, a Precipitation-Rlmoff 

model has been appl ied to the Wadi Ham catchment. A systematic analysis of intensity 

and duration of storm with flooding was performed. 

The US Army Corps of Engineers' (US ACE) Hydrologic Modeling system (HEC

HMS)  package was used to generate runoff yields and flood hydro graphs at dam site. An 

overview of the main features of the software and the model ing work are presented in the 

fol lowing sections. 

4.3 The Hyd rologic Mode l i n g  System (H EC-HM S).  

The Hydrologic Modeling system (HEC-HMS) is  a software that was developed at  the 

Hydrologic Engineering Center (HEC) of the US Army Corps of Engineers. It is designed 

to simulate the precipitation-runoff processes of dendri tic  watershed systems. H EC-HMS 

provides a variety of options for simulating precipitation-runoff processes. I t  i s  designed 

to be appl icable in a wide range of geographic areas for solving the widest possible range 

of problems.  This inc ludes large river basin water supply and flood hydrology, and small 

urban or natural watershed runoff. Hydrographs produced by the program can be used 

directly or with conj unction with other software for studies of water avai labi l i ty, urban 

drainage, flow forecasting, future urbanization impact, reservoir spi l lway design, flood 

damage reduction, floodplain regulation, and etc (USACE, 200 1 ) . 
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4 . 3 . 1  H E C -H M S  components 

HEC-HMS employs an easy-to-use Graphical User Interface (GUI) that allows 

manipu lation of hydrologic elements hydrologic data entry and organization of the 

components, which make up each hydrologic model ing task (project) .  In H EC-HMS, a 

project consists of three separate components: the Basin Model, the Meteorologic Model,  

and the Control Specifications. 

The Basin Model 

The physical representation (conceptual model) of watersheds or basins and rivers is 

configured in the basin model . It contains the basin and routing parameters of the model 

as well  as connectivi ty data for the basin .  Hydrologic elements are connected in a 

dendritic network to simulate runoff processes. HEC-HMS provides a variety of models 

to represent each component of the runoff process and these are l isted in Table 4 .3 .  

Avai lable hydrologic elements are: subbasin, reach, junction,  reservoir, diversion,  
source, and sink. Computation proceeds from upstream elements in a downstream 

direction. Subbasins represent the physical areas within the basin and produce a dis

charge hydro graph at the outlet of their respective areas. The hydrograph produced is 

calculated from precipitation data minus the losses. 

L oss rates are simulated by one of loss models (Table 4 .3 ) .  The resulting 

precipitation excess is transfonned using a direct-runoff model (Unit Hydrograph 

methodology) to compute runoff at the out let (Table 4 .3 ) .  The computed runoff at the 

outlet is then added to baseflow which is simulated using one of the available baseflow 

models .  No baseflow is also an option, as in  simple hydrologic models over short time 

periods or h ighly urbanized basins with channels, baseflow can usually be neglected. The 

resulting runoff is routed through reaches using one of the routing models avai lable .  A 

junction represents a point where two reaches are joined. 

The effect of adding a detention pond to a basin can be modeled by using a 

reservoir. A reservoir stores the inflow from upstream elements and produces an outflow 

hydrograph based on a monotonically increasing storage-outflow relationship.  A reservoir 

can be entered with one of three possible types of relationships: storage vs. outflow; 

elevation vs. storage vs. outflow; or elevation vs. area vs. outflow. The inflow entering 
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the reservOir must be contained with the m1l1Imum and maxImum value of the data 

entered. The user must also select an initial condition of storage, elevation, outflow, or 

select inflow equal to outflow. 

Table 4.3. Models included in HEC-HMS (US ACE, 2000) 

I Model I Categorization I 
R u noff-Vol u m e  Models (Losses M odels) 

Initial and constant-rate event, lumped, empirical, fitted parameter 
CS curve number (CN) event, lumped, empirical, fitted parameter 

Gndded SCS CN event, distributed, empirical, fitted parameter 
Green and Ampt event, distributed, empirical, fitted parameter 
Deficit and constant rate continuous, lumped, empirical, fitted parameter 
Soil moisture accounting (SMA) continuous, lumped, empirical, fitted parameter 

Gridded SMA continuous, distributed, empirical, fitted parameter 

Direct-ru noff models(Runoff Transform M odels) 

User-specified unit hydro graph (UH) event, lumped, empirical, fitted parameter 
Clark's UH event, lumped, empirical, fitted parameter 

Snyder 's UH event, lumped, empirical, fitted parameter 
SCS UH event, lumped, empirical, fitted parameter 

ModClark event, distributed empirical, fitted parameter 
Kinematic wave event, lumped, conceptual, measured parameter 

Baseflow models 

Constant monthly event, lumped, empirical, fitted parameter 

Exponential recession event, lumped, empirical, fitted parameter 

Linear reservoir event, lumped, empirical, fitted parameter 

Routing models 

Kinematic wave event, lumped, conceptual, measured parameter 

Lag event, lumped, empirical, fitted parameter 

Modified PuIs event, Jumped, empirical, fitted parameter 

Muskingum event, lumped, empirical, fitted parameter 
Muskingum-Cunge Standard Section event lumped, quasi-conceptual, measured parameter 

Muskingum-Cunge 8-point Section event, lumped, quasi-conceptual, measured parameter 

Confluence continuous, conceptual measured parameter 

Bifurcation continuous, conceptual, measured parameter 

Sources are elements that represent a discharge into the basin as an observed 

hydro graph or a hydro graph generated by a previous simulation . Sinks are elements that 

have an inflow and no outflow. The only inputs are the name and description of the sink. 

I t  may represent the lowest point of the drainage area or the outlet . Diversions represent 

abstraction of flow from the stream. Diversions have two "downstream" connections, one 

being the routed path and the other the diverted path . The user speci fies the diverted flow 

only, and whatever flow is not diverted wi l l  travel the main path. 
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In HEC-HMS, the basin model is merely a representation of the actual watershed 

( onceptual model), and the visual location and sizes of each element do not matter as 

long as the nwnerical data and connectivity are correct. A background map containing 

subbasin boundaries and streams can be entered from a GIS map file as a vi sual reference, 

but it is not used for any calculations. Figure 4 .4 shows standard H EC-HMS Basin Model 

\ indow showing a basin \ ith map file background. 

The Meteorologic Model 

The Meteorologic Model contains the precipitation data, either historical or hypothetical, 

for the H EC-HMS model and can even account for evapotranspiration. The options in 

historical precipitation inputs include hyetographs gauge weighting, and inverse-gauge 

weighting and capable of handl ing unl imi ted number of recording and non-recording 

gauges. Hypothetical precipitation data can be derived from frequency stOIDl and standard 

project storm (SPS) models. In addition HEC-HMS has the capabi l i ty to model gridded 

rainfal l ,  such as NEXRAD-estimated radar rainfal l .  

The Control Specifications 

The Control  Speci fications contains all the t iming information for the model , inc luding 

the start t ime and date, stop t ime and date, and computational t ime step of the simulation. 

A series of runs can be easi ly organized using this option with several different scenarios. 

4.3 .2  H E C - H M S  ru n n i n g  a n d  cal i bration 

The user may spec ify different data sets for each component within a project and then run 

the hydrologic simulation using d ifferent scenarios. For example, several Meteorologic 

Models representing d ifferent storms can be modeled using the same basin model and 

control spec ifications to compare the resulting flows. With several basin models saved in  

the same project, the effects of adding diversions and reservoirs to  a basin can also be 

modeled. 
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Figure 4.4. Standard HEC-HMS Basin Model window with map fi le background . 
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The parameter estimation and optimization function is  used to compare resulting 

hydrographs to observed hydrographs, so at least one element in the basin must have 

observed data. The program automatically estimates the parameters in order to find the 

best fit of the generated hydrograph to the observed one for one element . The program is 

run iterati ely unt i l  the user is satisfied with the objective function value. 

4.4 S i m u lation of R u n off Yield in Wadi Ham 

HEC-HMS has been appl ied to Wadi Ham system to simulate the surface water runoff 

resulted from various historical rainfal l events. To perfonn a rather accurate simulation of 

a historical flood event, i t  i s  a prerequisite to know the rainfal l  event pattern. Several 

rainfal l  charts of the B itlma rainfal l  recording gauge have been col lected from the MAF 

and rainfal l  patterns of several events have been extracted fornl these charts. In order to 

cal ibrate the model , some flood events between 1 979 and 1 989 have been simulated. 

Surface water flow records are available at the Bitlma flow gauge only during this period. 

The avai lable rainfal l  charts and recorded flow data were col lated and fou r  flood events 

ha e been selected for the simulation. Based on the avai lable data, these represent al l  

flood events that have both rainfall charts and observed flow data. The construction of the 

model and the simulation procedure are explained in what fol lows. 

4.4.1  The Basin  M odel  (conceptua l  model)  

The catchment of Wadi Ham was divided into five subbasins which are fonned naturally 

within the catchment (Fig. 4 . 5 ) .  The model of Wadi Ham was conceptualized using only 

4 of 7 hydrologic elements avai lable in  H EC-HMS basin model . Basin elements l ike 

reservoir, sources and diversions are omitted from the basin model as there are no such 

elements present in Wadi Ham. The model of Wadi Ham contained 1 1  hydrologic 

elements made up of 5 subbasins, 3 reaches, 2 j unctions and 1 sink. lunction-2 was set at 

the Bitlma flow gauge location and the sink was set at Wadi Ham Dam (Fig. 4 .5 ) .The 

catchment boundary, subbasin boundaries and stream network were del ineated and 

digi ti zed based on avai lable toposheets and remote sensing images using ArcView-GIS 

and AutoCAD softwares. Geometric data such as stream lengths, areas and centroid 

location were then measured and introduced to the model . 
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Figure 4.5. Wadi Ham B asin Model .  
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HEC-HMS pro ides se eral models for computing the loss rate (Table 4 .3) .  The 

CS (Soi l Conservat ion Service) curve number (CN) method has been selected for 

computing the loss rate for Wadi Ham model .  It i s  considered to be simple, predictable 

and stable method. It rel ies on only one parameter which varies as a function of soi l 

group, land use and treatment, surface condition and antecedent moisture condition which 

can be readi ly grasped and also well-documented environmental input (USACE, 2000). 

Init ial guesses of curve numbers (CN) values were set based on the values documented in 

the l iterature (USACE, 200 1 and Viessman and Lewis 1 995)  for conditions similar to 

that of Wadi Ham. 

Among the direct runoff models (transform models) available with HEC-HMS 

(Table 4 .3) ,  the Snyder Unit Hydrograph model has been selected for Wadi Ham model to 

convert excess rainfal l  into surface runoff. The Snyder UH method was developed based 

on the study of mountainous watersheds and uses watershed characteristics for estimating 

UH parameters. Snyder's UH model requires specifying of the basin lag time, tp, and the 

UH peahng coefficient, Cpo The basin lag time is computed using watershed 

characteristics as per the fol lowing equation: 

t = C (L x L  )0 3 p I C (4. 1 )  

where, 

C = basin coefficient in hours, 

L = length in m iles of the main stream from the outlet to the d ivide, and 

Lc = length in mi les along the main stream from the outlet to a point nearest to the 

centroid of the basin. 

L and Lc were delineated and measured based on the avai lable toposheets and 

remote sensing images. However, other parameters l ike C, and Cp were selected based on 

the values reported in the l iterature that C( typical ly ranges from 1 . 8 to 2 .2  and it has been 

found to vary in mountainous areas from 0.4 to 8 . 0  where steeper slopes tend to generate 

lower values. It i s  also reported that Cp ranges from 0.4 to 0 .8 ,  where larger values of Cp 

are associated with smaller values of C, (Viessman and Lewis, 1 995) .  

H EC-HMS offers various routing models (Table 4 .3 )  to route through reaches the 

runoff resulted from di fferent subbasins. Each of these models computes the downstream 
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hydrograph gi en the upstream hydrograph by solving the continuity and momentum 

equations. The lag model is the simplest of these models and requires only the lag time as 

the input. With the Jag model the outflow hydro graph is simply the inflow hydrograph, 

but with al l  ordinates translated ( lagged in time) by speci fied duration. The flows are not 

attenuated, so the shape is not changed. Other models use numerical ( finite difference) 

technique to approximate the continuity and momentum equations and solve for flows 

(USACE, 2000). These models simulate flows attenuation but require many input 

information including, among others, description of the channel (width, bed slope and 

cross section shape), energy loss parameters and boundary conditions (upstream, lateral 

and tributary inflow hydrographs). 

The selection of the routing model for Wadi Ham was made in l ight of the objective 

of the simulation. Because the simulation aims at computing volumes of surface water 

flow rather than the flow pattern, the lag model was selected. 

4.4.2 The Meteorologic Model 

The meteorologic model of Wadi Ham contained historical rainfall data from three 

rainfal l  gauges, namely, Masafi, B ithna and Farah rain gauges. The total storm rainfall 

depths for the four rainfal l  events selected for the simulation are l isted in Table 4 .4 .  

Table  4.4. Total storm rainfal l  depths, input to  Wadi Ham model .  

SN Storm date 
Depth (mm) 

M asafi Bithna Farah 

1 1 3 .02 . 1 982 1 20 1 48 1 58 

2 1 1 .02 . 1 983 45 1 05 .3 1 30 

3 30.03 . 1 983 62. 1  98 .8  107 

4 1 6 .02 . 1 988 1 48 . 1  1 6 1 .4 2 1 1 

The pattern (temporal distribution) of rainfal l  for each rainfal l  event was assumed to 

fol low the hyetograph pattern of B ithna recording rain gauge for that particular event. The 

hyetograph ordinates were extracted from rainfal l  charts recorded at Bi thna gauge. The 

hyetograph ordinates for the simulated events are l i sted in Appendix C.  
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The user gauge weighting method was selected to input total storm depths with 

recording (Bithna) and non-recording (Masafi and Farah) rain gauges. The Thiessen 

Polygon method was appl ied to ident ify representative gauges for each subbasin and 

gauge eights were computed. The number of rain gauges and their Thiessen weights 

considered for the subbasins are presented in Table 4 .5 .  

Table  4.5. User gauge weighting, input to Wadi Ham model .  

Area 
User Gauge Weighting 

Sub-basin (KInl) Rain gauge Thiessen Weight 

Masafi 1 .00 

1 3 1 .48 Bithna -

Farah -

Masafi 0.40 

2 47.67 Bithna 0 .60 

Farah -

Masafi 1 .00 

3 1 8 .75 Bithna -

Farah -

Masafi 0 .70 

4 30.08 Bithna -

Farah 0 . 3 0  

Masafi -

5 66.52 Bithna 0 . 3 5  

Farah 0 .65 

4.4.3 C ontrol s pecificat ions 

Time information for the simulated flood events were speci fied based on the 

historical flood events data. The control spec ifications for the model are l i sted 

in Table 4 .6 .  
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Table 4.6. Control speci fications input to Wadi Ham model , 
SN Starting date Starting Time 

I 1 3 .02. 1 982 06:00 

2 1 1 .02. 1 9  3 04:00 

3 30.03 . 1 983 1 4 :00 

4 1 6.02. 1 9  8 1 6 :00 

4.4.4 Model cal i bration a n d  resu lts 

Ending Date Ending Time Time Interval 

1 6.02 . 1 982 20:00 1 Hour 

1 2 .02 . 1 983 24:00 1 Hour 

06.04. 1 983 08 :00 1 Hour 

2 1 .02 . 1 988 20:00 1 Hour 

The model for Wadi Ham was calibrated against the historical surface water flow data 

recorded at the B ithna flow gauge. The model was init ial ly run using init ial guesses of 

basin parameters quoted from l iterature (USACE 200 1 and Viessman and Lewis, 1 995) 

as discussed previously. Several runs then have been performed and basin parameters 

\: ere adj usted by trial and error method to achieve best possible results comparable with 

the observed flow values. The final calibrated values used to produce the model results 

are l i sted in Table 4 .7 .  

Table 4.7. Basin parameters, input to Wadi Ham model . 

Subbasin Area 

(Kmy 
1 3 1 .48 
2 47.67 
3 1 8 . 75 
4 30.08 
5 66.52 

Reach (Rl) = 7.8 km, 
Lag = 1 00 min. 

.. Measured on Map 

+ Calibrated Values 

Calculated USing Equ 4. 1 .  

CN" C,+ C +  p 

68 0.5 0 . 7  
68 0 .5  0 . 7  
6 5  0 . 5  0 . 7  
6 5  0 . 5  0 .7  
65 0 .6  0 .7  
Reach (R2) = 6.0 km, 

Lag = 60 min . 

L Lc tp 

(km)* (km)* (hr)++ 

13 .9  4 . 5  1 . 2 1  
12 .7  6 1 .35 
8.2 4 . 5  1 . 19 

1 0 . 2  5 1 . 2 1  
19 .7  8 2 .00 

Reach ( R3) = 4.4 km, 
Lag = 60 min. 

It should be noted, however, that the calibration of the model has been performed to 

match the flow values observed at B i thna flow gauge which measures flow from only part 

of the surface water catchment to the Ham Dam. Junction-2 in the model was set at the 
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location of Bithna flow gauge for this purpose. The flow values produced by the model at 

Junction-2 ere compared with observed values and the model parameters were adj usted 

unt i l  best possible agreement was obtained.  Given the calibrated parameters, the model 

'V as then assumed to accurately produce total runoff yields at the dam site. The simulated 

ersus observed flow volumes at B ithna and the simulated flow volumes at dam site and 

from Wadi AI-Farfar system are l isted in Table 4 .8 .  

Table 4.8. Sim ulated flow volumes, output of Wadi Ham model. 

Bithna Gauge Dam Site Wadi AI-Farfar 

Storm date Simulated Observed 0/0 
Simulated Simulated % of Total flow flow flow flow 

(MCM) (MCM) Error (MCM) (MCM) Yield 

1 3 .02. 1 982 5 .0224 5 .3 8 8 1 23 6 .79 1 0. 863 4 .0747 37.5  

1 1 .02 . 1 983 1 .5 1 27 l .5 9 1 329 4.94 5 .0368 2 .5432 50 .5  

3 0 .03 . 1 983 1 . 7 1 24 1 .747948 2 .03 4 .3408 l .8464 42.5  

1 6.02. 1 988 6 . 5 449 6 .935626 5 .63 1 4.949 6.0694 40.6 

The model has shown good agreement with observed flow values. The simulated 

flow volumes were below the actual measured flow volumes for a l l  s imulated events. The 

percentage of error between simulated results and the actual measurements is ranging 

from 2 .03 to 6 .79 percent. The model has shown that Wadi AI-Farfar system has great 

contribution to the total runoff yield accumulated at the dam site. The percentage of the 

runoff yielded by Wadi Al-Farfar to the total runoff yield ranged from 37 .5  to 50 .5 

percent. Runoff hydrographs produced by the model are shown in  Figures 4.6 through 

4 .9 .  The hydrographs shows several peaks corresponding to the successive rainfal l storms 

provided to the model through rainfal l  patterns. The total flow times as simulated by the 

model agree with the recorded data with only one to two hours difference. 
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Figure 4.6. Runoff hydrograph at dam site for the storm on February 1 3 , 1 982 .  
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Chapter Five 

GROUNDWATER ASSESSMENT 
AND MODELING 



CHAPTER FIVE: 

G R O U N DWAT E R  AS S E S S M E N T  AN D M O D E L I N G  

5 . 1  P rologue 

Wadi Ham opens out to a broad wadi floor upstream of the dam consisting of al luvial 

gra els and boulders of various sizes deposited as a result of the reduced flow velocities. 

This al luvial deposits fonn a broad flat plain which covers the area between the Ham 

Dan1 and the Gulf of Oman. The plain starts about two ki lometers upstream of the Ham 

Dam \ here it co ers the retention area behind the dam and extends downstream where i t  

becomes more broader comprising the coastal plain area from north of Fujairah to south 

of Kalba (Fig. 5 . 1 ) . 

The al luvial deposits 111 this plain provide an important exploitable aquifer with 

moderate well  yields. Natural groundwater recharge is, however, very l imited in the arid 

c l imatic conditions that dominate Wadi Ham area and the UAB in general .  On the other 

hand, intensive groundwater extraction from the aqui fer, mainly for irrigation, has 

resulted in remarkable depletion of groundwater storage and caused problems of seawater 

intrusion and thus deterioration of groundwater qual i ty. 

One of the main technical options for conservation of groundwater resources is  to 

enhance aquifer recharge by artificial means. To that end, Wadi Ham Dam was 

constructed by the Ministry of Agriculture and Fisheries (MAF) in 1 982 to act as a 

retention dam intercepting flash floods caused by rapid runoff from rainfall events within 

the Wadi Ham surface water catchment. 

The dam helps to augment groundwater storage by art ificial recharge caused by 

surface infi ltration through the retention area behind the dam. The increase 111 

groundwater storage, in  tum, enhances groundwater quality and the rise of groundwater 

table levels fi ghts back the seawater intrusion. This chapter is devoted to assess the 

hydrogeology of Wadi Ham and groundwater conditions and provides quantitative 

assessment of the recharge from the dam using numerical modeling techniques. 
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Figure 5. 1 .  Al luvial plain of Wadi Ham. 
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5.2 Hyd rogeology of Wadi Ham 

Wadi Ham area is  dominated by alluvial plains in its lower part. The lower plain of wadi 

Ham is composed of recent Pleistocene wadi gravels which compri se the major aquifer 

system. This gravels plain is underlain by the rocks of the Samail formation (Ophiolite 

sequence) .  The degree of consol idation varies from recent uncemented sandy gravel with 

older better consol idated gra els to oldest well cemented gravel horizons. 

The hydrogeology has been investigated by a number of exploration boreholes by 

the Ministry of Agriculture and Fisheries (MAP). The locations of these observation 

boreholes are shown in Figure 5 .2 .  A number of very short pumping tests were carried out 

on borehole numbers BHF- I B  to BHF5 and BHF I O  to BHF 1 4. 

Detai ls of the individual boreholes and transmissivity values derived from these by 

Geoconsult and Bin Ham Ltd ( 1 985 )  and IWACO ( 1 986) in a series of well and summary 

reports are l i sted in  Table 5 . 1 (Entec, 1 996). The l i thology information of other wells 

which are not l i sted in Table 5 . 1 was taken from the study by ESCWA ( 1 997). 

The hydrogeology of the Wadi Ham plain area from dam site and Wadi Ham 

downstream of the dam to the Gulf of Oman can be c lassified into two units, namely, 

wadi gravels; and gabbro and diorite of the Samai l Ophiol ite. 

5 . 2 . 1  Wadi g ravels 

The wadi gravels form the major aquifer system in Wadi Ham plain. The gravels maintain 

a thick layer beneath the plain extending to Fuj airah with its thickness varies 

considerably. Beneath the main dam it averages from 1 5  m to 25 m in depth, whi le further 

down the Wadi it reaches a max imum of 99 m in depth. The minimum thickness of wadi 

gravels ( 1 5  m)  is  found at well  number B HF- 1 9  which is  in the area upstream of Wadi 

Ham Dam close to mountain series. The max imum thickness of wadi gravels (99 m) is 

observed at well number B HF- 1 4  which l ies downstream of Wadi Ham Dam in the area 

near the coast of the Gulf of Oman. 
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Figure 5.2. Locations of boreholes and observation wel l s  (after Sherif et aI. , 2004) 
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Table 5. 1 .  Explorat ion and groundwater observation boreholes construction and testing detai ls (after Entec, 1 996). 

Borehole Grid Reference 
Approx. Elevation 

Depth 
Number 

of Casing Top (rn, BGL) 
Easting Northing (m, AMSL)# 

B IIF I 429000 2778500 56.5 77.0 

BHF 1B 429600 2778675 58.5 80.0 

BHF 2 432250 2777500 28.5 70.0 

BHF 3 432900 2779800 13.5 102.0 

BHF 3A 432900 2779800 13.5 54.0 

BHF 4 433800 2776550 12.5 70.0 

BHF 4A 433800 2776550 12.5 30.0 

BHF 5 432950 2773400 16.5 30.0 

BHF 7 431000 2773550 27.5 40.0 

BHF 9A 430300 2777850 46.5 56.0 

BHF 9B 430300 2777850 46.5 84.0 

BHF I0 431800. 2780250 2 l .5 57.0 

BHF 11 430450 2781000 25.5 270.0 

BHF 12(R) 4 32200 2776070 26.5 204.0 

BHF 13 427800 2774900 82.5 75.0 

BHF 14 433900 2778750 9.5 113.0 

BHF 15(R) 428302 2778942 65.96/\ 60.0 

BHF 16(R) 428310 2777575 56.5* 62.0 

BHF 17A 433860 2776020 11.5* ---- -

BHF 17(R) 433860 2776020 11.5* -----

BHF 18(R) 431380 2778340 37.5* 47.0 

GWR No.6 432470 2778125 28.5* -----

# Assumes level of casing top is 1.5m above ground level (Source: MAF). 

1\ Leveled top of casing. 

* Estimated elevations 

Geology (rn, BGL) 
Pumping Pumping 

Transmissivity 
Test Test Zone 

(m2/d) 
Wadi Gravels Ophiolite Duration (m, BGL) 

0 - 66.0 66.0 - 77.0 ----- ----- -----

0 - 57.0 57.0 - 80.0 40 mins. 52.0 - 76.0 29.5 

0 - 54.0 54.0 - 70.0 4 hours 34.0 - 68.0 1200 

0 - 63.0 63.0 - 102.0 50 mins. 29.72 - 82.82 -----

0 - 54.0 - ---- 50 mins. 34.0 - 39.0 455 

0 - 57.0 57.0 - 70.0 2 hours 24.0 - 53.0 -----

0 - 30.0 ----- 2 hours ? - 30.0 1650 

0 - 24.0 24.0 - 30.0 40 mins. 12.0 - 29.0 6959 

0 - 24.0 24.0 - 40.0 ----- ----- -_._--

0 - 49.0 49.0 - 56.0 ----- ----- -----

0 - 65.0 65.0 - 84.0 ----- ---- -----

0 - 48.0 48.0 - 57.0 5 hours ? - 57.0 56 

0 - 42.0 42.0 - 270.0 3 hours ?-51.0 305 

4 hours 51.0 - 270.0 52 

0 - 72.0 72.0 - 204.0 2 hours ? - 102.0 550 

2 hours 102.0 - 204.0 490 

0 - 38.0 38.0 - 75.0 8 mins. 29.0 - 75.0 8.3 

0 - 99.0 99.0 - 113.0 40 mins. 22.3 - 113.0 3100 

- ---- ----- ----- ----- -----

----- ----- ----- - ---- -----

----- ----- ---- - ----- -----

----- - ---- ----- ----- --- --

----- ----- ----- ----- -----

----- ----- ----- ----- -----
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Several l i thologic cross sections have been developed based on well l i thology to 

help in examining the gravels thickness. Figure 5 .3 shows a longitudinal cross section 

through Wadi Ham plain. This cross section shows that the thickness of wadi gravels and 

sand along Wadi Ham plain starts smal l upstream of the dam and increases downstream 

towards the Gul f of Oman. The thickness of wadi gravels along this section varies from 

1 5  m to 63 m .  

Figure 5 . 4  shows another cross section of Wadi Ham plain taken in  transverse 

direction. This  section shows that the thickness of wadi gravels varies also in transverse 

direction being more thick to the north than to the south. The thickness of wadi gravels 

along thi s  section varies from 24 m to 99 m. 

The wadi gravels  are highly permeable, and also variable in hydraul ic properties. 

Gra els tend to be unconsolidated at the ground surface, becoming better cemented and 

consol idated with depth. Some of the exploration boreholes through the wadi gravels 

showed presence of layers of wel l cemented gravel inter-bedded with poorly consolidated 

gravels which may form local confining layers (Entec, 1 996) .  

Hydraulic conductivity values of the unconsol idated gravels tend to be very high, 

typical ly being 6 mJday to 1 7  mJday. Hydraul ic  conductivity of the cemented lower layer 

is in  the range 0.086 to 0 . 86 mJday. In the unconsol idated gravels primary porosity is very 

high when compared to the cemented gravels. The spec ific yields typically range from 0. 1 

to 0 .3  (Electrowatt, 1 980) .  About 2 km wide and 3 . 5  km long section directly downstream 

of the dam, the saturated aquifer thickness ranges from 1 0 m to 40m with transmissivity 

ranging from less than 1 00 to about 200 m2/day. The coastal plain, about 4 .5  km in length 

and more than 8 km wide, has a saturated aquifer thickness from 50 m to 1 00 m with 

transmissivity more than 1 000 m2/day ( ESCW A, 1 997) 

5.2 .2  The O p h i o l ite 

The stratum of gabbro and diorite of the Samai l  Ophiol i te l ies beneath the wadi gravels. 

The depth to the ophiol i te layer varies from 1 5  m to 1 00 m. The gabbro/diorite layer is 

l ikely to be confined in  some places by the cemented units within the base of the Wadi 

gravels. In other areas it may be semi-confmed or even unconfmed where fissured and 

fractured zones are encountered ( Entec, 1 996). 
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The study by Entec 1 996 discussed at length an eventual presence of a north west 

to south easterly trending major fault running through the Samai l Ophiol ite and attempted 

to locate the fault l ine using Time Domain Electromagnetic (TDEM) geophysical survey. 

The presence of fault was postulated but not proven and the study concluded that if a fault 

was present it would have a l imited effect on the groundwater system in the plain area. 

Only three boreholes BHF- I B, BHF- l 1 and BHF- 1 2  have been test pumped 

exclusi ely from the gabbro and diorite (Table 5 . 1 ) . Transmissivity values are relatively 

low compared to the gravel layer except for BHF- 1 2 . Dri l l ing records of BHF- 1 2  indicate 

that the gabbro here is extensively fissured and this is therefore the reason for the higher 

transmissivity alue (Entec, 1 996). 

The interaction between the wadi gravel l ayer and the underlying gabbro/diorite 

layer i s  not c learly understood due to lack of separate groundwater measurements within 

the individual units. The groundwater modeling work by ESCWA ( 1 997) has treated the 

wadi gravels as an unconfined aquifer without any hydraulic connection with the 

underlying ophiolite. 

5.3 Analys i s  of g ro u n dwater levels 

Groundwater i s  fomled by excess rainfal l  ( total precipitation minus surface runoff and 

evapotranspiration) that infi ltrates deeper into the ground and eventual ly percolates down 

to the groundwater formations (aquifers) (Bouwer, 2000a). The change in groundwater 

storage is a seasonal phenomenon, usual ly related to recharge events and/or pumping 

practices. The increase or decrease in groundwater storage is  reflected by rise or dec l ine 

in groundwater levels .  

In the case of Wadi Ham, groundwater level fluctuat ions, which may indicate the 

effect of the recharge from the dam, have been monitored by the MAF in a number of 

observation wells and boreholes on monthly basis .  Some of the observation wells have 

groundwater level records dating back to 1 977 prior to dam construction. However, some 

of the wells have been abandoned after being active for certain period. At the time of this 

study, monthly groundwater level data for 1 5  observation wells in the Wadi Ham plain 

area were avai lable. 
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These observation wel ls, periods of data col lection, and the minimum and maximum 

observed groundwater Ie els are l isted in Table 5 . 2 .  There is  a sign ificant variation in 

groundwater Ie el in each individual well with a fluctuation of water table ranging 

between 2 m and 50 m.  The groundwater gradient in the plain area is very mild as 

compared to the gradient of groundwater within the area close to the dan1 . In some cases, 

� ater table levels fal l  below the mean sea level. 

Table 5.2. Minimum and maximum water table levels in observation wel ls, m amsl 

Observation 
Period 

Max. water table Min. water table 
Remarks 

well level Month/yr level Month/yr 

B H F - l  1 987-2003 5 3 .066 5 - 1 996 8 . 876 7 - 1 994 Active 

B HF-4 1 988-2003 5 .805 8- 1 996 2 . 5 85 7-2002 Active 

B HF-4A 1 990-2003 5 .777 8 - 1 996 2.347 7-2002 Active 

B HF-9A 1 987-2003 3 5 .798 5 - 1 996 0.728 6- 1 994 Active 

B HF-9B 1 990-2003 3 5 .5 9  5 - 1 996 3 .02 7-2002 Active 

B H F- 1 2  1 987-2003 1 1 .329 7- 1 996 - l . 1 9 1  8-2002 Active 

B H F- 1 5  1 988-2002 64. 1 06 4- 1 996 1 3 .5 1 6  1 0-200 1 Abandoned 

B HF- 1 6  1 988-2003 54.3 1 7  5- 1 996 3 3 .627 9-2002 Active 

B H F- 1 8  1 988-2000 1 2 .364 8- 1 996 -0 .256 1 1 - 1 989 Abandoned 

BHF- 1 9  1 995-2003 86.6 1 8  3 - 1 996 5 2 .27 1 0-2002 Active 

B H F-20 1 995-2002 5 3 .969 5 - 1 996 2 l . 5 5 9  9-2002 Abandoned 

B H F- 1 7R 1 988-2003 3 . 1 53 7 - 1 996 0 . 823 8-2000 Active 

BHF- 1 7A 1 989-2003 3 . 897 6- 1 997 l .477 9- 1 999 Active 

GWR-6 1 977-2002 5 .0 1 5  9- 1 996 -3 .955 1 2- 1 984 Active 

GWR-5 1 977-2002 3 .602 5 - 1 996 -0 . 1 68 1 2- 1 980 Abandoned 

The minimum water table fluctuation i s  found at the well number (BHF- 1 7  A) which 

IS c lose to the farms at Kalba where groundwater is  being intensively pumped. The 

maximum water table fluctuation is observed at the well number (BHF- 1 5) which is very 

c lose to the dam in the downstream side. Except for well number (BHF - 1 7  A), the 

maximum water table levels were observed in the year 1 996 during which heavy rainfall 

events have encountered and resulted in large floods. There is  a very remarkable rise in 

groundwater levels after the heavy rainfal ls and floods during the months of December, 

1 995 to February, 1 996. The rise in groundwater levels is thus attributed to the recharge 

associated with this rainfal l  and floods. 
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The ariation in groundwater levels is better understood and analyzed by plotting 

time series hydrographs of groundwater levels .  Such hydro graphs have been plotted for 

each observation e l l .  The general trend l ine of groundwater fluctuations was fit on each 

hydro graph using simple regression technique. The monthly rainfal l  values were also 

plotted on the same graph to detect the response of groundwater levels to the recharge 

associated with rainfall and/or flood events. 

Figure 5 . 5  shows the hydrograph of well number (BHF- 1 )  which is located at 

do\) nstream side c lose to the dam. Figure 5 .6  shows the hydro graph of well number 

(BHF-4) \ hich is located further away from the dam near the Gulf of Oman. In both 

wells the response to recharge is very c lear. The three major peaks shown have originated 

from the recharge caused by heavy rainfal ls in the same period with large flood volumes 

observed at the dam site. Small peaks are also noted during periods of low rainfal l with or 

\ i thout smal l storage behind the dam. 

Figures 5 . 7  and 5 . 8  show the hydrographs of wells number (GWR-5)  and (GWR-6) . 

These two wells are of spec ific importance as they have records of groundwater levels 

dating back to 1 977 prior to the dam construction . The trend of groundwater levels was 

found decl in ing over the years in al l  wel ls  except for these two wel ls .  However, when 

considering only the period since 1 988,  l ike in other wells, the trend becomes dec lini ng 

again .  This  c learly indicates that there was a bui lding up in groundwater levels observed 

after dan1 construction compared to those observed before the construction of the dam 

(Figs. 5 . 7  and 5 .8 ) .  

To detect the variation in  we l l  response to  the recharge, groundwater levels for all 

wel ls  were p lotted together in  Figure 5 .9 for the water-year 1 995-96 which was a wet 

year. Heavy rainfal ls occurred during this year in the months of December 1 995, through 

February 1 996, with large storage accumulated behind the dam. There is a significant 

d ifference in the amount of rise and the time of response to the recharge for the di fferent 

wel ls .  Wel ls that are located c lose to the dam have shown higher and faster response to 

the recharge than those located further away from the dam (Fig. 5 .9) .  For example, in the 

case of (BHF- 1 5 ) which is close to the dam the level rose about 29 m during this period 

and the peak was observed in Apri l ,  1 996. However, for (BHF-4) which is further away 

from the dam, the rise was about 2 . 5  m and the peak was observed in  August, 1 996. 
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Groundwater levels from 1 9n-2002 (GWR-5) 
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In summary, the amount of rise in groundwater level decreases and the time at 

\ hich the peak is  observed increases as we move downstream away from the dam site. 

This is c learly related to the recharge from the dam storage which moves through the 

aquifer in the direction of groundwater flow. Figure 5 . 1 0  shows the same graph as Figure 

5 .9 but for the water year 1 997-98 (a dry year) with very sl ight rainfal l .  The change in 

groundwater levels was steady and there was no bui lding up of groundwater levels during 

this year unl ike the wet year. 

It is concluded from the previous discussions that the groundwater levels respond to 

the recharge from rainfal ls and from the dam storage. However, this analysis does not 

pro ide quanti fication for the recharge from the dam storage but rather gives some 

indication on how the groundwater levels rise in response to recharge. 

Evaluations of the hydrogeological data were made in the framework of ESCW A 

ad isory services with the aim to assess the impact of dam recharge on the behavior of 

groundwater movement. Prel iminary estimates of volume of dam recharge indicated a 

probabi l i ty that a high percentage of flood water retained in the reservoir i s  producing 

recharge to the gravel aquifer (MacDonald, 1 989 and Wagner, 1 995) .  

The study by Entec ( 1 996) has employed a groundwater model with only steady 

state phase and concluded that "the simple groundwater model constructed showed that 

the presence of the dam sign ificantly enhances the amount of recharge in Wadi Ham, 

being the single largest controll i ng factor on groundwater recharge" .  

The study b y  ESCW A ( 1 997) has constructed a more comprehensive groundwater 

model in which the subsurface flow was estimated at 2 x 1 06 m3/yr. 

For more reliable quantitative assessment of the recharge from the dam, a three 

dimensional mathematical groundwater model has been appl ied in this study. 

MODFLOW, "A modular three-dimensional finite-difference groundwater flow model", 

by McDonald and H arbaugh ( 1 988 )  has been selected to model the groundwater system 

in Wadi Ham plain for the period from January, 1 990 up to December, 1 993 . 

MODFLOW i s  considered by many to be the most rel iable, verified and uti l ized 

groundwater flow model avai lable (Kresic, 1 997) .  A brief description of MODFLOW and 

the detai led model ing work are presented in the fol lowing section. 
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5.4 M odel i n g  of G ro u ndwate r System i n  Wadi Ham 

A three-dimensional mathematical groundwater model has been applied to model the 

sand and gravel aqu ifi  r system in  the Wadi Ham plain area. The main objective of the 

mod 1 is to assess the ro le of Wadi Ham Dam in recharging the aquifer on quantitative 

basis .  For this purpose, the period from beginning of January, 1 990 up to the end of 

December, 1 993 has been selected for the simulation. The selection of this period was 

based on the a ailabi lity of groundwater level records and the occurrence of flood events. 

Most of the observation wells have records for this period including those that were 

abandoned after this date. A major flood has occurred during this period in February, 

1 990 in addition to sma11 floods occurred in February, 1 992 and February, 1 993 . The 

simulation was based on constant densi ty model without consideration of density 

difference ben een the freshwater and the brackish water caused by seawater intrusion in 

the coastal plain .  

5.4.1  Mode l i n g  code 

The "modular three-dimensional flnite-d ifference groundwater flow model" i s  a program 

for simulating confined or unconfined, saturated flow in one, two, or three dimensions. It 

al lows both steady-state and transient simulations (McDonald and Harbaugh, 1 988 ;  

Harbaugh and McDonald, 1 996a,b) .  This model, known as  MODFLOW, is  developed by 

the United States Geological Survey (USGS) and it is in the public domain. At least with 

the publ ic domain packages i t  does not simulate unsaturated flow or solute and heat 

transport. However MT3D (Zheng 1 990) and MOC3D (Konikow et al., 1 996) can 

simulate solute transport and both of them rely on MODFLOW by using the output of 

MODFLOW for the solute transport modeling. 

MOD FLOW is  probably the most popular groundwater model ing program in 

existence. Some reasons for this populari ty may be: ( 1 )  the program is  appl icable to most 

types of groundwater model ing problems, (2) the original packages in the program are 

wel l structured and documented, (3)  the source code is  in the public domain and thus can 

be checked for errors and modifled by anyone with the necessary mathematical and 

programming ski l ls ,  (4) the program is accepted by regulatory agenc ies and in l it igation 

and (5 )  ongoing modifications of the program continue to increase its capabil ities 

(Winston, 1 999). 
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MODFLOW uti l izes a numerical solution for the partial d ifferential equation governing 

three-dimensional flow of groundwater of constant density through porous media:  

-(K 8h ) + �(K . .  8h J + �(K _ _  8h ) _ W  = S 8h 
a .t.t a A. \ \ A. 8 .- a s 8 x X VI' . u), Z z t 

where, 

( 5 . 1 )  

Kn, K\) and K::: are values of hydraulic conductivity along the x, y and z coordinate axes 

which are assumed to be parallel to the major axes of hydraul ic conductivity (Lt- I ) ;  

h i s  the potentiometric head (L);  

W i s  a volumetric flux per unit volume and represents sources and/or sinks of water (r l ); 

Ss i s  the spec ific storage of the porous material (L- 1 ) . and 

is the t ime (t) .  

In general S5, K(x, Kyy and K:;; may be functions of space (Ss = Sl'(,y,z),  Kxx = 

Kufr:,y,:) ,  etc . )  and TV may be a function of space and time ( W  = W(x,y,z, t) ) .  Equation 5 . 1  

describes groundwater flow under non-equi l ibrium conditions in a heterogeneous and 

anisotropic medium, provided the principal axes of hydraul ic conductivity are al igned 

\ i th the coordinates directions. Equation 5 . 1  together with spec ification of flow and/or 

head conditions at the boundaries of the aquifer system and spec i fication of initial head 

conditions constitutes a mathematical representation of a groundwater flow system 

(McDonald and H arbaugh, 1 988) .  

Except for very simple systems, analytical solution of Equation 5 . 1  i s  rarely 

possible so numerical methods must be employed to obtain approximate solutions. 

MODFLOW employs a finite-difference block-centered method in which a grid i s  formed 

by two sets of paral lel l ines that are orthogonal .  The blocks formed by these l ines are 

cal led cells . In the center of each cel l  is the node - at which the model calculates 

hydraulic head. The continuous system described by Equation 5 . 1 is then replaced by the 

finite set of discrete nodal points in space and t ime and the partial derivatives are replaced 

by terms calculated from the differences in head values at these points. The process leads 

to matrix systems of simultaneous l inear algebraic d ifference equations; their solution 

yields values of head at spec ific points and times ( Kresic ,  1 997) .  
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MODFLOW offers choices of di fferent solver packages to solve tbe matrix 

equations including Sl ice-Successi e 0 er-relaxation Package (SOR), Strongly Implicit 

Procedure Package (S IP) Preconditioned Conj ugate-Gradient Package (pCG4) and Link-

1gebraic Multigrid Package (LMG). 

MODFLOW possesses an open stmcture in which highly independent subroutines 

cal led "modules" are grouped into "packages" which deal with the speci fic hydrologic 

feature to be simulated . ew modules and packages can be eas i ly added to the program 

without modi fying the exist ing packages or main code ( Kresic 1 997).  Packages of 

MODFLOW include, among others, the River Package, Recharge Package, Well 

Package, Drain Package, Evapotranspiration Package and the General Head Boundary 

Package. After its original release, MODFLOW was supplemented afterwards by various 

new packages and solvers either by the USGS or by other authorities. 

Although MODFLOW is  a powerful program, i t  can hardly be described as user

friendly. Al l  input for the program is in the form of large text files that describe the grid 

structure, hydraul ic properties boundary conditions and transient data. These files must 

fol low a strict format. If the format requirements are violated, MODFLOW wil l  either not 

be able to run or wi l l  produce incorrect results. To al leviate this problem, a large number 

of pre- and post-processors have been developed that provide a graphical user interface 

for MODFLOW (Winston, 1 999). 

There are several integrated user-friendly pre- and post-processing software 

packages that provide easy data input and visual ization of modeling results in forms of 

contour maps and graphs. One of the most comprehensive and well structured modeling 

packages is  the Visual MODFLOW, by Waterloo Hydrogeologic Inc . ,  which combines 

MODFLOW, MODPATH, ZoneBudget, MT3DxxIRT3D and the parameter estimation 

package, WinPEST. The logical menu structure and easy-to-use graphical tools allow to: 

easi ly d imension the model domain and select units, conveniently assign model properties 

and boundary conditions, run the model simulations, calibrate the model using manual or 

automated techniques (WinPEST), and visual ize the results using 2D or 3D graphics. 

The version, Visual MODFLOW Pro 3 . 1 ,  (Waterloo Hydrogeologic, 2003) has been 

used in this study for construction of the groundwater model of Wadi Ham. 
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5.4.2 Model conce pt,  construction a n d  i n put data 

Developing a model concept is  the initial and the most important part of every model ing 

effort .  It requires a thorough understanding of hydrogeology, hydrology and dynamics of 

groundwater flow in and around the area of interest. The final result is a computerized 

data base and simpl ified maps and cross sections that wi l l  be used in model design 

(Kresic, 1 997) .  The model of the groundwater aquifer system in Wadi Ham was 

conceptualized and constructed based on the avai lable information as fol lows. 

Model Geometry and Grid 

The model was set on an area of 1 1 0 km2 that covers the aquifer system in Wadi Ham 

plain from upstream of dam to the Gulf of Oman and from south of Kalba to north of 

Fuj airah. The model e tends 1 1  km from east to west and 1 0  km from north to south 

between the UTM coordinates (425000E 2772000N) and (436000E, 2782000N) (Fig. 

5 . 1 1 ) . The model area was discretized using uni form grid of 50 rows and 55  columns. The 

cel ls are thus 200 m by 200 m squares and the total number of cells is 2750 (Fig. 5 . 1 2 ) .  

Boundary Conditions 

The model of Wadi Ham was made of one layer representing the wadi gravels aquifer. 

The aquifer was treated as unconfined aquifer assuming the underlying Ophiol i te to be 

impermeable.  Although the Ophiol ite is fissured and fractured in some areas and thus 

permeable a two-layer representation is not recommended when taking in consideration 

the avai lable information. Such two-layer model would require known geometry and 

separate distribution of hydrogeologic parameters and hydraul ic heads for each layer. 

The model area and the aquifer boundaries were delineated and digitized based on 

the remote sensing image of Wadi Ham. The aquifer boundaries include the Gulf of 

Oman which is  treated as constant head boundary. Out of the total number of cel ls (2750), 

1 78 cells were located in the sea and thus assigned a constant head of zero (Fig. 5 . 1 2) .  

The aquifer is  also bounded by the hard rocks of the Ophioli te sequence i n  the 

mountain ranges. The Ophiol i te sequence rocks also outcrop in the model area as isolated 

h i l l s  near the dam and downstream of the dam in the plain area. Cells that are occupied by 

these Ophiol ite rocks were all marked as inactive (no flow) cel ls .  
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Cel ls in the area that l ies upstream (beyond the dam retention area) were also 

marked as inacti e cel ls .  There \ as no need to extend the model to this area where no 

sufficient infoffi1ation about l i thology or head exists. The total number of the inactive 

cells in the model i s  806 cells. Other boundary cells at the edges of the model (in the 

north and south) were not assigned any boundary condition. MODFLOW automatically 

assumes no flo boundaries around the edges of the model domain unless otherwise 

spec ified by a boundary condition. 

To compensate for the inflow to the aqui fer from upstream area and from the upper 

part of Wadi Yabsah, a specified flow boundary had to be used. In fini te-difference 

models, l ike MODFLOW, speci fied flow boundaries are simulated by using injection or 

pumping wells to inject or extract water at the spec ified rates (Anderson and Woessner, 

1 992) .  For Wadi Ham model 3 1  cel ls were assigned inflow rates through injection wel ls 

which are simply pumping wel ls but with positive pumping rates (Fig. 5 . 1 2) .  

Recharge to the aquifer was assigned through two zones corresponding to the 

recharge from rainfal l  and from the dam storage. The first zone, which corresponds to the 

recharge from rainfal l ,  covers the whole area of the model . However, MODFLOW wil l  

assign recharge to "active" ce l ls  only. The other zone covers the retention area behind the 

dam where 30 cel ls have been assigned recharge. 

Groundwater Extraction 

Groundwater i s  exploited intensively from the aquifer for i rrigation in farms and for the 

domestic supply in the MEW well fields. The major groundwater extraction from the 

aquifer is  taking p lace from the Sha'ara well field 2 krn downstream of the dam, Fuj airah 

well field in the west of Fuj airah and wel ls  in the palm trees farms near Kalba. Estimates 

for the pumping from these locations were reported by ESCW A ( 1 997) as the fol lowing: 

a. Fuj airah well field:  3 . 2  mi l l ion m3/year unt i l  1 988,  very 1imited groundwater 

extraction since 1 988 ;  

b .  Sha'ara well  field:  about 1 mi l l ion mJ/year since 1 988 ;  and 

c. ew well  field near Kalba, about 6 mi l l ion m3/year, partly replaced by new 

desal ination plant in 1 995 .  

Pwnping was assigned to  45 ce l l s  in the model, three for Sha'ara well field; three for 

Fuj airah well field and the rest (39 cel ls) for wel ls  near Kalba (Fig. 5 . 1 2) .  
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Hydrogeological Data 

The hydrogeological input data to Wadi Ham model included aquifer geometry hydraul ic  

conductivit ies and storativit ies. To input aquifer geometry, data from 20 boreholes and 

observation v ei ls  with known l i thology were used. Aquifer geometry was introduced to 

the model in terms of grolmd surface and aquifer bottom elevations from.  Visual 

MODFLOW can import and interpolate external data fi les (Surfer™ .GRD or ASCII 

. TXT fomnt) to create variable bottom and top elevations for each cell in the model .  The 

interpolated surfaces of ground and aquifer bottom are presented in the fonn of contour 

maps in Figures 5 . 1 3  and 5 . 1 4 . 

The model area was divided into di fferent hydraul ic conductivity and spec ific yield 

zones and initial guesses of these were quoted from the values reported in previous 

studies (Electrowatt 1 980 and Entec, 1 996) as described previously in section 5 .2 .  

However, these values have been readjusted during model cal ibration. 

Hydrological Data 

The hydrologic data considered in the model included rainfal l  data and flood occurrences 

and volumes. These data helped in assigning recharge rates to the aquifer. Assumed 

percentages of rainfal l  were input to the model on monthly basis .  However, flood 

volumes were not used directly in the model but rather assumed recharge ( infi ltration) 

rates in  the retention area were used . Both recharge rates from rainfal l  and from the dam 

were readjusted during model cal ibration. 

Observed Groundwater Levels 

The Waterloo Hydrogeologic Inc . version of MODFLOW contains an enhancement 

designed to make model cal ibration more efficient. This  Cal ibration Package saves the 

calculated heads at the locations of spec ified observation wells every time step in a .HVT 

file (Head versus Time). This al lows the comparison of simulated heads with observed 

heads and produces cal ibration statistics and t ime series graphs at observation wel ls 

(Waterloo Hydrogeologic, 2003). The observat ion wel ls  and boreholes avai lable in Wadi 

Ham were merged in  the model and avai lable records of monthly groundwater levels 

were spec i fied for each individual wel l .  

1 00 



UAEU 
Project.: Thesis 

Descrip t ion: Wadi Ham. Model 

:Mode l ler. I<l1aled Haroon 

25 J u n  04 

Visual MODFLOW v.3. 1 .0. ( C) 1 995-2002 

Wat. erloo Hydrogeologic. I nc. 

C: 55 N R:  50 N L:  1 

urre n t. Layer: 1 

Figu re 5. 1 3. Contour map of ground surface levels ( input to model) .  

1 0 1  



Project :  Thesis 

Descri pt ion: Wadi Ham. �lodel 

Mode l ler: Kh.aled Haroon 

26 J u n  04-

Vis ual MODFLOW v.3 . .1 .0, ( C )  1 995-2002 

Wate rloo Hydrogeologic. I nc. 

NC: 55 N R: 50 Nt.: 1 
C u rre nt Layer: 1 

Figu re 5. 1 4. Contour map of aquifer bottom levels ( input to model ) .  

1 02 



Time Discretization 

In MODFLOW tem1ino\ogy, a tress period is defined as a time period during which al l  

the stres es (boundary conditions pwnping rates recharge, etc . )  on the system are 

constant. ince most of data for Wadi Ham were available on monthly basis ( l ike 

observed heads) or even yearly ( l ike groundwater extractions), each stress period was 

taken equal to one month. The simu lation period which is fou r  years from January, 1 990 

to December 1 993 was thus divided into 48 stress periods. The length of each stress 

period was made a real month; that is ei ther 28 or 29 days for February depending on year 

and either 30 or 3 1  days depending on actual month . 

The fini te-difference technique employed by MOD FLOW reqmres each stress 

period to be discretized in several time steps to obtain an accurate solution. The smal ler 

the t ime step, the more accurate the solution obtained. However it is impractical to use 

extremely smal l t ime steps. As a rule  of thumb, the solution should proceed through five 

t ime steps during each stress period before the solution is  considered accurate (De 

Marsi ly, 1 986). MODFLOW al lows time steps to be of equal size or to increase in a 

geometric series; that i s  the length of each successive t ime step is  a constant multipl ier of 

the previous t ime step. The mult ipl ier i s  typically 1 .2 to 1 . 5 .  Increasing the time step is 

recommended when simulating a stress, such as pumping, that is appl ied to the aquifer at 

the beginning of the simulation (Anderson and Woessener, 1 992) .  

MOD FLOW is  designed to simulate steady state or transient conditions. For steady 

state the storage term in the groundwater flow equation ( Equation 5 . 1 )  is set to zero. This  

i s  the only part of the flow equation that depends on length of time, so the stress-period 

length does not affect the calculated heads in a steady-state simulation. Therefore, a 

single t ime step is  al l  that i s  required for steady-state stress periods (Harbaugh et al. , 

2000). For the model of Wadi Ham, each stress period was discretized into 1 0  t ime steps 

with a mult ipl ier of 1 .2 .  

5.4.3 S i m u l ated processes, c a l i bration a n d  res u lts 

Calibration of a flow model i s  the process of finding a set of boundary conditions, stresses 

and hydrogeologic parameters which produces the result that most c losely matches field 

measurements of hydraulic heads and flows. It i s  a demonstration that the model I S  

capable of producing field-measured heads and flows which are the calibration values. 
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Cal ibrat ion is  the most important, critical and time consummg stage m any 

model ing task. Tens to hundreds of model runs are typically needed to achieve calibration 

(Kresic, 1 997; Anderson and Woessener, 1 992) .  

Model cal ibration can be perfonned to steady-state or transient data sets. Most 

cal ibrations are performed under steady-state conditions but may also involve a second 

calibration to a transient data set. The most common type of transient cal ibration begins 

the simulation from the calibrated steady-state solution. For example, init ial conditions 

for the transient calibration may represent steady-state condit ions prior to development of 

the aqui fer. The model is then calibrated to a time series of water level changes caused by 

pumping (Anderson and Woessener, 1 992). 

There are two methods of cal ibration; trial-and-error (manual) cal ibration and 

automated calibration. Manual calibrat ion was the first technique appl ied in groundwater 

modeling and is sti l l  preferred by most users. Although it is heav i ly influenced by the 

user's experi ence, it is always recommended to perfonn this type of calibration, at least in 

part. It wi l l  sometimes be necessary to change the input and run the model tens of times 

before reaching the target. Automated cal ibration is a recent technique developed in order 

to minimize uncertainties associated with the user's subjectivity. Most computer codes for 

automated calibration search an optimal parameter set for which the sum of squared 

deviations between calculated and measured values i s  reduced to minimum. One of the 

highly regarded codes for parameter estimation developed for MODFLOW is the PEST. 

The efficiency of PEST and simi lar codes, coupled with the trial-and-error input from 

user, i s  the most appropriate calibration method available (Kresic, 1 997) .  

The cal ibration of Wadi Ham model was performed in two stages, steady-state and 

transient conditions. The steady-state cal ibration was performed to produce init ial heads 

for the transient cal ibration. Combinations of manual trial-and-error calibration and 

automated cal ibration, using the PEST package integrated with Visual MODFLOW, have 

been used. Init ial ly, several runs were performed using manual calibration unt i l  a rather 

agreement was obtained. The manual calibration gave an idea about accepted ranges of 

values of parameters which were used as guidance for automated cal ibration. The 

calibration was then continued using automated cal ibration in alternation with manual 

calibration unt i l  the best possible results were achieved. 
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Steady-State Simulation 

I n  order to perfonn a transient simulation, the system must be init ial ly at a balanced state. 

stable piezometric surface must be used as initial head condition. The avai lable 

groundwater level records, however, were not sufficient to derive such a stable surface.  

Therefore, a steady-state cal ibrat ion had to be used . Although such a steady-state 

condition may not exist and groundwater levels appear to be significant ly fluctuating, it 

provides a balanced initial head necessary for the transient simulation. 

The month of January, 1 990 was selected as steady-state condition. This month 

can1e after a prolonged dry period from May through November, 1 989 with very sl ight 

water level fluctuations. The calibration parameters used for steady state calibration were 

hydraul ic  conductivit ies, boundary inflows, pumping rates from well fields and the 

rainfal l  from the month of December 1 989 which provided init ial recharge to the system. 

The model was cal ibrated to match the observed heads at observation wel ls. The 

calibrated alues of hydraul ic conductiv i ty were around 5 m/day at dam site and 

downstream up to BHF - 1 ,  8 to 1 0 m/day in the area between BHF - 1  and BHF -9, and 

between 20 to 28 m/day within the coastal p lain . The water balance for the steady-state 

simulation, as extracted from the output fi le, is l i sted in Table 5 . 3 .  

Table 5.3. Water balance for steady-state simulation. 

STRESS IN (m3/day) OUT (m3/day) 

STORAGE 0 . 0 0 0 . 0 0 

CONS TANT HEAD 8 9 2 1 . 0 9 2 0 2 0 . 6 9 

WELLS 1 6 0 0 . 0 0 1 7 3 0 0 . 0 0 

RECHARGE 8 7 1 0 . 2 3 0 . 0 0 

TOTAL 1 9 2 3 1 . 3 0 1 9 3 2 0 . 7 2 

IN - OUT = - 8 9 . 4 1  

PERCENT D I S CRE PANCY = - 0 . 4 6 %  

In the water balance totals, release o f  water from storage i s  counted as inflow and 

uptake is counted as outflow. The d ifference between total inflow and outflow is divided 

by either inflow or outflow ( inflow in MODFLOW) to yield error in water balance. An 
error of around 1 %  is  usual ly considered acceptable (Anderson and Woessener, 1 992). 

For the model of Wadi Ham this was 0 .46% and thus the accuracy is  satisfactory. 
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The recharge caused by December rainfall is 8 7 1  0.23 mJ/day. This  recharge was 

assigned at a rate of 0. 1 233 mm/day (3 .452 mmimonth) and infiltrated through an active 

area of 70.64 km2 (total model area minus inactive and constant head cells) .  Knowing that 

the average areal rainfal l  for this month is 38 mm, the recharge is thus about 9 % of 

monthly rainfal l .  

The inflow from the upper part of the aquifer (shown as WELLS, IN) was simulated 

as being 1 600 mJ/day. Groundwater extraction (WELLS, OUT) was 1 7300 mJ/day of 

which 3000 mJ/day and 300 m3/day were pumped from Sha'ara and Fujairah well fields 

respecti ely. The pumping from Sha'ara well field is  equivalent to 1 .095 MCM per year 

which is s l ightly higher than the estimated 1 MCM per year. However, the pumping from 

wel ls near Kalba, which is equivalent to 5 . 1 1  MCM per year, is relatively less than the 

estimated 6 MCM per year. 

The only constant head boundary in the model is the Gulf of Oman. Therefore, the 

constant head component of the water balance (IN and OUT) refers to the interaction 

between the aquifer and the Gulf of Oman. The water balance has shown that about 2020 

m3/day of groundwater was d ischarged to the Gulf whereas about 892 1 m3/day of 

seawater intruded the aqui fer. This  seawater intrusion was recognized in the field most 

notably in the area of BHF-4, BHF- 1 7, BHF-5 and the farms near Kalba. 

The distribution of heads produced by steady-state calibration in January, 1 990 was 

used for the transient simulation. January, 1 990 head distribution is presented in the form 

a contour map in  Figure 5 . 1 5 . 

Transient Simulation 

The period from beginning of January, 1 990 to end of December, 1 993 was simulated on 

transient basis. The head in January, 1 990 was transferred directly from the steady-state 

phase and assigned as init ial head condition. The same hydraul ic conductivity zones 

created in the steady-state simulation were used in the transient cal ibration. The final 

calibrated values were simi lar to those of the steady-state except for the area from the 

dam up to BHF- 1 where the conductivity was decreased s l ightly. A new parameter was 

added to the cal ibration process; that is the specific yield of the aquifer. This parameter is 

not used by MODFLOW in steady-state simulations. 
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In steady-state Dow condition, there is no change in aquifer storage and the storage 

term in the groundwater flow equation (Equation 5 . 1 )  is set to zero . However, during a 

transient simulation, water is released from or taken into storage and heads change with 

t ime as a result of this transfer of water. Therefore, it i s  necessary to specify the parameter 

that describes the capacity of the aquifer to transfer water to and from storage. This 

property is known as storativity 

Storativity is  speci fied to MODFLOW by either specific storage or specific yield. 

Speci fic storage (Ss) \i hich is  used in Equation 5 . 1  is equal to the volume of water 

released from storage within a unit volume of porous material per unit dec l ine in head. Ss 

is used by MODFLOW for confined aqui fers . The relevant storage parameter for 

unconfined aquifers is  spec ific yield (Sy) which is a measure of the volume of water 

released by gravity drainage per unit volume of porous material in response to dec l ine of 

the water table. 

For the unconfined aquifer of Wadi Ham, the model calibration was achieved by 

dividing the model area into four zones of di fferent spec ific yield values. In order to 

simulate the high rise in water levels, rather small values had to be adopted. The area 

between the dam and BHF- 1 5  was divided into two zones of speci fic yields of 0.0 1 2  and 

0.0078; the area downward up to BHF-9 was assigned a value of 0.005 and the rest of the 

model area was assigned a value of 0.042. These values are typically very low for an 

unconfined aquifer and are high for a confined aquifer. This may be attributed to the 

presence of the layers of well cemented and poorly consol idated gravels, described 

previously in section 5 .2 ,  which may form local confining layers. 

Pumping from wells was an effective component of the water balance during the 

transient cal ibration. The pumping rates were varied from one month to another. The 

wells were simulated with very low rates during months with heavy rainfall in accordance 

with the fact that lower quantit ies of water would be required for irrigation. Al l  wel ls  

were shut off in the simulation during the month of February, 1 990 except for Sha'ara 

well field which was kept operating with a very low rate. For the other months, Sha'ara 

wel l  field was simulated as producing between 2000 m3/day to 4300 m3/day with the 

cumulative production being about 1 MCM per year. The inflow from the upper part of 

the aquifer was simulated as being 3 800 m3/day on average. 
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The recharge to the groundwater system was of spec ific concern during the 

transient simulation. The recharge was treated as a space and time dependent process. The 

system was simulated as receiving recharge from both the rainfall and the retention area 

of the dam. The recharge was also varied with time from one month to another. The 

recharge from the dam was assigned during only three months among the simulated 48 

months. These are February, 1 990; February, 1 992 and February, 1 993 .  The month of 

February, 1 990 has witnessed a major flood with large flood volume whereas smal l floods 

have occurred in the other two months .  There was no infomlation about the dwell ing time 

of the storage in the reservoir. Therefore, the recharge was assumed to infiltrate through 

the v hole month. Recharge rate was thus variable being much higher in February, 1 990 

than the other two months. The calibrated recharge rates are 0.073 8, 0 .0 1 5 5 and 0.035 1 

m/day respecti ely. 

Recharge from rainfall was assigned to the model during several months according 

to the historical records of monthly rainfal l .  The average areal rainfall (Chapter 3) was 

considered for this purpose assuming percentage of this rainfal l to infi ltrate and recharge 

the aquifer. This percentage was adj usted during model calibration and the final 

percentage accepted was 1 0% of the rainfall .  

The transient cal ibration was performed o n  basis o f  both t ime and space. The 

cal ibration was perfonned i n  time by matching observed head values in observation wells 

using t ime series graphs. It should be emphasized that water level records were available 

on monthly basis and exact recording days were unknown. However, the rise of water 

level was found to appear in the reading of the month next to the month in which the 

flood and/or rainfal l occurred. Knowing that and considering that recharge was assigned 

to the model during the same month of flood or rainfall ,  water level records were assumed 

to be taken in the beginning of each month. The cal ibration in space was performed by 

matching contours of observed head. The t ime series graphs of calculated versus observed 

heads for BHF- 1 ,  BHF- 1 5  and BHF-9 are shown in Figures 5 . 1 6  through 5 . 1 8 . Figures 

5 . 1 9  through 5 .2 1 show contour maps matching between calculated and observed heads at 

selected times (before, during the peak and after the major flood). Considering the nature 

of information avai lable and the matching shown in this figures, the model is bel ieved to 

be calibrated to an acceptable degree. 
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Effect of Wadi Ham Dam 

The effect of Wadi Ham Dam in recharging the grow1dwater system can be assessed on 

quantitati e basis by study of the water balance during the transient simulation. In 
transient simulations, MODFLOW computes the water balance for each time step and 

sa es it to the output fi le for each time step or for selected steps. However, for the Wadi 

Ham model, the water balance for selected months was extracted from the output file and 

l isted in Table 5 .4 .  These are the months of February, 1 990; February 1 992 and 

February, 1 993 during which recharge from the darn took place in addition to the month 

of May 1 99 1  as an example of a dry period. 

Table 5.4. Water balance for selected months in transient simulation. 

Stress IN (m3/day) OUT (m3/day) 
Month 

period 
Storage Head Wells Recharge Storage Head Wells  Recharge 

Feb - 90 2 0 873 3990 1 24 1 78 1 23050 5 807 300 0 

May -9 1 1 7  5 967 1 1 650 3 990 0 1 25 445 2 1 000 0 

Feb - 92 26 406 1 309 1 472 27893 27536 1 452 2044 0 

Feb - 93 3 8  780 1 020 1 500 62867 5 8467 5520 2 1 00 0 

During the major flood of February, 1 990 the model accepted a recharge of 1 24 1 78 

m3/day which is equivalent to 3 .48 MCM in  28 days. This is, of course, total recharge 

from both rainfal l  and dam site. The recharge rate at the dam site was 0.0738 m/day 

infiltrated through an area of 1 .2 km2 (30 cel ls) during the 28 days. Therefore, the 

recharge from dam site was amounted to about 2 .48 MCM (0 .0738 x 1 .2 x 28) and thus 

recharge from rainfal l  was about 1 .0 MCM. For the months of February, 1 992 and 

February, 1 993;  the total recharge was 0.8 1 MCM and 1 . 76 MCM, respectively. The 

recharge from dam site was 0.54 and 1 . 1 8  MCM respectively, provided that recharge 

rates were 0.0 1 55 and 0.03 5 1  m/day. Noting that the month of February in 1 992 was 29 

days therefore, the recharge from rainfal l in these two months is 0.27 and 0 .58  MCM, 

respectively. 

The recharge from dam site was compared with the recorded flood volumes. The 

recorded volume in February, 1 990 was 4 .87 MCM. No records were avai lable for the 

months of February, 1 992 and February, 1 993 .  The HEC-HMS rainfal l/runoff model 
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developed previously (Chapter 4), was used to generate flood volumes at dam site for 

these two months and flood volumes were found 1 .69 and 3 .27 MCM, respect ively. 

With these o]umes, the recharge from the dam was 5 1  % in February, 1 990; 32% in 

February 1 992 and 36% in February 1 993 . The high percentage of recharge in February, 

1 990 may be attributed to error in the recorded volume. The record was taken on 1 1 l\ 
February \ hi Ie the rainfal l  continued for further two days and added more water to the 

storage. The simulation of this flood with HEC-HMS gave a flood volume of 5 .76 MCM 

at the dam site. With this volume the percentage of recharged water is around 43 %. 

Another effect of the recharge from darn is the enhancement of groundwater quality 

by fighting back the seawater intrusion. This effect of recharged water appears c lear in  

the v.,,'ater balance (Table 5 .4) .  The inflow from the sea (Head, IN)  is  reduced to  minimum 

during flood months. During the dry month of May, 1 99 1 '  the flow of seawater intrusion 

was about 1 1 650 m3/day compared to only 873 m3/day during the flood month of 

February, 1 990. Water losses to the sea (Head, OUT) also took place with variable rates 

being more obvious during flood months. However, the amount of water added to storage 

exceeds by far the water losses. 

The flow directions at selected times (before, during the peak and after the major 

flood) are presented graphical ly  in Figures 5 .22 through 5 .24. I t  appears that water losses 

to sea are taking place in the area to the north of Fujairah and the seawater intrusion 

occurs most notably in the area of Kalba. The recovery of depression cone in the farms 

area in response to February, 1 990 flood appears c learly in Figure 5 .23 .  
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Chapter Six 

SUAMMARY, CONCLUSIONS AND 
RECOMMENDATIONS 



CHAPTER S I X: 

S UAM MARY, C O N C L U S I O N S  AND RECO M M EN DATIO N S  

6 . 1  S u m m a ry  

In arid and semi-arid regIons, surface water resources are scarce and, in most cases 

groundwater is the only a ailable natural resource of freshwater. Being the only 

fre hwater resource, groundwater is intensively pumped in quantities that exceed by far 

the natural recharge. Such exploi tation of groundwater often results in a remarkable 

depletion and qual i ty deterioration. Sustainable management of  groundwater is  thus a key 

issue and requires implementat ion of appropriate technologies to augment groundwater 

resources. 

Arid and semi-arid regIOns are characterized by infrequent rainfalls which are 

generally of short durations and high intensities resulting in flash floods which flow as 

ephemeral streams. Such floods can be harvested and used to recharge groundwater 

resources. Art i fic ial recharge augments the natural movement of surface water into the 

underground formations using some means of construction whereby surface water from 

streams or lakes is made to infi ltrate into the ground. Arti ficial recharge of groundwater 

has become a common practice in arid regions and is widely used as a conservative 

technique to save water in times of water surplus for use in times of water shortage. 

The UAB is known by its arid condi tions and its l imited renewable freshwater 

resources. A long hot summer and short mild winter characterize the c l imate. Surface 

water in UAE is very l imited and of a l i tt le sign ificance in the water budget of the 

COW1try. Groundwater represents a vital natural resource and although it may not be 

suitable in most cases, for drinking and other potable purposes; it represents the main 

source for irrigation. About 85% of the total water consumption in UAE is  groundwater. 

The sustainabi l ity of groundwater resources is of prime concern for authorit ies in 

the UAE and major actions have been undertaken toward the implementation of 

appropriate rainwater harvesting technologies. A large number of detention and retention 

dams has been constructed during the last two decades across the main Wadis to harvest 

the surface water runoff and arti ficial ly recharge the groundwater. 
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The importance of this study evolves from the need to assess surface water runoff in 

the main wadis and its role in recharging the groundwater which is of vital role in the 

su tainable development of UAE, specifical ly, the agricultural development . 

This study aims at the quantitative assessment of surface water runoff accumulated 

at the dam site of Wadi Ham and the associated groundwater recharge. The study 

provides a methodology that can be fol lowed in other sites of simi lar hydrological and 

hydrogeological conditions. 

A comprehensive l i terature review of al l  previous studies and investigations related 

to Wadi Ham was carried out . Related information about geology, hydrology and 

hydrogeology; and historical records of rainfal l ,  surface water flow and groundwater 

levels were col lected from the M AF and other available studies. The data were checked 

for consistency and unrel iable or erratic records were el iminated. 

The general location of Wadi Ham and the catchment to the dam were presented on 

i l lustration maps. The catchment boundary to the dam and the drainage network were 

delineated based on remote sensing image and the di fferent tributaries of Wadi Ham were 

identified. Stream lengths were measured and catchment area was ident ified. 

The geology and c l imatology of Wadi Ham area were discussed. Rainfal l  data were 

analyzed in both time and space. The average areal rainfalls were calculated using the 

Thiessen polygon method. Representative raingauges were identi fied and corresponding 

weights were calculated. Average areal rainfal ls were analyzed on quanti tative and 

probabi l istic basi s using statistical and frequency analyses. The statistical values and 

distribution characteristics of total annual, mean monthly and one-day annual maximum 

rainfall were presented. The annual rainfal l data were fitted with appropriate distributions 

and exceedance probabi l i t ies and return periods were calculated. 

The thesis work included the assessment and model ing of surface water runoff in 

Wadi Ham for the period 1 979 to 1 989. The available historical records of surface water 

flow were analyzed to detect its variation on monthly and annual basis. 

Surface water flow data were crit ically analyzed in conj unction with rainfal l  data. 

Based on avai lable information, four flood events were selected for the cal ibration of the 

model . A rainfall/runoff model was developed using the HEC-HMS package. The model 
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was conceptual ized with fi e subbasins and the input data were presented. The model was 

calibrated against historical records and calibrated basin parameters were presented. 

Prior to the modeling of groundwater system, the hydrogeology of Wadi Ham area 

was studied and the e isting hydrogeo logic layers were identi fied. Thicknesses of 

d ifferent layers were e amined based on l i thologic cross sections and hydrogeologic 

properties \: ere discussed. Prel iminary assessment of groundwater recharge was carried 

out based on historical records of groundwater levels. The variation in groundwater levels 

was i l lustrated on \ ater level hydrographs. The water levels at various observation wells 

were compared and the variation in  wel ls' response to the recharge was discussed. 

The aquifer system at Wadi Ham plain area was modeled using the three

dimensional groundwater model MODFLOW. The model was conceptualized with 

single layer representing the main sand and gravels aquifer. Based on available 

information, the period from January, 1 990 up to December, 1 993 was selected for the 

cal ibration of the mode1 . The simulation started with steady-state simulation for the 

month of January, 1 990. The steady-state simulation provided the stable head 

configuration necessary as initi al head condition for the transient simulation. The model 

accounted for d ifferent pumping activities and dealt with recharge as a space and time 

process. The model was calibrated against historical groundwater levels on space and 

time basis .  A quantitative assessment for the recharge from rainfal l  and from the dam was 

made based on the model water balance. The flow directions were studied and the water 

losses to the sea and the seawater intrusion were assessed. The model was l imited to the 

calibration phase due to the lack of long term data. 

6.2 C o n c l u s i o n s  

Based on the various discussions and results of th is  research study, the fol lowing 

conclusions are made: 

1 - Sustainable development in  arid and semi-arid regions requires proper management 

of groundwater resources through implementation of artificial recharge techniques. 

2- The total catchment area to the dam is  approximately 1 95 km
2
. This  i nc ludes Wadi 

Ham itself and the catchment of Wadi AI-Farfar system. The two wadis  flow 

separately but they join with each other about one ki lometer upstream of the dam. 
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3- The precipitation input to  Wadi Ham is solely v ia  rainfal l .  Rainfall distribution i s  

interm ittent and highly scattered. The mean annual rainfall estimated for 23  years i s  

1 54 mm with about 50% of i t  occurs in the winter months of February and March .  

4- urface water flow is ariable reflecting the intermittent nature of rainfal l .  Most 

flood e ents are over within a relatively short period of time, with many being over 

in Ie s than a day. Wadi AI-Farfar system has great contribution to the total runoff 

and accounts for about 40% of the total runoff yield accumulated at the dam site. 

5- The hydrogeology of the Wadi Ham plain area consists of two units, namely, wadi 

gra els and the Samai l  Ophiol ite. The wadi gravels form the major aquifer system 

\J ith its thickness varies from about 1 5  m to 1 00 m. 

6- The Wadi Ham Dam has an effective role in groundwater recharge and its effect i s  

c learly reflected in  groundwater levels rise, being more c lear in the area 

imm ediately downstream of the dam. The recharge from the dam ranged from 32% 

to 43% of the dam storage. Although water losses to the sea are increased, the 

amount of water added to storage exceeds by far the water losses. Water losses to 

the Gulf appear in  the area around Fuj airah . 

7- The recharge from dam enhances groundwater quality by fighting back the seawater 

intrusion. The seawater intrusion is reduced to low levels during recharge events 

from the dam. Seawater intrusion appears in the area around Kalba. 

6 . 3  Recom mendations 

Based on the various discussions and results of this study, the fol lowing 

recommendations are made for future investigations: 

1 - Historical records of rainfal ls surface water flow and groundwater levels are of 

great importance for any research. The continuity of this data is  highly 

recommended. 

2- Installation of a flow gauge c lose to dam site wi l l  help in measuring the total flows 

to the dam and provide better estimations of the total runoff volumes. It is also 

recommended to reinstall the flow gauge at B ithnah. 
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3- The groundwater model constructed in this thesis is of prel iminary nature. A more 

comprehensive model that considers different pumping scenarios and future 

predictions is recommended . Such a model, however, requires additional data 

including new dri l l ings and pumping tests of longer durations to arrive at more 

accurate values of hydraulic conductivit ies and storativities. 

4- It is recommended to perform field inventory of the pumping wells operating in the 

area to have better estimations of groundwater extraction. 

5- Additional observation wel l s  in the area north of Fujairah are recommended and 

groundwater level monitoring in BHF-3 and BHF- I O  northwest of Fujairah; and 

BHF- 1 3  and BHF-5 west of Kalba, which were abandoned should be resumed. It i s  

also recommended to register the measurement day. 

6- Regular c leanup of s i l t  sedimentations in the retention area should be made to 

enhance the infiltration process. 
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Appendix (A) 
Monthly Rainfall Data 



M onthly Rainfa l l  Data 

M onth! Year 
Month ly Rainfa l l  (mm) 

Farra h Bithna M asafi Average Aeria l*  

Oct- 1 980 0 0 0 0 .0 
No v 0 8 1 0 .2  5 .9 
Dec 0 0 1 0 .2 
Ja n 6 .8 1 9  3 .6 1 1 .4 
Feb 0 0 .6 2 .2  0 .8  
Ma r 1 5.6 1 8 .6 22 .6 1 8 .5  
Ap r 57.8 34 1 3 .2  37 . 1  

May 22.6 24 4 1 .8 27.6 
J un 0 0 0 0 .0 
J ul 0 0 0 0 .0  
Aug 0 0 0 0 .0 

Sep 0 0 0.4 0 . 1  
Oct- 1 98 1  0 0 6 .6  1 .5 

No v 0 0 .2  0 .4 0 .2 
Dec 0 0 0 .6 0 . 1  
Ja n 9 .6  1 1 .9 6 .8 1 0 .0 
Feb 1 85.8 1 73 . 5  1 68 .2  1 76 .3  
Mar 1 1 2 .4 1 22 .2  1 65 .6  1 29 .0  
Ap r 5 1 .6 0 2 .4 
May 0 0 0 0 .0  
J un 0 0 0 0 .0 
J ul 0 0 0 0 .0 
Aug 0 0 0 0 .0 

Sep 0 0 0 0 .0  
Oct- 1 982 4 1 2 .8  4 7 .9  

No v 42.2 23.8 3 1 .2 3 1 .6 
Dec 25 .2  30 .8  28.6 28.4 
Ja n 3.4 8 2 1 .6 9 .6  
Feb 1 7 1 .6 1 38 .2  48 1 28 .4  
Mar 72 57.2 4 1 .9 58.6 
Ap r 62.6 56.8 35.8 53.9 
May 0 0 0 0 .0 
J un 0 0 0 0.0 
J ul 0 0 0 0 .0  
Aug 1 3 .2 22 .4 38.4 23 . 1  
Sep 0 0 0 0 .0 

Oct- 1 983 0 0 0 0 .0 
No v 0 0 0 . 6  0 . 1  
Dec 0 .8  2 1 .8 1 .6 
Ja n 0 .4 1 .4 5 .2 1 .9 
Feb 1 .2 9 .2 0 .2  4 .5  
Ma r 1 4 .6 1 8 .8 27 .4 1 9.4 
Ap r 0 0 0 0 .0  
May 24.6 39.4 2 .6  26.0 
J un 0 0 0 0 .0 
J ul 0 0 .2 36.2 8 .4 
Aug 1 .2 0 .4 29.8 7 .5 

Sep 0 .6  4 .6  6 .6 3 .7  
* Thiessen average = 0 3 3 1  x Farah + 0.438 x Blthna + 0.23 1 x Masafi 



M o nthly Rai nfa l l  Data 

M o n th! Year 
M o nth ly Rainfa l l  (mm) 

Farah Bithna M a safi Average Aeria l·  

Oct- 1 984 0 0 0 0.0 
No v 0 0 0.2 0.0 
Dec 6 4.2 7 .8  5 .6 
Jan 1 2 .4 1 7  1 7 .6 1 5 .6 
Feb 0 0 0 0.0 
Mar 1 .8 1 .6 1 .8 1 .7 
Apr 0 0 0 .8 0.2 
May 1 0 0 0 .3 
Jun 0 0 0 0.0 
Jul  1 .2 0 .4 0 0.6 

Aug 0 0 0 0.0 
Sep 0 0 5.4 1 .2 

Oct- 1 985 0 0 0 0.0 
No v 0 6 .8  0 .2  3 .0  
Dec 0 0 1 .4 0 .3 
Jan 37 20.8 25 2 7 . 1  
Feb 1 6 .2 1 2 .6 23.8 1 6 .4 
Mar 1 9.4 23 8 .8  1 8 .5 
Apr 0 .2 0 2 0 .5  
May 0 0 0 0.0 
Jun 0 0 1 .8 0.4 
Jul  0 0 3 .2  0 .7  

Aug 0 0 7 1 .6 
Sep 0 0.6 4.4 1 .3 

Oct- 1 986 0 1 .6 5.2 1 .9 
No v 0.2 0 1 0 .3 
Dec 8 .6  6 .4 1 4 .8 9 . 1  
Jan 0 0 0.4 0 . 1  
Feb 7 .2  7 9.8 7 .7  
Mar 1 46.4 1 25.2 97.8 1 25.9 
Apr 9.4 1 7 .2 1 8 .8 1 5.0  
May 8 0 .2 9 .8 5.0 
Jun 1 6 .6  0 3.2 
Jul 0 0 0 0.0 

Aug 0.6 1 .8 0 .4 1 . 1 
Sep 0 0 0 .8 0 .2 

Oct- 1 987 0 0 0 0.0 
No v 1 6  6 .8  1 7 .2 1 2 .2 
Dec 1 .2 2 5.6 2 .6  
Jan 7 .4 1 0 .4 4.6 8 . 1  
Feb 233.2 1 85 .8  1 68 .9 1 97 .6  
Mar 0 0 .4 2 .6  0 .8 
Apr 28 34 .8 29.5 3 1 .3 
May 0 0 0 0.0 
Jun 0 0 0 0.0 
Jul  4 .8 1 2  1 4  1 0 . 1  

Aug 0 0 0 0.0 
Sep 0 0 0 0.0 

* ThIessen average = 0.3 3 1  x Farah + 0438 x B tthna + 0.23 1 x Masafi 



M o nthly Rainfa l l  Data 

M onth/ Year 
Monthly Rai nfa l l  (mm) 

Farah Bithna Masafi Average Aeria l *  

Oct- 1 988 0 0 0 0.0 
No v 0 0 0 0.0 
Dec 3 .4 1 9 .8 2 .4 1 0 .4 
Ja n 0 0 0 0.0 
Feb 1 .4 7 8 .4 5.5 
Mar 33.2 30.4 39.6 33.5 

ApJ 3.2 5 9 5.3 
May 0 0 0 0.0 
Ju n 0 0 0 0 .0 
Ju l  3.8 0 .4 5.6 2 .7  

Aug 0 0 0 0.0 
Sep 0 0 0 0.0 

Oct- 1 989 0 0 3 .8  0.9 
No v 1 1 .8 1 5 .8 0.4 1 0 .9 
Dec 35.2 22.4 7 1 .8  38.0 
Ja n 5.8 3 .8  20.2 8.3 
Feb 1 5 1 .2 1 47 1 50.2 1 49 . 1  
Mar 0 .8 0.4 4 1 .4 
Apr 1 5.2 3 1 .4 1 5.6 22.4 
May 0 0 0 0.0 
Ju n 0 8 8 5.4 
J u l  0 0 1 7  3 .9 

Aug 0.4 0 0 0 . 1  
Sep 0 0 0 0.0 

Oct- 1 990 0 3.4 1 4 .2 4 .8  
No v 0.2 2.6 1 .4 1 .5 
Dec 0 0 0 0.0 
Ja n 2.2 7 .6  22  9 . 1  
Feb 46 1 3 .2 6 .4 22.5 
Mar 22.6 1 5 .8 35.6 22.6 
Apr 0 0 0 0.0 
May 0 0 0 0.0 
Ju n 0 0 0 0.0 
Ju l  0 0 0 0.0 

Aug 1 .6 0 0 0 .5 
Sep 0 0 0 .2 0.0 

Oct- 1 99 1  0 0 0 .2 0.0 
No v 39.6 43.8 5.2 33.5 
Dec 8 .8  22.6 5.6 1 4 . 1  
Ja n 1 3 .4 33.2 49.4 30.4 
Feb 30.6 44 40.4 38.7 
Mar 3.2 3 .4 3.4 3 .3  
Apr 49.6 57.2 38 50.2 
May 0 0 0 0.0 
Ju n 0 0 0 0.0 
Jul 0 0 .6 0 .6 0.4 

Aug 0.4 0 0 .4 0 .2 
Sep 0 0 0 0.0 

• Thiessen average = 0.3 3 1  x Farah + 0 4 3 8  x Blthna + 0.23 1 x Masafi 



M o nthly Rai nfa l l  Data 

Mo nth! Year 
Monthly Rainfa l l  (mm) 

Farah Bithna M asafi Average Aeria l* 

Oct- 1 992 8 .4 0 0 .8 3 .0 
No v 0 0 .6 0 0 .3 
Dec 1 2  1 3 .2 1 7 .4 1 3 .8 
Jan 1 3 .2 1 8 .6 2 1 .8 1 7 .6 
Feb 57 87.6 1 08.4 82.3 
Mar 2 .6  1 .8 5.4 2 .9 
Apr 0 0 .2 0 0 . 1  
May 1 .2 0 0 0 .4 
Jun 0 0 0 0.0 
Ju l  0 0 0 0.0 

Aug 0.6 6 .6  1 3 .3 
Sep 1 0 .2 1 .4 0 .2 4.0 

Oct- 1 993 0 0 1 4  3.2 
No v 0.2 0 0 0 . 1  
Dec 39.6 90.8 1 1  55.4 
Jan 1 8 .6 1 6 .8 29.6 20.4 
Feb 0 .8 1 .6 2 .6  1 .6 
Mar 1 0 .2 1 3 .4 1 1 .8 1 2 .0 
Apr 0 0 1 0.2 
May 0 0 .6 0 0.3 
Jun 0 0 5 1 .2 
Ju l  0 0 0 0.0 

Aug 5.6 0.2 0 1 .9 
Sep 0 0 0 0.0 

Oct- 1 994 0.2 1 .6 1 4 .6 4 . 1  
No v 0.2 0 0.4 0.2 
Dec 0 0 0 0.0 
Jan 1 .8 0 .6 0 0.9 
Feb 6 1 2 .6 35 1 5 .6 
Mar 35 1 86 .8 1 00.8 1 1 6 . 7  
Apr 1 .2 0 .8 5 1 .9 
May 5.8 4.4 1 9 .2 8 .3  
Jun 0 0 0 0.0 
Jul  63.8 68 9 1 .6 72 . 1  

Aug 0 0 0 0.0 
Sep 0 0 0 0 .0  

Oct- 1 995 2.4 2 .2  1 9 .8 6 .3  
No v 4.2 0 .2 0 1 . 5 
Dec 1 72 .8  1 92 1 59 1 78 .0  
Jan 1 20.4 1 22 75.4 1 1 0 .7  
Feb 1 52 .2  34 .8 48.8 76.9 
Mar 20.8 1 35.8 1 69.2 1 05.5 
Apr 1 0.4 0 0 .5  
May 0 0 0 0.0 
Jun 0.8 1 6 .4 3 8 . 1  
Ju l  0 .4 5 .2 1 7 .8 6 .5 

Aug 0 0 0 0 .0 
Sep 6 0 1 3 .8 5.2 

• ThIessen average = 0.33 1 "  Farah + 0438 x B l thna + 0.2 3 1  x Masafi 



M o nthly Rainfa l l  Data 

M onthl Year 
Monthly Rai nfa l l  (mm) 

Farah Bithna 

Oct- 1 996 0 0 
No v 0 .6  1 .8 
Dec 2 A  2 . 8  
Jan 57A 58 
Feb 0 0 
Mar 1 22 .2 1 23 .6  
Apr 29 1 6  
May 0.2 0 
Jun 0 0 
Jul  0 0 

Aug 0 0 
Sep 0 0 

Oct- 1 997 30 96.2 
No v 27.8 27 
Dec 1 A  5 .6  
Jan 48A 80A

+ 

Feb 24.8 38.2 
Mar 3.2 20 
Apr 1 3  3 .2  
May 0 0 
Jun 0 0 .8

+ 

Jul 0 9A
+ 

Aug 0 5.8 
Sep 0 6 A  

Oct- 1 998 0 3 
No v 0 0

+ 

Dec 5.2 4 .4
+ 

Jan 29.2 20.8 
Feb 9A 1 1 .6 
Mar 9.6 1 8 .8 
Apr 0 0 
May 0 0

+ 

Jun 0 0 
Ju l  0 2 .8

+ 

Aug 0 9 .8  
Sep 0 30 .2

+ 

Oct- 1 999 0 0
+ 

No v 1 .2 0 
Dec 0 1 .8 
Jan 0 0.2 
Feb 0 0.2 
Mar 0 0 
Apr 0 0

+ 

May 0 0 .2
+ 

Jun 0 0 
Ju l  0 3 .2 

Aug 0 5.2
+ 

Sep 0 0
+ 

• Thiessen average = 0.3 3 1  x Farah + 0.438 x Blthna + 0.23 1 x Masafi 
+ Missmg record, assumed equal to Masafi record 

M asafi 

1 A  
7 .2  
4.2 

6 1 .6 
0 .2 

1 33.9 
5.8 
0 .8 
23 
0 
0 

6 .5  
96 .2 
27 
5.6 

80A 
38.2 
20 
3.2 
0 

0 .8 
9A 
5.8 
6A 
3 
0 

4 A  
20.8 
1 1 .6 
1 8 .8  

0 
0 
0 

2 .8  
9 .8 

30.2 
0 
0 

1 .8 
0 .2 
0 .2 
0 
0 

0.2 
0 

3.2 
5 .2 
0 

Average Aerial* 

0.3 
2.7 
3 .0 

58.6 
0.0 

1 25.5 
1 7 .9 
0.3 
5.3 
0.0 
0.0 
1 .5 

74.3 
27.3 
4 .2  

69.8 
33.8 
1 4A 
6 A  
0.0 
0 .5  
6 .3  
3 .9  
4 .3  
2 .0  
0 .0  
4.7 

23.6 
1 0 .9 
1 5 .8 
0 .0  
0 .0  
0 .0  
1 . 9 
6 .6  

20.2 
0.0 
OA 
1 .2 
0 . 1  
0 . 1  
0.0 
0.0 
0 . 1  
0 .0 
2 . 1  
3 .5  
0 .0  



Monthly Rainfa l l  Data 

M onth! Year 
M o n th ly Rai nfa l l  (m m) 

Farah Bithna 

Oct-2000 3 .4 3.4 
No v 1 3 .6

+ 
1 3 .6

+ 

Dec 1 2 .4 1 2 .4 
Jan 22 22 
Feb 0 .4

+ 0.4
+ 

Mar 0.6 0.6 
Apr 0 0 
May 0

+ 
0

+ 

Jun 0 0 
Jul  1 .2 1 .2 

Aug 0
+ 

0
+ 

Sep 1 6 .8
+ 

1 6 .8 
Oct-200 1 0 0 

No v 0 0 
Dec 0 0.4 
Jan 7 1 0 .4 
Feb 1 .4 0 
Mar 1 3 .2 1 4 .2 
Apr 1 .8 5.2 
May 0 0 
Jun 1 .4 2 .4  
Jul  0.6 0 

Aug 0 0 
Sep 0 0 

Oct-2002 8.6 28.4 
No v 27.4 0 .8 
Dec 3 0 .8 
Jan 1 .2 2 .6 
Feb 3.6 0 
Mar 2 .4 0 
Apr 4 .4 0 .2 
May 0 0 
Jun 0 0 
Jul  0 0 

Aug 0 0 
Sep 0 0 

* Thiessen average = 0.3 3 1  x Farah + 0.438 x Blthna + 0.23 1 x Masafi 
+ Missmg record, assumed equal to Masafi record 

M a safi 

3 .4 
1 3 .6 
1 2 .4 
22 
0.4 
0.6 
0 
0 
0 

1 .2 
0 

1 6 .8 
1 .8 
0 

0.8 
3 

0.4 
30.6 
1 .4 
0 

2 .6 
0 
0 
0 
1 9  

0 .8  
5.4 
5 

7 .4  
8 .6  

30.8 
0 
0 
0 
0 
0 

Average Aerial* 

3.4 
1 3 .6 
1 2 .4 
22.0 
0.4 
0.6 
0.0 
0.0 
0.0 
1 .2 
0.0 
1 6 .8 
0.4 
0.0 
0.4 
7 .6 
0.6 
1 7. 7  
3.2 
0.0 
2 . 1  
0.2 
0.0 
0 .0 
1 9 .7  
9 .6  
2 .6  
2 .7  
2 .9 
2 .8 
8 .7  
0 .0  
0.0 
0.0 
0.0 
0.0 



Appendix (B) 
Bithna Flow Gauge Data 



Bithna flow gauge d a i l y  d ischarge read i n g s  1 979 to 1 990 

Date 
Total Daily F low 

( 1 000 m3/d) Date 
Total Dai ly F low 

( 1 000 m3/d ) 

1 2/03/79 38. 1 2  02/04/82 49. 1 6  
1 3/03/79 330.60 03/04/82 45. 7 1  
30/1 0/79 1 46 .22 04/04/82 39.31  
30/1 2/79 1 77 . 1 9  05/04/82 3 1 .80 
30104/8 1 2 .68 06/04/82 22.98 
01 /05/8 1 3 .82 07/04/82 1 8 .66 
02/05/8 1 52 .72 08/04/82 1 8 .66 
1 3/02/82 0.30 09/04/82 1 8 .66 
1 4/02/82 3622.90 1 0104/82 1 8 .23 
1 5/02/82 1 296 .00 1 1 /04/82 1 7 .28 
1 6/02/82 208.30 1 2/04/82 1 6 .68 
1 7/02/82 1 03.70 1 3/04/82 1 6 .68 
1 8/02/82 77,80 1 4/04/82 1 6 .68 
1 9/02/82 27.65 1 5/04/82 1 6 .68 
20/02/82 2 .77 1 6/04/82 1 5 .38 
2 1 /02/82 2.07 1 7/04/82 1 4 .08 
22/02/82 2.07 1 8/04/82 1 4 .08 
23/02/82 1 .99 1 9/04/82 1 0. 54 
24/02182 1 .40 20/04/82 6 .91  
25/02/82 1 1 58 .50 2 1 /04/82 6 .91  
26/02/82 1 8 . 1 0  22/04/82 6 .91  
27/02/82 3 . 1 0  23/04/82 5.53 
28/02/82 2 .02 24/04/82 4 . 1 5 
0 1 /03/82 2 .07 25/04/82 4 . 1 5  
02/03/82 2 .07 26/04/82 4. 1 5  
03/03/82 2.07 27/04/82 4 . 1 5  
04/03/82 1 .90 28/04/82 4 . 1 5  
05/03/82 1 .73 29/04/82 3 .63 
06/03/82 1 .2 1  30/04/82 2 .59 
07/03/82 0 . 1 7  0 1 /05/82 2.07 
1 3/03/82 1 1 .20 02/05/82 1 .90 
1 4/03/82 1 2 1 .40 03/05/82 1 .2 1  
1 5/03/82 1 7 .80 04/05/82 0.69 
1 6/03/82 1 5 .40 02/1 1 /82 40 . 1 5  
1 7/03/82 1 4 .00 1 4/ 1 1 /82 6 .08 
1 8/03/82 1 4 .00 1 2/02/83 1 078.39 
1 9/03/82 1 4 .00 1 3/02/83 3 1 8 .60 
20/03/82 9 . 1 0 1 4/02/83 36.29 
2 1 /03/82 4 . 1 5 1 5/02/83 28 .51  
22/03/82 4 . 1 5  1 6/02/83 2 1 .60 
23/03/82 4 . 1 5 1 7/02/83 1 4 .69 
24/03/82 4. 1 5  1 8/02/83 1 1 .23 
25/03/82 3.63 1 9/02/83 1 0 .80 
26/03/82 2 .60 20/02/83 1 0 .37 
27/03/82 2 . 1 0 2 1 /02/83 1 0 .37 
28/03/82 1 928 . 1 0  22/02/83 9 .07 
29/03/82 3069 .50 23/02/83 6 .91  
30/03/82 723.80 24/02/83 6.05 
3 1 /03/82 51 .54 25/02/83 6 .05 
01 /04/82 49 . 1 6  26/02/83 5.70 



Bith n a  flow g a uge d a i l y  d ischarge read i n g s  1 979 to 1 990 

Date 
Total Dai ly Flow 

Date 
Total Dai ly Flow 

( 1 000 m3/d ) ( 1 000 m3/d ) 

27/02/83 5 .70 28/04/83 1 .47 
28/02/83 4.32 29/04/83 1 .47 
01 /03/83 2.94 30/04/83 0 .69 
02/03/83 2.94 1 5/03/84* 80.00 
03/03/83 2 .94 28/03/87 307 .3 1  
04/03/83 2 .94 06/04/87 270.97 
05/03/83 2 . 5 1  0 1 /06/87 55.90 
06/03/83 2 .07 1 7/02/88 5355.72 
07/03/83 2 .07 1 8/02/88 1 548.80 
08/03/83 2 .07 1 9/02/88 1 2 .96 
09/03/83 2 .07 20/02/88 9 .50 
1 0/03/83 2 .07 2 1 /02/88 6 .48 
1 1 /03/83 1 .73 22/02/88 2. 1 6  
1 2/03/83 1 .47 27/04/88 1 92.38 
1 3/03/83 2. 1 7  08/1 2/88 250.00 
1 4/03/83 1 .47 1 8/03/89 280.00 
1 5/03/83 1 .47 1 0/02/90 2 1 3.05 
1 6/03/83 1 .47 1 1 /02/90 1 543.95 
1 7/03/83 1 .47 
1 8/03/83 1 .47 
1 9/03/83 0.69 
30/03/83 294.55 
3 1 /03/83 64.68 
0 1 /04/83 7 .69 
02/04/83 6.05 
03/04/83 5.88 
04/04/83 5.70 
05/04/83 349 .41  
06/04/83 544 .32 
07/04/83 296.35 
08/04/83 1 1 1 .46 
09/04/83 34. 1 3  
1 0/04/83 27 .9 1  
1 1 /04/83 60.69 
1 2/04/83 44 .76 
1 3/04/83 36. 1 2  
1 4/04/83 28.34 
1 5/04/83 2 1 .00 
1 6/04/83 1 4 .60 
1 7/04/83 1 0 .54 
1 8/04/83 8.73 
1 9/04/83 6 .74 
20/04/83 5.88 
2 1 /04/83 5 .70 
22/04/83 4 .32 
23/04/83 2 .51  
24/04/83 2 .07 
25/04/83 2 .07 
26/04/83 2 .07 
27/04/83 1 .73 

* Exact date unknown 



Bithna flow gauge monthly d i scharge rea d i ngs 1 979 to 1 990 

Total Monthly Total Monthly 
Year Month Dischar�e Year Month D ischar�e 

(1 000 m /d) (1 000 m /d) 
1 979 Jan - 1 983 Jan 0 .00 

Feb - Feb 1 548.65 
Mar - Mar 397.26 
Apr - Apr 1 650.62 
May - May 0 .00 
June - June 0.00 
Ju ly - Ju ly 0 .00 
Aug - Aug 0 .00 
Sep - Sep 0.00 
Oct 1 46.22 Oct 0.00 
Nov 0 .00 Nov 0.00 
Dec 1 77 . 1 9  Dec 0.00 

1 980 Jan 0.00 1 984 Jan 0.00 
Feb 0.00 Feb 0.00 
Mar 0 .00 Mar 80.00 
Apr 0 .00 Apr 0.00 
May 0.00 May 0.00 
J une 0.00 June 0.00 
Ju ly  0.00 July 0.00 
Aug 0.00 Aug 0.00 
Sep 0.00 Sep 0.00 
Oct 0 .00 Oct 0 .00 
Nov 0 .00 Nov 0.00 
Dec 0.00 Dec 0.00 

1 98 1  Jan 0.00 1 985 Jan 0.00 
Feb 0.00 Feb 0.00 
Mar 0.00 Mar 0.00 
Apr 2 .68 Apr 0 .00 
May 56.54 May 0 .00 
June 0 .00 June 0 .00 
Ju ly 0 .00 July 0.00 
Aug 0.00 Aug 0 .00 
Sep 0.00 Sep 0 .00 
Oct 0.00 Oct 0 .00 
Nov 0.00 Nov 0 .00 
Dec 0.00 Dec 0.00 

1 982 Jan 0.00 1 986 Jan 0.00 
Feb 6528 .67 Feb 0 .00 
Mar 6025.59 Mar 0.00 
Apr 503 .64 Apr 0.00 
May 5.87 May 0.00 
June 0.00 June 0.00 
Ju ly 0.00 Ju ly  0.00 
Aug 0.00 Aug 0 .00 
Sep 0.00 Sep 0 .00 
Oct 0.00 Oct 0 .00 
Nov 46.23 Nov 0.00 
Dec 0 .00 Dec 0.00 



Bithna flow gauge monthly d ischarge rea d i n g s  1 979 to 1 990 

Total Monthly Total Monthly 
Year Month Dischar�e Year Month Dischar�e 

(1 000 m /d) (1 000 m /dl 
1 987 Jan 0 .00 1 989 Jan 0 .00 

Feb 0.00 Feb 0 .00 
Mar 307 .31  Mar 280.00 
Apr 270.97 Apr 0 .00 
May 0.00 May 0.00 
June 55.90 June 0.00 
July 0 .00 Ju ly  0 .00 
Aug 0.00 Aug 0.00 
Sep 0.00 Sep 0.00 
Oct 0.00 Oct 0.00 
Nov 0 .00 Nov 0 .00 
Dec 0 .00 Dec 0.00 

1 988 Jan 0.00 1 990 Jan 0.00 
Feb 6935.63 Feb 1 757 .00 
Mar 0.00 Mar Flow Gauge 
Apr 1 92 .38 Apr Destroyed in Feb 1 990 
May 0.00 May 
June 0 .00 June 
Ju ly  0 .00 July 
Aug 0 .00 Aug 
Sep 0 .00 Sep 
Oct 0 .00 Oct 
Nov 0.00 Nov 
Dec 250.00 Dec 



Appendix (C) 
Rainfall Patterns for Simulated Storms 



Rai nfal l  pattern for storm on 1 3.02. 1 982 
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Date Time 
Cumulative 

Date Time 
Cumulative 

Precipitation (mm) Precipitation (mm) 

1 3-Feb-82 6:00 0 1 5-Feb-82 2:00 1 45 

1 3-Feb-82 8:00 3.8 1 5-Feb-82 4:00 1 45 

1 3-Feb-82 1 0 :00 5 .4 1 5-Feb-82 6:00 1 45 

1 3-Feb-82 1 2 :00 1 2 .2 1 5-Feb-82 8:00 1 45 

1 3-Feb-82 1 4 : 00 1 8 .2 1 5- Feb-82 1 0: 00 1 45 

1 3-Feb-82 1 6: 00 23.2 1 5-Feb-82 1 2 :00 1 45 

1 3-Feb-82 1 8: 00 37.2 1 5-Feb-82 1 4: 00 1 45 

1 3-Feb-82 20:00 46.6 1 5-Feb-82 1 6 :00 1 45 

1 3-Feb-82 22:00 52 .6 1 5-Feb-82 1 8 :00 1 45 

1 3-Feb-82 24:00 63 1 5-Feb-82 20:00 1 45 

1 4- Feb-82 2:00 73 1 5-Feb-82 22 : 00 1 45 

1 4-Feb-82 4:00 95 1 5-Feb-82 24:00 1 45 

1 4-Feb-82 6 :00 1 02 . 5  1 6-Feb-82 2:00 1 45 

1 4-Feb-82 8:00 1 09.4 1 6-Feb-82 4:00 1 45 

1 4-Feb-82 1 0: 00 1 1 0 1 6-Feb-82 6:00 1 45 

1 4-Feb-82 1 2: 00 1 22.6 1 6-Feb-82 8:00 1 45 

1 4-Feb-82 1 4 :00 1 39 . 1  1 6-Feb-82 1 0 :00 1 45 

1 4-Feb-82 1 6:00 1 45 1 6-Feb-82 1 2 :00 1 45 

1 4-Feb-82 1 8: 00 1 45 1 6- Feb-82 1 4 :00 1 45 

1 4-Feb-82 20:00 1 45 1 6- Feb-82 1 6:00 1 45 

1 4-Feb-82 22:00 1 45 1 6-Feb-82 1 8: 00 1 45 

1 4-Feb-82 24:00 1 45 1 6-Feb-82 20:00 1 45 
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Rainfa ll  pattern for stonn on 1 1 .02.1 983 
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1 1 -Feb-83 4:00 
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1 1 -Feb-83 1 4: 00 
1 1 -Feb-83 1 6: 00 

1 1 -Feb-83 1 8: 00 

1 1 -Feb-83 20:00 

1 1 -Feb-83 22:00 

1 1 -Feb-83 24:00 
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Rainfa ll  pattern for stonn on 30.03.1 983 
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Date Time 
C u m ulative 

Date Time 
C u mulative 

Precipitation (mm) Precipitation (mm) 

30-Mar-83 1 4 : 00 1 9  1 -Apr-83 1 0: 00 46.2 
30-Mar-83 1 6: 00 3 1  1 -Apr-83 1 2: 00 46.2 
30-Mar-83 1 8: 00 3 1 .4 1 -Apr-83 1 4: 00 46.2 
30-Mar-83 20:00 3 1 .4 1 -Apr-83 1 6: 00 46.2 
30-Mar-83 22:00 3 1 .4 1 -Apr-83 1 8: 00 46.2 
30-Mar-83 0:00 3 1 .4 1 -Apr-83 20:00 46.2 

3 1 -Mar-83 2:00 3 1 .4 1 -Apr-83 22:00 46.2 

3 1 -Mar-83 4:00 3 1 .4 1 -Apr-83 0:00 46.2 
3 1 -Mar-83 6:00 3 1 .4 2-Apr-83 2:00 46.2 

3 1 -Mar-83 8:00 3 1 .4 2-Apr-83 4:00 46.2 

3 1 -Mar-83 1 0: 00 39 2-Apr-83 6:00 46.2 

3 1 -Mar-83 1 2 :00 39 2-Apr-83 8 :00 46.2 

3 1 -Mar-83 1 4 :00 39 2-Apr-83 1 0 :00 46.2 

3 1 -Mar-83 1 6 :00 45.4 2-Apr-83 1 2 :00 46.2 

3 1 - Ma r-83 1 8: 00 45.9 2-Apr-83 1 4 :00 46.2 

3 1 -Mar-83 20:00 46 2-Apr-83 1 6 :00 46.2 

3 1 -Mar-83 22:00 46.2 30-Mar-83 1 4 :00 1 9  

3 1 -Mar-83 0:00 46.2 2-Apr-83 1 8 :00 46. 2  

1 -Apr-83 2:00 46.2 2-Apr-83 20:00 46.2 
1 -Apr-83 4:00 46.2 2-Apr-83 22:00 46.2 

1 -Apr-83 6:00 46.2 2-Apr-83 0:00 46 .2 

1 -Apr-83 8 :00 46.2 3-Apr-83 2:00 46.2 



Rai nfa l l  pattern for storm o n  30.03. 1 983 . . .  contin ued 

Date Time 
Cumulative 

Date Time Cumulative 
Precipitation (mm) Precip itation (mm) 

3-Apr-83 4 :00 46.2 4-Apr-83 24:00 51 .6 
3-Apr-83 6:00 46.2 5-Apr-83 2:00 51 .6 
3-Apr-83 8:00 46.2 5-Apr-83 4 :00 5 1 .6 
3-Apr-83 1 0 :00 46.2 5-Apr-83 6 :00 51 .6 
3-Apr-83 1 2 :00 46.2 5-Apr-83 8:00 51 .6 
3-Apr-83 1 4 :00 46.2 5-Apr-83 1 0 :00 5 1 .6 
3-Apr-83 1 6 :00 46.2 5-Apr-83 1 2 :00 55 
3-Apr-83 1 8 :00 46.2 5-Apr-83 1 4 :00 66 
3-Apr-83 20:00 46.2 5-Apr-83 1 6 :00 82 
3-Apr-83 22:00 46.2 5-Apr-83 1 8 :00 83.6 
3-Apr-83 24:00 46.2 5-Apr-83 20:00 83.8 
4-Apr-83 2 :00 46.2 
4-Apr-83 4:00 46.2 
4-Apr-83 6:00 46.2 
4-Apr-83 8:00 46.2 
4-Apr-83 1 0 :00 46.2 
4-Apr-83 1 2 :00 46.2 
4-Apr-83 1 4 :00 46.2 
4-Apr-83 1 6 :00 48.8 
4-Apr-83 1 8 :00 5 1 .6 
4-Apr-83 20:00 51 .6 
4-Apr-83 22:00 51 .6 



Ra i nfa ll  pattern for storm on 1 6.02. 1 988 
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Date Time 
Cumulative 

Date Time 
Cum ulative 

Precipitation (mm) Precipitation (mm) 

1 6- Feb-88 1 6 :00 0 1 8- Feb-88 1 2 :00 1 45.6 
1 6-Feb-88 1 8 :00 0.6 1 8-Feb-88 1 4: 00 1 45.6 
1 6-Feb-88 20:00 0.6 1 8-Feb-88 1 6: 00 1 45 . 6  
1 6-Feb-88 22:00 0 .8  1 8-Feb-88 1 8 :00 1 45 . 6  
1 6-Feb-88 0:00 1 1 8-Feb-88 20:00 1 45.6 
1 7-Feb-88 2:00 1 .8 1 8-Feb-88 22:00 1 45.6 
1 7-Feb-88 4:00 3.8 1 8-Feb-88 0:00 1 45.6 
1 7-Feb-88 6:00 5 1 9-Feb-88 2:00 1 45.6 

1 7-Feb-88 8 :00 8 1 9- Feb-88 4:00 1 45.6 
1 7-Feb-88 1 0 :00 1 1  1 9-Feb-88 6:00 1 47.6 

1 7-Feb-88 1 2: 00 28 1 9-Feb-88 8 :00 1 48.6 

1 7-Feb-88 1 4 :00 43 1 9-Feb-88 1 0 :00 1 49.6 

1 7-Feb-88 1 6 :00 47 1 9-Feb-88 1 2 :00 1 49.6 
1 7-Feb-88 1 8 :00 80 1 9-Feb-88 1 4 :00 1 49.6 

1 7-Feb-88 20:00 96 1 9-Feb-88 1 6 :00 1 50.6 

1 7-Feb-88 22:00 97.4 1 9-Feb-88 1 8 :00 1 50.6 

1 7-Feb-88 0:00 1 00 1 9-Feb-88 20:00 1 5 1 .6 

1 8-Feb-88 2:00 1 39.2 1 9-Feb-88 22:00 1 5 1 .6 

1 8-Feb-88 4 :00 1 44.6 1 9-Feb-88 0:00 1 5 1 .6 

1 8-Feb-88 6 :00 1 45 20-Feb-88 2:00 1 5 1 .6 

1 8- Feb-88 8:00 1 45 20-Feb-88 4:00 1 5 1 .6 

1 8-Feb-88 1 0: 00 1 45.6 20-Feb-88 6:00 1 53.6 



Rainfa l l  pattern for storm on 1 6.02.1 988 . . . cont in ued 

Date Time 
Cumulative 

Date Time Cumulative 
Precipitation (mm) Precip itation (mm) 

20-Feb-88 8:00 1 53 .6  
20-Feb-88 1 0 :00 1 53 .6  
20-Feb-88 1 2 :00 1 55.6 
20-Feb-88 1 4 :00 1 55.6 
20-Feb-88 1 6 :00 1 55 .6  
20-Feb-88 1 8 :00 1 57 .6  
20-Feb-88 20:00 1 57 .6  
20-Feb-88 22:00 1 57 .6  
20-Feb-88 0 :00 1 57 .6  
2 1 -Feb-88 2 :00 1 57 .6  
2 1 -Feb-88 4 :00 1 58 .9  
2 1 -Feb-88 6:00 1 58.9 
2 1 -Feb-88 8 :00 1 58.9 
2 1 -Feb-88 1 0 :00 1 60.4 
2 1 -Feb-88 1 2 :00 1 60 .4 
2 1 -Feb-88 1 4 :00 1 60.4 
2 1 -Feb-88 1 6 :00 1 60.4 
2 1 -Feb-88 1 8 :00 1 60 .4 
2 1 -Feb-88 20:00 1 60.4 
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