
Hydrology and ground water potential
of the Tihama-Yemen Arab Republic

Item Type text; Thesis-Reproduction (electronic)

Authors Al-Eryani, Mohamed L. (Mohamed Lotf)

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 16/05/2023 14:01:25

Link to Item http://hdl.handle.net/10150/555143

http://hdl.handle.net/10150/555143


HYDROLOGY AND GROUND WATER POTENTIAL OF THE

g 974 I 

LfcH

C

TIHAMA-YEMEN ARAB REPUBLIC

by

Mohamed Lotf Al-Eryani

A Thesis Submitted to the Faculty of the

DEPARTMENT OF HYDROLOGY AND WATER RESOURCES

In Partial Fulfillment of the Requirements 
For the Degree of

MASTER OF SCIENCE 
WITH A MAJOR IN HYDROLOGY

In the Graduate College

THE UNIVERSITY OF ARIZONA

19 7 9



STATEMENT BY AUTHOR

This thesis has been submitted in partial fulfillment of 
requirements for an advanced degree at The University of Arizona and is 
deposited in the University Library to be made available to borrowers 
under rules of the Library.

Brief quotations from this thesis are allowable without special 
permission, provided that accurate acknowledgment of source is made. 
Requests for permission for extended quotation from or reproduction of 
this manuscript in whole or in part may be granted by the head of the 
major department or the Dean of the Graduate College when in his judg
ment the proposed use of the material is in the interests of scholar
ship. In all other instances, however, permission must be obtained 
from the author.

SIGNED; M  ' L- /))—

APPROVAL BY THESIS DIRECTOR 

This thesis has been approved on the date shown below:

Professor of Hydrology and 
Water Resources

r 3 .  J T Z l
Date ̂



ACKNOWLEDGMENTS

The author is in great debt to Professor D. D. Evans for his 

encouragement, assistance, guidance, and editing of this thesis. The 

author is also in debt to Professors M. M. Fogel and E. S. Simpson for 

their valuable suggestions and review of this thesis.

The author's appreciation and gratitude are also expressed to 

Mr. C. W. Mehring, President, Tipton and Kalmbach, Inc.; Mr. M. J. 

Grolier, hydrogeologist, U.S. Geological Survey; and Professor R. Schoch 

of the University of Zurich for supplying most of the data used in this . 
work.

iii



TABLE OF CONTENTS

Page

LIST OF TABLES................................................ vi

LIST OF ILLUSTRATIONS . . . .................................. vii

ABSTRACT........................................................ viii

1. INTRODUCTION.................................................. 1

Scope and Objective of the Study . . . .
The Methodology of the Study ..........
Previous Investigations and Available Data

2. PHYSIOGRAPHY, GEOLOGY, AND CLIMATE . ...................  13

Physiography ...........................   13
Geology.................................................. 16

Stratigraphy ........................................  16
Structural Geology .................................  24

Climate.................................................. 26
Precipitation .....................................  28
Air Temperature...................................  33
Relative Humidity .......................   38
Wind V e l o c i t y .....................................  39
Pan Evaporation...................................  40

3. WATER R ESOURCES.............................................. 41

Surface Water Resources .................................  41
G e n e r a l ............................................ 41
Principal Streams, General Character, and Extent . . 43
Streamflow D a t a ...................................  45
Assessment of Surface Water Resources ............  46
Surface Water Quality and Utilization ............  54

Ground Water Resources .................................  56
Principal Ground Water Aquifer ..................... 56
Aquifer Parameters .................................  57
Ground Water Occurrence and Movement . .............  60
Assessment of Ground Water Resources . . . . . . . .  63
Ground Water Quality and Utilization . . .  ........  69

iv

In
 

lo



V

• TABLE OF CONTENTS— Continued

4. FLOW PATTERN A N A L Y S I S .........................................   73

The Methodology..............    74
The Results..........     78

Derivation of Representative Transmissivities in
the Western Portion of the A q u i f e r ............  78

The Discharge Computations......................... 80

5. THE WATER BALANCE ANALYSIS ...................................  84

The Methodology..................    84
The Results ...............  85

6. CONCLUSIONS AND RECOMMENDATIONS..................   89

Conclusions..........   89
Recommendations .........................................  90

Monitoring Program.............................  90
Aquifer Investigations .............................  91
Modeling Studies ...................................  92
Control of the Aquifer .............................. 92

APPENDIX A: WADI MAWR WATER BALANCE................   94

APPENDIX B: WADI RIMA WATER BALANCE.........................  149

Page

REFERENCES 189



LIST OF TABLES

1. Available Precipitation Data in Yemen ..................... 32

2. Available Climatic Data in the Tihama.................. . 36

3. Summary of Available Streamflow and Relevant Data at
Wadis Mawr, Surdud, Rima, and Zabid ................... 47

4. Results of Probability Analysis of Rainfall and Runoff
Volumes in Wadis Mawr and Z a b i d .......................  49

5. Hydrometeorological Data Used in Regression Analysis . . .  50

6. Results of Regression Analysis ...........................  52

7. Hydrologic Properties of the Tihama Aquifer ..............  58

8. Recharge from Surface Water (as Percentage of Annual
Inflow) from Ground Water (as Percentage of Annual
Ground Water Pumpage), and the Total Estimated Ground
Water Recharge during 1975 .............................. 67

9. Ground Water Extractions in the T i h a m a ................ .. 72

10. Flow Net Computations of Natural Ground Water Discharge . . 81

Table Page

vi



LIST OF ILLUSTRATIONS

1. Geographic Location of the Tihama ....................... 2

2. Physiographic Subdivisions of Yemen ..................... 14

3. Schematic Stratigraphic Cross-Section across the Tihama . 21

4. Composite Stratigraphic Column of Yemen —  Precambrian
to Recent ..............................................  22

5. Simplified Geologic Map of Yem e n .....................  23

6. Schematic Geologic Cross-Section from the Yemen
Highlands to the Red S e a .............................  25

7. Location of Hydrometeorological Stations in Yemen . . . .  27

8. Isohyetal Map of Y e men................................ 31

9. Isohyetal Map of Yemen as Suggested by Recent
Precipitation D a t a ...................................  34

10. Small-Scale Hydrologic Map of Yemen Showing the Four
Major Catchment Areas and the Drainage Basins in the
Red Sea Catchment.....................................  42

11. Elevation of the Water Table in the Tihama during
April of 1976 ............    62

12. Regional Flow Pattern of the T i h a m a ................. 76

Figure Page

I

vii



ABSTRACT

Tihama is Yemen's coastal strip of land bordering the Red Sea.
2It occupies an area of about 20,000 km and represents the country's 

most promising agronomic resource.

With a total median annual volume of about 1,000 MCM (million 

cubic meters), surface water enters the Tihama plain through seven major 

wadis that drain the mountainous catchments to the east.

The Tihama's Quaternary section constitutes the region's only 

known ground water aquifer. It consists of a thick sequence of alluvial 

sediments. Ground water occurs under water table conditions, and is 

annually replenished primarily by seepage of surface runoff.

Using the technique of flow net analysis, it was found that 

annual natural ground water discharge through the Tihama aquifer to the 

Red Sea amounts to about 300 MCM. A confirmation of this magnitude of 

discharge was possible by computing two water balances at two of the 

major wadis.

Results of the discharge computations can be applied in the 

planning of future salvage of this non-beneficial loss. Given that the 

current system of surface and ground water irrigation in the Tihama 

supports an area of about 150,000 hectares, a recovery of as little as 

50 percent of this loss can increase the irrigated area by an additional 

15,000 hectares.
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CHAPTER 1

INTRODUCTION

Tihama, or more correctly At Tihama, is Yemen's coastal strip of 

land bordering the Red Sea. It runs a distance of approximately 400 km 

in a north-south direction with an east-west width varying between 25 

and 50 km (Figure 1).

Because of its substantial potential for massive agricultural 

development, the Tihama has received the attention and efforts of the 

Yemeni Government as well as several concerned international aid 

agencies. This potential is mainly due to the area's land productivity, 

flat topography, and less scarce water resources relative to the rest of 

the country.

Over the past decade, agronomic and hydrologic investigations 

were carried out at five locations within the Tihama; namely, at wadis 

Mawr (1979), Surdud (1978), Siham (1973), Rima (1977), and Zabid (1971 

and 1973). The locations of these"Wadis are also shown in Figure 1. 

Prior to these studies, very little was known about the Tihama's 

agronomic potential or hydrology. Hence, the recent investigations were 

practically started from scratch. Further, the lack of coordination

between the various government agencies that were supervising the -----

studies made subsequent access to the collected data from earlier

1
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Figure 1. Geographic Location of the Tihama
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studies very limited. Later investigations, therefore, were carried out 

under conditions of data scarcity.

In brief, it is generally believed that the interpretations of 

the early data and some of the later data were severely constrained by 

the limited availability of, and access to, regional data. These inter

pretations, consequently, are thought to be of local rather than 

regional applicability.

Scope and Objective of the Study 

A considerable amount of agronomic and hydrologic data has 

accumulated as a result of studies carried out in the various wadi areas 

of the Tihama. In 1977, the British team which investigated the area of 

wadi Rima recommended that a comprehensive desk study be undertaken to 

cover the hydrogeology of the entire Tihama (Makin, 1977). The • 

recommendation calls for emphasis on the following:

1. Comparison of the available meteorological and hydrological data 

of the several catchments in terms of climate, geology, land- 

forms and runoff, and the variation of climate with latitude.

2. Comparison of the component of recharge to ground water as 

determined by the various studies, with a view to resolving 

differences in relative magnitude, including a review of the 

assumptions used in each case.

As pointed out by Makin (1977), the principal objective behind this 

recommendations was to define a future program to quantify the ground 

water potential of the Tihama as a whole. To date, however, this



recommendation has not been undertaken mainly due to the substantial 

work it involves and the extreme difficulty of gathering relevant data.

The present study is a modest step toward achieving the objec

tive set forth by the above recommendation. However, it emphasizes a 

different aspect of the Tihama's hydrology; namely, that of natural 

ground water discharge to the Red Sea. Nevertheless, in the methodology 

that will be followed in this study, some of the other aspects pointed 

out by Makin (1977) will have to be included.

Briefly then, the present study aims at expanding the analysis 

and interpretation of the available data from the various wadis of the 

Tihama into a regional qualitative and quantitative appraisal of the 

hydrology and ground water potential of the Tihama. The major objective 

would be to quantify the component of natural ground water discharge to 

the Red Sea through the Tihama aquifer between wadis Mawr to the north 

and Zabid to the south (Figure 1).

The Methodology of the Study

Securing the needed data was probably one of the most difficult 

tasks that had to be resolved before this study could be started. An 

entire year was spent in making contacts with organizations and indi

viduals who have worked in the area in order to gather the bulk of data 

that have been collected on the Tihama to date. In most of the cases, 

data were directly obtained from the consulting firms which collected 

them. In any event, the attempt was rewarding and most of the contacts

4

were successful.
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The gathered data were first reviewed to get acquainted with 

their availability, time coverage, and similarities in the various 

wadis. Concurrently, a regional picture on the area's physiography, 

geology, climate, and water resources evolved. Subsequent evaluation of 

the data was then performed. The results of this evaluation are in 

Chapters 2 and 3 of this thesis.

In the next step, using a previously constructed water table 

elevation map of the area together with the reported transmissivities of 

the Tihama aquifer at the various wadis, the natural ground water dis

charge through the Tihama aquifer at the study area was computed. 

Detailed information regarding this step was gathered in a separate 

chapter; namely, Chapter 4, titled Flow Pattern Analysis.

The final step of the study consisted of finding a measure 

whereby the flow net computations could be substantiated, or confirmed. 

For this purpose, the water balance technique was adopted. Unfor

tunately, this technique requires a substantial amount of meteorologic, 

hydrologic, as well as agronomic data; a condition which was possible 

to satisfy only at two wadis within the Tihama —  wadis Mawr and Rima. 

Appendices A and B contain the detailed information of the water 

balances, while Chapter 5 summarizes the findings from this step.

Previous Investigations and Available Data 

Modern hydrologic investigations in the Tihama plain may be 

said to have begun during the 1960's when German hydrologists carried 

out a number of reconnaissance ground water studies in the central part 

of the Tihama. The studies aimed at providing a ground water supply
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for irrigation purposes in the south Gumaisha farm near the port city of 

Hodeidah. Fourteen ground water wells, ranging between 56 and 136 

meters in total depth, were drilled (Italconsult, 1973). The detailed 

results from these studies were not published except for those from a 

study by Kraft, Carling, and Matecki (1971).

It was not until the late 1960's that a comprehensive approach 

to the evaluation of the Tihama's agronomic potential was adopted by the 

government. A number of alarming economic and social problems are 

believed to have helped in creating this new approach. According to 

Tipton and Kalmbach (1979a), these problems stemmed from a stagnation in 

the country's agricultural economy which, in turn, resulted in the 

following: x

1. A steady decline in agricultural production and a likewise 

increase in imports of agricultural products.

2. Exclusion of the agricultural sector from the economic growth 

flourishing in the other sectors of economy, and enhancing 

emigration of farm labor abroad or into urban areas where 

employment is available, thereby amplifying the already existing 

economic and social problems in the urban areas.

Hence, the establishment of a permanent agriculture, that can both 

utilize part of the nation's labor force as well as narrow the gap 

between demand and production, became a national goal.

The greatest potential for agricultural development lies in the 

Tihama where most of the mountain runoff debouches into the plain in 

seven major and numerous minor wadis and where this runoff has been



utilized for centuries to irrigate the lands adjacent to the wadis 

(Tipton and Kalmbach, 1979a).

Consequently, in June of 1969, with the assistance of the United 

Nations Development Program (UNDP), the first major and comprehensive 

hydrologic and agronomic investigations in the Tihama were started in 

the area of wadi Zabid (Figure 1). The objective was to survey the 

agriculture of the area with a view to preparing plans for irrigation 

development (Tesco, 1971). The studies were carried out by a Hungarian 

consulting firm, abbreviated as Tesco, and were executed in two phases. 

The first phase lasted for two years (June 1969-May 1971) and was con

centrated mainly on surface water resources. When this phase was com

pleted, Tesco (1971) concluded that an area of about 17,000 hectares 

could be developed in wadi Zabid by construction of permanent engi

neering works to improve the existing spate irrigation system. With a 

cost of about $4 million, the project was multilaterally financed in 

1972 and will be completed late in 1979.

The second phase of the investigations continued for one year 

(November 1971-October 1972) and consisted of two different operations; 

namely, a drilling program that aimed at exploring the deeper parts of 

ground water aquifer at wadi Zabid, and a reconnaissance survey in the 

area of wadi Mawr. Recommendations from the second phase called for the 

establishment of a 2,000-hectare ground water irrigation scheme to 

replace the existing system which is served by shallow dug wells. The 

survey at wadi Mawr, on the other hand, suggested that a 4,000-hectare 

irrigation scheme can be established in the area, but further

7
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investigations were necessary before a firm proposal could be made 

(Tesco, 1973). The design of the 2,000-hectare ground water irrigation 

scheme at wadi Zabid was contracted to an American consulting firm 

(Tipton and Kalmbach) in 1974. The final report from this design study 

is due in a few months (Tipton and Kalmbach, 1979b).

So far, wadi Zabid*s investigations are considered the most 

thorough and elaborate of all the studies that have been made in the 

Tihama. During the first phase, a hydrometeorological network, con

sisting of nine rainfall and two streamflow gaging stations, was 

installed. In addition, eleven exploratory test wells, ranging in depth 

between 45 and 130 meters and totaling 770,meters, were drilled. In the 

second phase, four wells were drilled to depths that ranged between 116 

and 219 meters and totaled 745 meters.

In February of 1972, ground water investigations aimed at 

securing a domestic water supply for.the port city of Hodeidah were 

started in the area of wadi Siham. The investigations were carried out 

by an Italian consulting firm (Italconsult) and executed by the World 

Health Organization of the United Nations (WHO) under a special fund pro

vided by the UNDP (Italconsult, 1973).

A total of nine exploratory and production wells, ranging in 

depth between 69 and 181.5 meters and totaling 927 meters, were drilled. 

An intensive resistivity survey, upon the results of which most of 

today's knowledge about the subsurface configuration of the aquifer are 

based, was also carried out. The investigations were concluded in
October of 1972.
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Upon completion of the reconnaissance survey at wadi Mawr, 

Tipton and Kalmbach, which is the same consulting firm designing the 

irrigation scheme in wadi Zabid, was contracted to carry out detailed 

hydrologic and agronomic investigations in this area. The specific 

objective was to evaluate the feasibility of irrigated agriculture in 

the wadi Mawr area (Tipton and Kalmbach, 1979a). Besides a raingage- 

weather station installed in 1972 during.Tesco's survey, an additional 

thirteen raingage stations were installed in the study and catchment 

areas in 1975. During the same year, two streamflow gaging stations, 

one at wadi Mawr's exit onto the Tihama and the other at a tributary, 

were installed. Further, in June of 1976, a drilling program was 

started and by the end of August 1978 a total of thirty wells were com

pleted. Data from nineteen of these wells indicate that they ranged in 

depth from 111 to 234 meters.

The data collection program, which also included agronomic and 

soil surveys, was concluded late in 1978. The drilling program, how

ever, is still continuing to complete a total of sixty wells.

In their final report, Tipton and Kalmbach (1979a) concluded 

that, with the construction of two diversion structures, an area of 

about 23,000 hectares can be developed. Further, a ground water 

development program, in which 42 wells were to be drilled by the govern 

ment and then sold to the farmers, was recommended. This program was 

devised to partially replace the present dug well system which depends 

on a total of 183 wells irrigating approximately 2,500 hectares.



The third major investigation in the Tihama, besides those at 

wadis Zabid and Mawr, was carried out in the area of wadi Rima. The 

investigations originated in 1972 as a part of the British Technical 

Assistance to Yemen. The objective was to examine the existing land and 

water use in relation to natural resources of the area, and to identify 

opportunities for improvement or innovation, leading to the better use 

of these resources (Makin, 1977).

The first step of wadi Rima's investigations, which were mainly 

carried out by the staff of the British Ministry of Overseas Develop

ment, started in 1972 with the preparation of topographic maps for the 

area. The data collection program was started in mid-1974 and was con

cluded late in 1976. The studies utilized a network of eleven raingage 

stations, two weather stations, and one streamflow gaging station. A 

drilling program was also initiated and nine exploratory wells were 

drilled to depths of approximately 150 meters each (Makin, 1977). In 

addition, surveys of soil types, land use, irrigation practices, and 

ground water pumpage were made.

Recommendations for improvement of the current use of the area's 

surface water resources emphasized the need for increasing the area of 

reliable cropping through the construction of wadi control structures 

and canal intakes (Makin, 1977). With ground water abstraction 

approaching the estimated recharge, it was recommended that pumpage of 

ground water be controlled. However, recommendations were also made to 

design two state-controlled ground water irrigation schemes whereby ten 

wells were to be drilled in two specific areas within wadi Rima. One of

10
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these schemes was devised to compensate areas that will be deprived of 

surface water upon improvements in the distribution system, while the 

other aimed at providing a means for state intervention such that expan

sion in ground water abstraction could be controlled (Makin, 1977).

Late in 1975, a British consulting firm, Sir William Halcrow and. 

Partners, was contracted to carry out investigations in wadi Surdud.

The investigations were originally planned to include installation of 

several rainfall, weather, and streamflow gaging stations. However, due 

to delay in equipment delivery, none of these stations was installed 

until near the conclusion of the field work (Sir William Halcrow and 

Partners, 1978). Consequently, the final report on the ground and sur

face water resources of the area was largely based on old data and 

extrapolations from data collected elsewhere in the Tihama and south

western Arabia in general. A ground water observation network, never

theless, was established in the area and data were collected during the 

period October 1976 through April 1978. Only one volume of the final 

report of the consultant was possible to secure (Volume III, titled 

Water Resources). Hence, neither agronomic data nor the main body of 

the final report was available for the author.

Available data from the previously pointed out investigations 

include those by: Kraft et al. (1971) on the central Tihama, Tesco

(1971, 1973) on wadis Zabid and Mawr, Italconsult (1973) on wadi Siham, 

Tipton and Kalmbach (1974) on wadi Zabid, Tipton and Kalmbach (1979a) on 

wadi Mawr, Makin (1977) on wadi Rima, and Sir William Halcrow and 

Partners (1978) on wadi Surdud. In addition, several reports by
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numerous authors and organizations are available and will be referred to 

in their appropriate places.

Up to this point, only investigations at five of the Tihama's 

seven major wadis have been outlined. The remaining two wadis, both 

south of wadi Zabid, are wadi A1 Ghayl and wadi Rasyan. The latter is 

being presently investigated by a British consulting firm (Sir Alexander 

Gibb and Partners) and only preliminary reports were made available to 

the author. For this reason, only the area between wadis Mawr and Zabid 

was included in the present study.

i



CHAPTER 2

PHYSIOGRAPHY, GEOLOGY, AND CLIMATE

Physiography
2With an area of about 200,000 km and a relief of more than 

3,000 meters, the Yemen Arab Republic is separable into five major 

physiographic units (Figure 2). These, from west to east, are (Grolier, 

1977);

1. The Tihama coastal plain.

2. The Red Sea mountainous escarpment.

3. The Yemen highlands.

4. Wadi A1 Jawf.

5. The southwestern fringe of the Empty Quarter.

However, only the first three units are of interest to the 

present study. The Tihama comprises the general study area, while the 

Red Sea escarpment and the western portion of the Yemen highlands form
(the catchment areas of the major wadis draining toward the Tihama. /

The Tihama, regionally speaking, constitutes the westernmost 

land unit of the Arabian Peninsula. It runs uninterrupted along the Red 

Sea a distance of approximately 2,000 km. The Yemeni part of the 

Tihama, comprising the southernmost portion of the regional Tihama, is 

only about 400 km long with a width that ranges between 25 and 50 km.

13
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Figure 2. Physiographic Subdivisions of Yemen. —  After Grolier (1977) 
and Steffen (1978).
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The Yemeni Tihama (hereafter simply called Tihama) gently slopes

towards the Red Sea, which forms its natural western boundary, with only

little local relief created by the numerous seasonal streams that

traverse it. On the other hand, the physiographic differentiation

between the Tihama and the adjacent land unit to the east is made by the

500-meter topographic contour which marks the base of the foothills of

the Red Sea escarpment (Steffen, 1978). This differentiation, however,

is quite artificial and, according to Grolier (1977), may also be taken

at the 400-meter contour. If the 500-meter contour is considered, as is

the case in Figure 2, then the Tihama occupies an area of about 20,000 
2 '■km or about 10 percent of the country's total area.

The study area, which includes a significant portion of the

Tihama, except the areas north of wadi Mawr and south of wadi Zabid, is

approximately bounded by latitudes 15045'N and 14o00’S. It occupies an
2area of about 9,600 km and averages 190 and 50 km in length and width, 

respectively.

The Red Sea escarpment (Figure 2) consists of a series of west

facing mountains which rise from the floors of the Tihama wadis to near 

the divide between the eastward and westward-draining streams. Its 

relief, although locally exceeds 2,000 meters, averages 1,500 meters, 

while its width ranges between 40 and 90 km (Grolier, 1977). It is in~ 

this unit that the bulk of the catchments of all the westward-draining ( 

basins lies.

The Yemen highlands (Figure 2) varies in width between 40 and 

200 km and occupies the center of the country. This unit is
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characterized by its rugged and complex topography which includes moun

tain massifs and peaks reaching more than 3,000 meters in altitude (the 

highest being at about 3,650 meters). Only the westernmost parts of 

this unit complement the Red Sea catchment and drain westward, while the 

remaining portions drain to the north, south, and east.

Geology

Stratigraphy

Tihama is a sediment-filled basin that consists of a continuous

chain of vast alluvial fans (Tesco, 1971). Its surface geology, com- __

pared to either its subsurface geology or to the geology of the catch

ment areas, is relatively less complex. Thus, aside from a number of / 

isolated and areally limited exposures of Precambrian and Jurassic rocks / 

in the easternmost parts of the area, the Tihama plain is exclusively 

composed of Quaternary sediments that are largely of continental origin. ,

On the surface, these sediments are most commonly represented by 

a layer of coarse to very coarse gravel mixed with silt and sand (Makin, 

1977; Tipton and Kalmbach, 1979a; and others). In an east-to-west 

direction, the grain size appears to be uniform with no indications of 

change away from the mountain front. The only exception to this common 

observation is in the area of wadi Rima where Makin (1977) reported that 

layers of medium sands mixed with clays and silts and even silty and 

silty clay layers were encountered in the western portions of the wadi.

The surface layer, through which the present wadi courses are cut to 

various degrees, has a considerable areal extent and is common over most
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of the study area. Locally, however, a layer of very fine sandy silt, 

which is texturally similar to loess, may be found capping the regional 

gravel-sand-silt layer. The thickness of this loess-like layer ranges 

from a few meters to more than 10 meters (Italconsult, 1973; Tesco,

1971). A much more common occurrence than the loess is that of layers 

of eolian sands that are frequently found on top of the gravel, 

particularly in the western parts of the Tihama. These layers are of 

variable, but generally limited, areal extent and have been reported at 

least in the areas of wadis Zabid (Tesco, 1971), Siham (Italconsult,

1973), and Rima (Makin, 1977).

Investigations into the subsurface lithology of the Tihama1s 

Quaternary sequence have been carried out through the numerous drilling 

programs that were initiated in connection with the various studies in 

the Tihama wadis. Data that were directly obtained from the drilling 

investigations were supplemented, as in the case of wadis Zabid and 

Siham, with data collected through seismic and electrical resistivity 

surveys that aimed at exploring the deeper parts of the sequence. 

Present-day knowledge on the.subsurface lithology, therefore, is limited 

to the maximum depth penetrated during the drillings (about 250 meters) 

supplemented with the geophysical data which provide information on an 

additional 300 meters. The following is a summary discussion of the 

findings from each of the above sources; i.e., from the drilling investi

gations, the seismic survey, and the resistivity survey.

Within the penetrated depths of 250 meters or less, the drilling 

investigations in all the wadis, except in wadi Surdud in which neither
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drillings were carried out nor were there available lithologic data from 

the already existing drilled wells, revealed no distinct heterogenetics 

in the sequence. That is, the deposits remained essentially composed of 

the same clastic mixture observed on the surface. However, the trend 

toward decrease in grain size away from the mountain front became more 

distinguishable than in the surface and was reported in wadis Siham 

(Italconsult, 1973) and Rima (Makin, 1977). Moreover, in all the 

investigated areas, a variable number of clay lenses was reported to 

have been encountered during the drillings.

At some depth, the lithology of the sequence is, however, 

believed to be different. General geologic principles suggest that 

Tertiary alluvium would be present below those of the Quaternary, while 

the basement material will consist of down-faulted Tertiary and pre- 

Tertiary sedimentary and volcanic rocks similar to those in the upper 

catchment areas.

Seismic surveys conducted by Tesco (1971) in the area of wadi 

Zabid indicated that the Quaternary section is underlain by basement 

rocks from the mountain front westward. This basement complex, which is 

faulted in surface exposures at the mountains, was also shown by Tesco*s 

survey to be faulted in the subsurface exposures under the Quaternary 

section. The thickness of the Quaternary section was found to increase 

from a few tens of meters near the mountains to approximately 550 meters 

at a distance of about 10 km from the mountains and to more than 1,000 

meters further west. Near the coast, the seismic survey indicated that 

the alluvium extends to a depth of at least 5,000 meters and is
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underlain by a stratigraphic sequence of either dense marine sediments, 

conglomerates, or weathered basement rocks (Tipton and Kalmbach, 1974).

The existence of a sequence of Miocene marine sediments over- 

lying the basement complex and acting as the base of the Quaternary 

sequence is known at least in the area of wadi Jizan in Saudi Arabia 

(Italconsult, 1963) as well as in the western regions of the Red Sea in 

Ethiopia (Hutchinson and Engels, 1970). In the case of wadi Jizan, 

which is only a few tens of kilometers north of wadi Mawr, Miocene salt 

deposits intruding the Quaternary alluvium in the form of a salt dome 

were reported by Italconsult (1963). On the basis of this occurrence, 

as well as other geologic evidence,.Italconsult concluded that the lower 

boundary of the Quaternary alluvial section in wadi Jizan is made up of 

these Miocene deposits. Again, as it is the case elsewhere in the 

Tihama, the maximum thickness of the alluvium was not determined.

Similar salt structures are also known to exist in the vicinity 

of wadis Mawr (at A1 Guma) and Surdud (at Salif). Thus, it is postulated 

that, at least from the vicinity of wadi Surdud and northward, a similar 

situation to that at wadi Jizan may exist. Consistent with these con

figurations is the case in the Ethiopian coast where Miocene deposits 

exceeding 3,000 meters in thickness were reported by Hutchinson and 

Engels (1970).

The resistivity survey in wadi Siham indicated that two zones of 

strongly contrasting geoelectrical properties are present (Italconsult, 

1973). The upper zone, characterized by resistivities between 5 and 30 

ohm-meters, consists of the Quaternary elastics mixture. Its thickness
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varied between zero and 400 meters, with the maximum thickness typically 

occurring at a distance of about 10 to 15 km from the mountain front.

This zone was found to gradually thin toward the coastal areas, probably 

due to sea water intrusion, and also close to the mountain front where 

the basement rocks are closer to the surface. The lower zone, with a 

resistivity of less than 3 ohm-meters, was interpreted as a zone of 

strata rich in clay and marls that are probably under saline conditions. 

Direct data on the age or lithology of this zone are lacking.

Aside from the apparent differences that the results from the 

above outlined sources (i.e., drilling, seismic, and resistivity) showed, 

and considering the general similarity with the better and more studied 

areas of wadi Jizan and-eastern Ethiopia, it was concluded that a 

stratigraphy similar to that shown in Figure 3 exists in the area. This 

figure is an east-to-west cross-section across the Tihama. It repre

sents the author's perception of the regional stratigraphy of the area, 

and is mainly an idealized illustration that shows the extreme situation 

in which all the reported lithologies and configurations are 

represented.

The stratigraphy of the catchment areas is quite complex. The 

rocks, as shown in the composite geologic colume of Figure 4, range from 

Precambrian crystallines to Quaternary alluviums. The lithologies 

include the three principal categories of rock types; i.e., igneous, 

metamorphic, and sedimentary rocks. The first geologic map of the 

country was prepared in 1978 (Grolier and Overstreet, 1978) and a 

simplified version of which is shown in Figure 5. To conclude this
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section on stratigraphy, a schematic cross-section running east to west 

from the Yemen highlands to the Red Sea is shown in Figure 6. No 

further discussion of the catchment's geology was necessary since the 

present study is primarily concerned with the Tihama.

Structural Geology

From the previous discussion, it can be deduced that the forma

tion of the Tihama sedimentary basin was largely associated with the 

tectonic activity that accompanied the opening of the Red Sea. To the 

extent that this is the case, the eastern portion of the Tihama corre

sponds, tectonically, to the eastern margin of the Red Sea Rift System 

(Italconsult, 1973). However, except for a northwest-southeast fault 

zone separating the Tihama coastal plain from the Red Sea escarpment, 

traces of faults affecting both the basement and the younger rocks in 

the Tihama are obscured by the Quaternary alluvium (Grolier, 1977).

Within the Quaternary sequence itself, detection of possible 

structural trends was not attainable due to the lack of clearly defined 

key-beds and the relatively long distances between the various investi

gated areas. Both reasons prohibited the use of the seismic and geo- 

electrical data in lateral correlations. Thus, as concluded by 

Italconsult (1973), one can only assume that the layers dip toward the 

west at an angle similar to that of the surface gradient; i.e., vari

able between 0.0036 and 0.0025.

The process by which the thick Quaternary sequence of the Tihama 

was accumulated has been hypothesized by Italconsult (1973) as due to at 

least two factors. The first factor relates to the formation of the Red
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Figure 6. Schematic Geologic Cross-Section from the Yemen Highlands to 
the Red Sea. —  Modified from Italconsult (1973).
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Sea Graben which resulted in the Tihama being an area of rapid subsi

dence that was compensated' by the accumulation of the Quaternary 

deposits. The second factor relates to a climatic regimen, during the 

Quaternary, in which the climate was much less arid, thereby providing 

sufficient flow for the then predominantly perennial streams to trans

port huge quantities of sediments toward the Tihama. This process is 

believed to have been furthered by the big difference in relief between 

the Tihama plain and the adjacent mountains, thereby permitting vigorous 

stream erosion along most of the stream courses. Moreover, it is also 

believed that the lower courses of the larger wadis near the coast were 

repeatedly captured by drainage flowing toward the west, northwest, and 

southwest. Hence, the observed relative homogeneity in the lithology 

and thickness of the sediments, particularly in a north-to-south direc

tion. This lateral shift of the main stream course, through stream 

capture, has been confirmed in the Saudi Tihama (Brown, 1970).

Climate

The climate of Yemen is strongly influenced by two main aspects; 

namely, its geographic location, being between the arid lands of the 

Empty Quarter and the water mass of the Red Sea, and its remarkable 

relief which reaches more than 3,600 meters over a distance of less 

than 100 km from the Red Sea coast. For this reason, the country has 

many climates ranging from the tropical Tihama to the temperate 

highlands (Steffen, 1978).

Climatic data in the country are particularly limited both in 

length and extent of observations. Figure 7 shows the location of the
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various observation stations in the Tihama and in the highlands. Most 

of these stations are equipped for rainfall measurements and only a few 

have equipment for monitoring of other climatic parameters. Further, 

the majority of the station's records, in addition to being generally 

short, are frequently interrupted.

In the following pages, a brief description of five climatic 

parameters —  precipitation, air temperature, relative humidity, wind 

velocity, and pan evaporation —  will be given. Because of data 

scarcity, however, only the precipitation parameters is described in 

detail for both the Tihama plain and the Yemen highlands. Description 

of the remaining parameters, therefore, will be confined to the Tihama 

except where otherwise feasible.

Precipitation

As far as the present study is concerned, precipitation is one 

of the most important aspects of the Tihama1s hydrology. It acquires 

this significance through its control of the quantity of surface flow 

that will reach the Tihama. In turn, under the assumption of natural 
dynamic equilibrium of the Tihama hydrologic system, the quantity of 

ground water that will be discharged to the sea will be influenced. 

Consequently, a rather detailed discussion of this aspect will be given 

so that a better understanding of the system can be achieved.

In qualitative terms, precipitation in Yemen occurs in two 

distinct rainy seasons. The first, and most important, is the summer 

season which occurs during the period April through September. The 

second is the winter season which is during December through March.



Both annual and areal variation in the amount of precipitation 

are the most prominant features. Rainfall, thus, is erratic with large 

monthly totals that are usually the sum of many moderate falls, rather 

than a few large storms. The intensities are usually moderate and, 

even when high, the total duration and quantity are such that only brief 

localized runoff is generated (Italconsult, 1973). Occasionally, major 

storms may occur in the higher parts of the catchments and these produce 

the serious flooding that happens from time to time. However, from the 

viewpoint of water resources, such events represent a low proportion of 

the total.

Since the early works of Rathjens (1956), Yemen's abnormally 

abundant rainfall, relative to the rest of the Arabian Peninsula, have 

been a puzzling phenomenon. Furthermore, in view of lack of climatic 

and meteorological data, particularly on the upper air conditions, the 

theories advanced to explain this phenomenon have remained more or less 

hypotheses. The most recent of these hypotheses (Fisher, 1978; Tipton 

and Kalmbach, 1979a) relates this phenomenon to the combined effect of 

four major meteorological mechanisms; namely:

1. The Subtropical (Southern) Jet Stream.

2. The Tropical Jet Stream.

3. The Northeast Trade Winds.

4. The Southern Hemisphere Trades.

The manner in which each of these mechanisms operates is complex and 

beyond the scope of this thesis. However, for one reason or another,

29



part of the moisture content of each of these streams gets eventually 

condensed and precipitated over the country.

The same hypothesis also explains the noted variability in areal 

and time distributions of rainfall as due to variations in topography 

and due to the marginal nature of these mechanisms. The effect of 

topography is such that, where the topography is high, a strong convec

tion, resulting from local solar surface heating, takes place. Conse

quently, moist air rises, mixes, cools at the higher elevations, and 

eventually gets condensed and precipitated (Tipton and Kalmbach, 1979a). 

Conversely, where the topography is low, the convection is weak and the 

mechanism fails to operate as frequently or effectively as in the high 

areas.

To date, an isohyetal map given by Italconsult (1973) remains 

the standard areal distribution map of rainfall over the country. The 

map (Figure 8) shows two peaks, one around the city of Ibb (latitude 

13°59'N, longitude 44°11'£) and the other in the catchment of wadi Jizan 

(latitude 17o00'N, longitude 43°20,E). These two peaks were shown by 

Italconsult to be in the order of 1,000 and 600 millimeters at Ibb and 

Jizan, respectively.

Since the preparation of Italconsult*s map, several additional 

raingage stations have been installed at numerous localities within the 

country. The available records from these stations (Table 1) are of 

variable lengths (one to nine years), but, nevertheless, represent a 

much larger area than those used by Italconsult in arriving at the 

isohyetal map of Figure 8. Thus, using average precipitations obtained

30



31

SAUDI ARABIA

\ \ ICO

PEOPLE'S DEMOCRATIC 
REPUBLIC OF YEMEN

LEGEND

Isoh^etol Contour (mm)
(dashed w h e re  unct-ftaiVi)

SCAU I *,***,»*0

Figure 8. Isohyetal Map of Yemen. —  After Italconsult (1973).



32
Table 1. Available Precipitation Data in Yemen.3

Year Annual̂Average(mm)Sequence Station 1970 1971 1972 1973 1974 1975 1976 1977 ' 1978
1. Sakain 519 _ 261 —— —— 3902. Bani Uwair —— — — —— (251)c 189 . — —— 2203. Uashha mmmm — — »» (305) — — 3054. Huth —— — — (173) (187) —— — 2205. ’ Shahara — —— —— *** —— (468) — — — 3686. Mahabisha —— —— — — 990 672 (590) — 794. 7. Khamir —— — — ** —— (480) 294 — —— 394— 8. Zuhra —- (130) 40 38 — (101) (306) (231) 1649. Hajjah ww ww —— —— 581 861 (380) —— 607.10. Gebel A1 Hilh W* —— —— (71) (12) (29) — 5611. A1 Mikras — — — (183) — — — (183)12. At Tur — — —— ** . (949) 803 (1056) — 94813. Shibam — W* — — (669) 478 (616) — 57714. Mahweet —— (795) 413 1606 — 71715. Sana'a 195 155 116 163 215 351 154 (412) —— 22116. Surdud WW (525) 409 (126) — (243) — —— 47017. Ha bar mw* 455 370 — —— 41318. Hamroam All w* — —* — — 581 —— —— 58119. Hadienat A1 Abied w* ** —— ww —— 471 — — 47120. Beit A1 Fatmi 308 397 270 119 (163) (239) (353) 594 (182) 36621. Hishrafah ew —— 543 —- 54322. Al Jarubali — —— —— 631 411 — 52123. A1 Mahatt mmmm — 38 — — 3824. Rabat w- — — 615 643 — — 62925. Al Madaniyah — — — —— —— — 8 — — 826. Rihab 446 694 736 461 497 464 340 —— — 51627. Yarle.n 366 668 463 396 574 587 526 704 461 554■» 28 . Zabid 133 121 95 92 209 (193) 70 (290) —— 16729. Al Fulieh 624 516 303 230 — —— — —— — 39530. Project Camp 379 246 226 315 547 437 282 416 — 34631. Suraara 797 1219 1479 479 321 866 692 (574) — 80332. Ibb 1050 1124 1300 1269 1500 1929 2193 2561 (834) 162433. Udain (450) 401 372 464 409 (639) (521) 912 (271) 56534. Taiz (222) 582 (215) 638 — — — — — 610
aComplled after Tipton and Kalmbach (1979a), Makln (1977), Sir William Halcrow and Partners (1978), and Sir Alexander Gibb and Partners (1977).
Ânnual averages are the sum of average monthly precipitations. For stations with partial annual data, the annual averages are not equal to the average of the individual annual totals.
C( ) ■ partial year data.



from the data of Table 1, a new isohyetal map was constructed as shown 

in Figure 9.
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The constructed isohyetal map indicates an areal pattern similar 

to that shown by Italconsult's map. However, it suggests that the peak 

around wadi Jizan probably extends into, and may in fact have its center 

in, wadi Mawr. It also revealed that the peak around the city of Ibb 

exceeds the 1,000 mm suggested by Italconsult and may actually exceed 

1,500 mm (as evidenced by the 8 years average of more than 1,600 mm).

Observing that the mountains at wadi Mawr are generally west

facing, while those at Ibb are south-facing, one may postulate that the 

magnitude difference between the precipitation peaks at wadi Mawr and 

Ibb may be related to difference in the source of each peak, and that

the orientation of the mountain masses with respect to the various ''O
y

meteorological mechanisms is probably a controlling factor. The align- f 

ment of the isohyetal contours along the Red Sea escarpment is remark

able, and its explanation may stem from the previously pointed out 

topographic effect.

Deducing from Figure 9, precipitation over the Tihama may range 

between 500 mm, near the mountains, to less than 100 mm near the coast.

It may also be deduced that the southern portion of the Tihama generally 

experiences more precipitation than the northern portion, probably due 

to proximity to the peak at Ibb.

J

Air Temperature

On a regional scale, mean annual temperature gradually increases 

from less than 18°C in the Yemen highlands to about 30°C in the Tihama.
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The frost line at the latitude of Sana's (the capital) stands at 2,250 m 

and temperatures in the Yemen highlands may drop below freezing in 

winter time (Grolier, 1977).

In discussing variations in the temperature parameter, as well 

as the remaining parameters, it is most convenient, from an organiza

tional standpoint, to distinguish between variability with time and 

variability with space. Apart from long-term climatic changes, vari

ability with time can be further distinguished into annual and seasonal, 

while variability with space can be also distinguished as due to latitude 

or due to elevation variations.

Obviously, an analysis involving these four different aspects of 

climatic variations, besides being beyond the scope of this thesis, 

requires an enormous amount of climatic data with good areal and time 

coverages. Although such data are lacking, the available records could 

still be utilized in constructing a reasonable picture on some of these 

variations, particularly with regard to seasonal, latitude, and eleva

tion variations. However, before proceeding into discussion of these 

variations, it should be pointed out that only outstanding variations 

will be discussed. Furthermore, conclusions drawn thereof are generally 

tentative and subject to modifications as more data become available in 

the future.

Four climatic records, ranging between 2 and 7 years in length, 

are available in the Tihama (Table 2). The records, although averages 

of slightly different time intervals, were found to reflect identical 

variation patterns as the individual annual records. The stations at



Table 2. Available Climatic Data in the Tihama. —  After Tipton and Kalmbach (1979a), Sir William
Halcrow and Partners (1978), Makin (1977), and Ministry of Agriculture (1977).

Station Location Elevation (m ansi) ClimaticParameter
Mean Monthly Value AnnualMean AnnualTotal Years of RecordJan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

A1 Zuhra 15'44'N 70 Air 25.7 26.3 28.0 30.6 32.8 34.1 33.7 33.7 32.7 31.2 28.6 26.4 30.3 „ 1972-74,43'01'E Temperature 1970-78(6)Guraaisha 15‘15'N 250 CO 24.6 25.4 26.2 29.4 31.5 32.5 33.2 31.3 31.0 29.5 26.4 24.7 28.8 — — 1973-75(3)4]"15'EA1 Jarubah 14'19'M 230 25.0 26.5 28.2 29.9 31.5 33.0 33.0 31.1 30.9 29.3 27.5 25.7 29.3 1975-76(2)43'26'EProject 14'09'N 240 24.9 26.0 28.1 30.8 32.4 33.3 33.1 31.7 30.7 29.4 26.8 25.3 29.4 — 1970-75(6)Camp 43*26*E
A1 Zuhra Relative 75 78 77 72 65 67 65 68 70 72 73 77 72 (6)Cumaislia Humidity 83 84 83 75 73 66 64 72 74 73 74 78 75 — — 1974-75(2)A1 Jarubah (%) — — — —ProJ. Camp 68 65 62 56 57 56 54 62 68 67 65 69 62 — 1970-76(7)
A1 Zuhra Wind 7.6 8.3 8.6 7.9 7.9 8.3 10.1 9.0 6.8 6.5 6.8 7.6 8.0 (6)Cumaislia Velocity ? 10.2 11.1 10.4 10.0 9.5 12.5 13.8 13.4 9.3 8.4 10.1 10.1 10.7 — 1974-75(2)A1 Jarubah (km/hr) 7.3 7.6 8.4 9.1 8.1 8.7 9.8 8.3 6.6 5.6 5.9 6.7 7.7 — — 1975-76(2)ProJ. Camp 5.3 6.1 7.1 7.8 6.5 7.4 8.0 7.2 5.2 4.4 4.5 4.9 6.2 — 1970-72(3)
A1 Zuhra Pan 192 179 217 264 319 315 329 313 285 245 213 202 256 3073 (6)Cumaislia Evaporation 205 210 243 300 311 387 403 361 296 320 230 206 289 3472 1973-74(2)A1 Jarubah (mm/day) 203 186 243 303 375 370 367 291 262 243 210 220 273 3276 1975-76(2)Proj. Camp 175 185 237 288 311 302 313 244 236 216 186 173 239 2866 1970-76(7)
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which these records were collected are: A1 Zuhra (wadi Mawr), Gumaisha

(wadi Surdud), A1 Jarubah (wadi Rima), and Zabid (wadi Zabid). In 

Figure 7, these stations correspond to station numbers 8, 16, 22, and 

18, respectively. No records were available for wadi Siham.

Seasonal Variations. Peak mean monthly temperatures occur 

during June or July. The occurrence of the peak in June, however, 

appears to be the long-term condition as it was exhibited by the two 

longest records (A1 Zuhra and Project Camp). Summer temperatures start 

as early as April and continue through October, while winter tempera

tures start in November and end during January. By early February, the 

temperature starts to increase through the end of March after which a 

remarkable increase in the temperature, marking the beginning of summer, 

is noted.

Latitude Variations. In order to distinguish temperature varia

tions with latitude from variations with elevation, the data record at 

A1 Zuhra was excluded since this station is at a lower elevation than 

the remaining stations and its temperature variations could be latitude 

or elevation related or both. Thus, the three stations included in the 

interpretations are at about the same elevation (ranging from 230 to 250 

meters amsl), but are at different latitudes. As expected, these sta

tions showed an increase in the mean annual temperature with decreasing 

latitude. Therefore, it may be tentatively concluded that mean annual 

air temperature in the Tihama, at a given elevation, decreases with 

increasing latitude.
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Elevation Variations. Deducing from the temperature record at 

A1 Zuhra, it appears that, at a lower elevation, the mean monthly and 

annual temperatures are generally higher. Further, on the basis of this 

observation, one could tentatively deduce that the effect of elevation 

is superior to that of latitude. In other words, in spite of the 

proximity of A1 Zuhra and Gumaisha stations to each other, the latitude 

effect was masked by the effect of the elevation difference between 

these two stations. Hence, A1 Zuhra station, which is north of, but at 

a lower elevation than, Gumaisha, showed a higher mean annual tempera

ture. The same observation was also found to hold for the individual 

annual records.

Relative Humidity

As seen in Table 2, relative humidity data at A1 Jarubah station 

are lacking. Thus, subsequent discussion of the relative humidity in 

the Tihama is derived from the remaining three records.

Mean annual relative humidity in the Tihama ranges between 62 

and 75 percent at Project Camp and Gumaisha stations, respectively 

(Table 2). A common year among three available records is 1974, for 

which the mean annual relative humidities were 68, 74, and 62 percent at 

A1 Zuhra, Gumaisha, and Project Camp, respectively. Hence, showing the 

same general range as the average records.

Seasonal Variations. Peak mean monthly relative humidity at the 

various stations occurred during different months. Thus, at A1 Zuhra, 

the peak was during January, while at Gumaisha and Project Camp the
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peaks occurred during February and December, respectively. However, it 

is interesting to note that the lowest mean monthly relative humidities 

occurred during a common month —  July, which is one of the hottest 

months in the area. Note also that the peak mean monthly wind velocities 

occurred during July.

Considering that the distance from the Red Sea and Gulf of Aden 

is probably a major factor controlling the relative humidity, and also 

that additional relative humidity data were lacking, no further conclu

sions concerning the variation of this climatic parameter with latitude 

and elevation could be safely drawn from the available records. It is, 

however, noted that the station at wadi Zabid (which is the southernmost 

of all the stations) showed the lowest mean annual relative humidity.

Wind Velocity

Mean annual wind velocity at the four stations ranged between 

6.2 km/hr, at Project Camp, and 10.7 km/hr, at Gumaisha station. The , 

peak mean monthly values occurred during July and ranged between 8.0 and 

13.8 km/hr at the above two stations, respectively. The minimum values 

occurred during October and ranged between 4.4 km/hr, at Project Camp, 

and 5.6 km/hr, at A1 Jarubah station.

As in the case of relative humidity, distinct trends of varia

tion in wind velocity with elevation or latitude were not detected. 

However, it is generally noted that the velocities at stations of the 

same elevation showed an increase with increasing latitude. The station 

at A1 Zuhra is the exception where it is postulated that elevation 

effect masks that of latitude.



40
Pan Evaporation

Class A pan evaporation data are available at all four stations 

(Table 2). The annual totals ranged between 2,866 mm, at Project Camp, 

and 3,472 mm at Gumaisha. At all the stations, the mean monthly values 

peaked during a common month (July) and ranged between 313 and 403 mm at 

the above two stations, respectively. Further, it is noted that the 

peak evaporations were accompanied by the highest mean monthly air 

temperatures and wind velocities, and the lowest relative humidities, 

all of which occurred during the same month —  July. This observation,

i.e., the occurrence of peak evaporation during July, is in good agree

ment with common knowledge about the distribution of monthly percentage 

of daytime hours of the year with latitude. That is, within the 14° to 

16° latitude north of the equator, standard tables show that the largest 

percentage of daytime hours of the year occurs during July.

Finally, it is further noted that the latitude effect on pan 

evaporation is such that the annual evaporation appears to increase with 

increasing latitude. Again, the station at A1 Zuhra is the exception.



CHAPTER 3

WATER RESOURCES

Although the present study is primarily concerned with the 

ground water resources of the Tihama, it cannot be carried out in a 

vacuum devoid of a consideration of the regional surface water 

resources. Consequently, a concise discussion of this aspect of the 

Tihama’s hydrology is given.

Surface Water Resources

General

According to Grolier (1977), there are four main catchments in 

Yemen. Listed in order of increasing annual precipitation, they are: 

the Empty Quarter, wadi A1 Jawf, the Red Sea, and the Gulf of Aden 

catchments (Figure 10). The estimated average annual precipitations 

over these catchments range from less than 100 mm to more than 800 mm 

in the Empty Quarter and Gulf of Aden catchments, respectively (Grolier, 

1977). Based on the isohyetal map of Figure 9, however, the author 

believes that average annual precipitation in the Gulf of Aden catchment

may exceed 1,000 mm. The largest catchment is that of wadi A1 Jawf
2 *(38,000 km ), while the smallest one is the Gulf of Aden catchment

(6,800 km2).

41
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SAUDI ARABIA

PEOPLE'S DEMOCRATIC 
REPUBLIC OF YEMEN

Boundary of a Major 

Catchment
Boundary of a Drainage. Basin

Figure 10. Small-Scale Hydrologic Map of Yemen Showing the Four Major 
Catchment Areas and the Drainage Basins in the Red Sea 
Catchment. —  After Grolier (1977).
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With an area of about 24,000 km^ (Steffen, 1978), the Red Sea 

catchment is the second largest of the four catchments. As shown in 

Figure 10, it is drained by seven major and eleven minor wadis and it 

includes the two largest streams in the country —  wadis Mawr and Zabid. 

As pointed out earlier, the bulk of the Red Sea catchment lies in the 

Red Sea escarpment and only its westernmost portion is in the Yemen 

highlands.

Each of the seven major streams exits onto the Tihama plain 

through a narrow gap across the foothills. The lower courses of these 

streams traverse the coastal plain following a course incised a few 

meters below the level of the Tihama, and normally cease from flowing 

some distance from the coast (Grolier, 1977).

Principal Streams, General Character, 
and Extent

Listed from north to south, the seven major streams draining the 

Red Sea catchment are (Figure 10):

1. Wadi Mawr (7,910 km2).

2. Wadi Surdud (2,510 km2).

3. Wadi Siham (3,580km2).

4. Wadi Rima (2,250 km2).

5. Wadi Zabid (4,340 km2).

6. Wadi Rasyan (.2,100 km2).

7. Wadi A1 Ghayl (1,300 km2).
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The numbers in parentheses refer to the catchment areas and include only 

the areas from the headwaters to the exit of a stream onto the plain; 

hence, they do not include the coastal plain segments of the watersheds.

Despite variations due to differences in local climatic, morpho

logical, and structural conditions, all the streams (in their headwaters) 

are commonly ephemeral flowing only in direct response to precipitation. 

Some, tributaries and high order streams, however, are perennial.

Between these two extremes are the intermittent or seasonal streams 

which flow only in certain times of the year in response to spring 

waters. The relationship between streamflow and ground water is complex 

and most of the streams are alternately losing and gaining. In fact, 

due to this feature, some of the streams are ephemeral along the upper 

reaches and perennial some distance downstream.

The longest extents of perennial streams and tributaries are in 

wadis Mawr and Zabid. Commonly, the streamflow leaving the mountainous 

catchment flows across the coastal plain for up to 20 or 30 km depending 

on the magnitude of flow and the extent of abstractions. Only rarely 

does the flow reach the Red Sea. Base flows vary from one wadi to 

another. For example, base flow in wadi Rima during 1975 and 1976
3ranged between 0.25 and 1.0 m /sec (Makin, 1977), while in wadi Mawr the 

minimum recorded flow during the period 1975 through 1978 was 1.6 m /sec 

(Tipton and Kalmbach, 1979a). Higher or lower base flows are not 

uncommon and values in the range of 0.05 to 5.5 m /sec were reported in 

wadi Zabid during May and April of 1971, respectively (Tesco, 1973).
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The drainage activity is primarily erosional in the highlands 

and.is only locally modified by the extent of terrace cultivation which 

varies from one catchment to another. Terrace cultivation is the common 

form of agriculture in the mountainous areas of the country. It 

utilizes natural overland flow moving as sheet wash over valley slopes. 

Terraced fields, into which the flow is channeled and stored, are sur

rounded by levees made up of piled, uncemented stones. Once the 

moisture capacity of the soil is exceeded, excess water escapes to the 

next terrace below, either through a breach in the levee or through the 

openings between the stones in the walls. Eventually, excess water in 

the bottom terrace finds its way down toward the nearest channel. 

Terraces vary in dimensions and are generally irregular in shape.

Although the runoff/rainfall ratio of a watershed is variable 

and depends on a complex array of time and space related variables, an 

insight into the effect of terrace cultivation on this ratio can be 

tentatively appreciated from ratios of up to 20 percent in some of the 

least cultivated basins in Saudi Arabia and as low as 4 percent in the 

most intensely cultivated basins in Yemen (Tesco, 1971).

Streamflow Data

Stream gaging stations in the Tihama wadis were installed at 

various times in connection with some of the previously pointed out 

study programs. However, some of the wadis were equipped with more than 

one stream gage installed either at tributaries (e.g., in wadi Mawr) or 

at other points along the main channel (e.g., in wadi Zabid). Of 

interest to the present study, however, are the streamflow data of the
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stations at each wadi's exit onto the Tihama plain. Subsequently, these 

data will be utilized in arriving at a representative value of the total 

annual surface inflow into the Tihama hydrologic system. Ultimately, 

whether or not this system is under natural dynamic equilibrium, such a 

value would serve as an upper limit on subsequent computations of 

natural ground water discharge.

Available streamflow data (Table 3) cover the flows at:

1. Wadi Mawr during March 1975 through December 1978.

2. Wadi Surdud during January 1965 through December 1967.

3. Wadi Rima during April 1975 through April 1977.

4. Wadi Zabid during July 1969 through December 1976.

Thus, of the five major streams included in the study, only wadi Siham 

lacks any streamflow data. Wadi Surdud's data, on the other hand, cover 

a substantially different time interval than the other wadi's data. The 

credibility of these data, moreover, has been questioned by Sir William 

Halcrow and Partners (1978); hence, they should be taken with caution.

Assessment of Surface Water Resources

Under the faced circumstances of lack of sufficient long-term 

streamflow data, it was concluded that attempting to describe, and sub

sequently derive a representative value of, the total annual surface 

inflow through the use of such statistical measures as the means or the 

modes, would be misleading. The median, being the variate which divides 

the frequencies in a distribution into two equal parts, appears, under 

the above-described circumstances, to be the most appropriate measure to 

be used in describing the central tendency of the available data set.
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Table 3. Summary of Available Streamflow and Relevant Data at Wadis 
Mawr, Surdud, Rima, and Zabid.

Wadi Year

Average
Rainfall

(mm)

Rainfall
Volume
(MCM)

Runoff
Volume
(MCM)

Runoff/Rainfall 
(%)

Mawr3 1975 493 3901 162.lb 4.2
1976 438 3469 . 183.6 5.3
1977 — — — 215.6 —~
1978 — — — 344.4 —

Surdud3 1965 27.0 — —

1966 —— — 7.1 —

1967 — — —— 82.6 —

Rima^ 1975 w mm mm 97.9 — —
1976 — — 99.9 —

Zabid6 1970 551 2420 117.7 4.6
1971 573 2485 125.3 5.0
1972 469 2035 124.0 6.1
1973 377 1637 120.1 7.3
1974 410 1780 145.9 8.2
1975 644 2794 230.4 8.2
1976 562 2440 138.6 5.7

aAfter Tipton and Kalmbach (1979a).
^Includes an estimate of surface flow prior to March 1975. 
aAfter Sir William Halcrow and Partners (1978).
^After Makin (1977); includes an estimate of the flow prior to April
1975.
eAfter Tipton and Kalmbach (1979a).
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The most recent (and probably the most accurate to date) 

statistical analysis of the available flow records was performed by 

Tipton and Kalmbach in 1979 and involved the records of wadis Mawr and 

Zabid. The analysis aimed at deriving a probability distribution over 

the rainfall and streamflow, or runoff, parameters at these two wadis. 

Without going into much detail, multiple regression analysis involving 

correlation of the precipitation records at Sana’a and each of wadis 

Mawr and Zabid was carried out. Subsequently, the Gumbel Theory of 

Extreme Values was applied and a probability distribution was derived 

(Table 4). The record at Sana'a covered 40 years (1938-1977), of which 

25 years had actual data while the data of 15 years (1948-1962) were 

obtained by synthetic methods through establishment of correlation 

between the rainfall at Sana'a with the rainfall at Taiz (Yemen),

Asmara (Ethiopia), and Abha (Saudi Arabia).

Reviewing median rainfall and runoff data at nine additional 

basins located both in Yemen (in the Gulf of Aden catchment) and in 

Saudi Arabia, it was decided that an attempt to correlate the data at 

the eleven basins (nine plus wadis Mawr and Zabid data) may be helpful 

in deriving median rainfall and runoff values for the remaining Tihama 

basins. A summary of the raw data at the eleven basins is given in 

Table 5. The attempt consisted of two approaches. In the first 

approach, the catchment areas (x's) were taken as the independent vari

ables and correlated with the median annual flows (y's). The correla

tion consisted of successive curve fittings with linear, exponential, 

logarithmic, and power functions. In each case, the correlation



Table 4. Results of Probability Analysis of Rainfall and Runoff Volumes in Wadis Mawr and
Zabid. —  After Tipton and Kalmbach (1979a).

Wadi Mawr Catchment (7,912 km^) Wadi Zabid Catchment (4,340 km^)

Probability
(%)

Rainfall
Volume
(MCM)

Runoff
Volume
(MCM)

Runoff/Rainfall 
(%)

Rainfall
Volume
(MCM)

Runoff
Volume
(MCM)

Runoff/Rainfall 
(%)

90 2,927 142 4.9 2,178 133 6.1

50 4,146 237 5.7 2,885 199 6.9

43 4,360 254 5.8 3,011 210 7.0

10 6,053 388 6.4 4,000 302 7.6

-o
VO



Table 5. Hydrometeorological Data Used in Regression Analysis. —
After Sir William Halcrow and Partners (1978) and Tipton and 
Kalmbach (1979a).

Wadi

Catchment
Area
(km2)

Median Annual 
Rainfall 

(mm)

Median Annual 
Volume of 
Rainfall 

(MCM)

Median Annual 
Runoff 
(MCM)

Mawr 7912 524 4146 237

Sana 6420 460 2953 167

Baysh 5164 350 1807 235

Tuban 5060 460 2328 200

Zabid 4338 665 2885 199

Itwad 1554 163 253 52

Liyyah 1293 266 344
38 C
58 -Jizan 1100 480 528

Dhamad 1084 346 375 37 i
Khulah 869 500 435 63 y
Sabya 843 275 232 30
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coefficient and the median annual flow at each of the seven Tihama wadis 

were computed. A summary of this step of the analysis is given in 

Table 6. The result was that a logarithmic function of the form

y = - 601.5 + 93.1 In x [1]

2yielded the highest correlation coefficient (r = 0.900). The corre

sponding computed median annual flows at wadis Mawr and Zabid were 

234.1 and 178.3 MCM, respectively. Compared with the 237 and 199 MCM 

found through the probability analysis", the result was considered 

reasonable. Subsequently, the sum of the median annual flows at the 

seven basins was computed to be about 994 MCM. The five streams under 

investigation accounted for about 817 MCM.

With a view to improving the relationship given in equation [1], 

the second approach consisted of correlating the median annual volumes 

of precipitation (x) at each of the eleven basins with their corre

sponding median annual flows (y). The power function

0.717 x0.71143

yielded the highest correlation coefficient (rXy “ 0.917). The computed 

median annual flows at wadis Mawr and Zabid were 268.8 and 207.7 MCM, 

respectively. Again, the result was considered satisfactory. However, 

this time application of equation [2] to the five remaining Tihama wadis 

was not possible due to lack of data on the median annual precipitation 

at these wadis. Nevertheless, to obtain an idea on the magnitude of 

median annual flows at these five wadis, the median annual



Table 6. Results of Regression Analysis

Type of Correlation Computed Median Annual Flow (MCM)
Regression Resultant Equation Coefficient w. Mawr w. Surdud w. Slham w. Rlma w. Zabid i*. A1 Chayl w. Rasyan Total
Approach 1: Catchment area (x) as theIndependent variable and median annualflow (y) asthe dependent variable
Linear y - 19.314 + 0.03097 x 0.859 264.3 97.0 130.2 89.0 153.7 59.6 84.3 878.1
Exponential y - 34.893 e0'0002909 * 0.830 348.4 72.4 98.9 67.) 123.3 50.9 64.3 825.3
Logarithmic x - - 601.46 + 93.094 Inx 0.900 234.1 127.3 160.3 117.1 178.3 66.0 110.7 993.8
Power y - 0.09585 882998 0.886 265.3 96.3 131.7 87.4 156.1 53.9 82.2 872.9
Approach 2: Median annual volume of precipitation (x) asthe Independent variable and median annualflow (y) asthe dependent variable

Mean Annual Precipitation (mm) 524 (510)* (380)* (425)* 665 (600)* (600)*
Linear y - 37.0 + 0.05582 x 0.814 268.4 108.5 112.9 90.4 198.0 80.5 107.7 966.0
Exponential y - 40.917 e0'00052897 * 0.800 366.7 80.5 84.0 67.9 188.2 61.8 79.7 928.8
Logarithmic y - - 380.446 + 73.708 Inx 0.899 233.5 146.9 151.4 125.4 206.8 110.4 145.7 1120
Power y - 0.71744 ,°-7114309 0.917 268.8 116.5 121.7 94.7 207.7 81.9 115.2 1006
Approximated by mean annual precipitation computed from the isohyctal map of Figure 10.
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precipitations were approximated by the mean annual precipitations 

obtained from the isohyetal map of Figure 9. The,resultant total median 

annual flow at the seven wadis was close to that obtained by the 

logarithmic function of equation [1], and amounted to 1,006 MCM of which 

about 809 MCM is discharged by the five wadis under consideration.

Averaging the results from the two approaches, the median annual 

flow of the seven wadis is about 1,000 MCM, while that of the five wadis 

is about 813 MCM. These numbers tend to support previous estimates of 

mean annual flows which put the total at about 1,250 MCM (FAO, 1976).

Two remarks are worth pointing out. First, in the second 

approach, the logarithmic function (Table 6) yielded a correlation 

coefficient of 0.899 which is practically the same as the 0.900 obtained 

by the same function in the first approach. However, application of the 

resultant equation from the second approach (i.e., y = - 380.4 + 73.71 

In x) yielded practically the best fits for wadis Mawr and Zabid; that 

is, the computed median annual flows of 233.5 and 206.8 MCM were very 

close to their respective values of 237 and 199 MCM found through the 

probability analysis. Further, this equation, although materially 

reduced the deviation between the correlation and probability-computed 

median annual flows at wadi Zabid, did not significantly affect those of 

wadi Mawr. Second, the power function in the second approach behaved in 

an identical manner. That is, when its results are compared with those 

of the first approach power function, one can see that the median annual 

flow at wadi Zabid was significantly changed (from 156.1 to 207.7 MCM, 

in the first and second approaches, respectively) and approached the
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199 MCM found through the probability analysis. On the other hand, the 

median annual flow at wadi Mawr was practically unchanged (265.3 and 

268.8 MCM in the first and second approaches, respectively). The con

clusion drawn from these two remarks is that the median annual flow at 

wadi Mawr found by the probability analysis (i.e., 237 MCM) is probably 

too low. It is postulated that this low value could have resulted from 

using a short precipitation record at wadi Mawr. In fact, while a 

seven-year precipitation record was used for wadi Zabid's probability 

analysis, the record used for wadi Mawr was only two years long.

The coastal streams, situated between the major streams, lack 

any streamflow data. These streams, although draining significant areas 

(Figure 10), are generally believed to have insignificant surface flows. 

The basis of this belief stems from three observations. First, the 

catchments of these streams are entirely in the Tihama plain which, on 

the average, receives an annual precipitation of less than 200 mm. 

Secondly, the topography is too flat to permit significant runoff 

generation from the generally short rainfall events. Thirdly, the sur

face material, being largely composed of sand and gravel, further pre

vents runoff generation.

Surface Water Quality and Utilization

The quality of surface water in the area is generally excellent. 

The reported total dissolved solids range from 290 mg/1 in wadi Rima 

(Makin, 1977) to 500 mg/1 in wadi Zabid (Tesco, 1973). The electrical 

conductivities are also in the range of 455 to 740 micromhos/cm (at 

25°C) at the above two locations, respectively. The waters are slightly



alkaline and have a medium-to-low salinity hazard. The sodium absorp

tion ratios are generally low, ranging between 1 and 4. According to 

the U.S. Bureau of Reclamation classification of irrigation water, sur

face water in the Tihama is generally in the category (medium

salinity, low sodium water).

Surface water in the various wadis of the Tihama constitutes the 

major source of irrigation water. The present system of irrigation 

depends on diversion of this resource into the cultivated fields sur- 

founding the main stream channel. Additional irrigation water supply is 

secured through spate irrigation in which flood waters are diverted into 

the fields, and, only recently, through ground water pumpage. Collec

tively, the regular stream flow, ground water, and spate irrigated area 

in the Tihama amounts to about 150,000 hectares (FAO, 1976). No reli

able data were available on the irrigated area in each of the above 

three categories.

The traditional irrigation system comprises a number of canals, 

fed by low rubble and brushwood, and several earth barrages constructed 

across the wadi bed in the downstream reach where spates have generally 

lost momentum sufficiently to allow the entire flow to be diverted out 

of the wadi and through the field system, with the excess water returning 

to the wadi in each case (Makin, 1977). The canal system varies in size 

from one wadi to another. In wadi Rima, e.g., the total length of the 

canal system is about 75 km, while the depth varies between 0.3 and 4 

meters and the width between 1 and 10 meters (Makin, 1977). Provided 

that breaching does not occur, the water rights of upstream users, in

55
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all the Tihama except in wadis Zabid and Rima, are recognized as 

superior to those of downstream users. In wadi Zabid, water rights are 

fixed by an irrigation calendar, while in wadi Rima the water rights of 

traditional water users are respected over those of newcomers (Caponera, 

1973; Makin, 1977).

The percentage of surface water, relative to the total annual 

flow, that is actually applied to the irrigated fields varies from one 

wadi to another. It depends, principally, on the streambed, canals, and 

evaporation losses. In wadi Rima, this percentage is about 70 percent 

(Makin, 1977), while in wadis Mawr and Zabid they are 45 percent (Tipton 

and Kalmbach, 1979a) and 40 percent (Tesco, 1973), respectively. A 

detailed discussion of surface water losses is given in a subsequent 

section on recharge.

Ground Water Resources 

Principal Ground Water Aquifer

Throughout the Tihama, the Quaternary section of the Tihama's 

stratigraphic sequence constitutes the only ground water aquifer known 

in the area. Description of the aquifer's physical properties and con

figuration has been given in the section on stratigraphy. It is, how

ever, important to re-emphasize that:

1. Except in the easternmost part of the Tihama, the lower boundary 

of the aquifer, and hence its thickness, has not been determined

to date.
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2. Present-day knowledge of the aquifer properties are limited to 

the uppermost 250 meters of the aquifer.

Despite the implications of these two remakrs, results from the drilling 

and geophysical investigations in the plain suggest that the regional 

effective aquifer thickness does not exceed 250 meters. Supplementary 

evidence in support of this conclusion is derived from the observed 

aquifer stratification and the existence of a number of clay lenses 

encountered at variable depths within the sequence (Tipton and Kalmbach, 

1979a; Makin, 1977).

Aquifer Parameters

During investigations in the various wadis of the Tihama, 

aquifer parameters were determined at 67 test well sites. A summary of 

the values of the three most important parameters (transmissivity, 

hydraulic conductivity, and storage coefficient) is given in Table 7. 

Also given are the specific capacities at these wadis. The values are 

shown as ranges and averages to illustrate the scatter of the data. It 

should be observed that the presented data of Table 7 include results 

from aquifer tests on wells that are scattered in the eastern and 

western parts of the Tihama; hence, they do not necessarily apply to the 

western part of the Tihama where subsequent computations of the natural 

ground water discharge to the Red Sea are made. Attention should also 

be given to the number of test wells at each wadi, which are given 

immediately below the respective wadi names. The following is a dis

cussion of the data given in Table 7.



Table 7. Hydrologic Properties of the Tihama Aquifer.

Wadi
Mawr Surdud Siham Rima Zabid
(23) (22) (9) (9) (4)

Transmissivity Range 20-1300 360-2850 1180-2690 210-6000 43-451
(m2/day)

. Average 415 850 1700 2300 240

Hydraulic Range 0.7-3.2 — — — 0.8-9.5
Conductivity
(m/day) Average 12.5 — — — — — 4.5

Storage Coefficient Range (0.8-D10-3 — (8.6-8.9)10~3 (1.2-5.1)10“3 (1.7-5.5)10“3

Average 0.9xl0-3 — 8.7xl0“3 2.7xl0"3 3.6x10**3

Specific Capacity Range 0.14-4.91 3.2-27.5 0.6-4.3 1-5 0.1-4.04
(1/s/m)

Average 1.56 8.2 1.85 — 2.0
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The average transmissivity ranges between 240 and 2,300 nr /day 

at wadis Zabid and Rima, respectively. However, since transmissivity is 

the product of aquifer thickness and weighted average hydraulic conduc

tivity, conclusions concerning its regional distribution could not be 

made at this point. It is, nevertheless, noted that aquifer trans

missivity in the western part of the Tihama is larger than in the 

eastern part. The larger aquifer thickness in the west stands as the 

major factor, although in the eastern part of wadi Rima the trans

missivity is also higher due to the existence of a highly permeable, 

coarse gravel unit in the east (Makin, 1977).

With average hydraulic conductivities of 4.5 and 12.5 m/day at 

wadis Zabid and Mawr, respectively, the immediate conclusion could be 

that the hydraulic conductivity increases northward. However, as will 

be detailed later, the aquifer hydraulic conductivity in the western 

portion of the Tihama shows an opposite trend. A discussion on how this 

conclusion was arrived at is given in Chapter 4 of this thesis.

The relatively short duration of the aquifer tests, being less 

than 24 hours in most of the cases, is believed to be the factor 

accounting for the observed low storage coefficients. The aquifer is 

apparently under water table conditions although in its deeper parts 

confined conditions may exist locally as the fine elastics of the 

aquifer act as confining layers.

The specific capacity data, with the exception of those at wadi 

Surdud, indicate relatively homogeneous conditions. Most of the 

reported values are from 24-hour tests; hence, the small variation at

2
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the various wadis. The data at wadi Surdud show higher range and 

average. It is postulated that the tested wells in this area were 

either better developed than those in the other Tihama wadis or are 

tapping a high hydraulic conductivity zone.

Ground Water Occurrence and Movement

Ground water in the Tihama aquifer occurs, under water table 

conditions. However, as pointed out earlier, due to the great thickness 

of the aquifer and its layered nature, confined conditions have been 

observed in all the drilled wells during the relatively short-term 

aquifer tests (Italconsult, 1973).

Depth to water varies from less than 5 meters near the coast to 

as much as 85 meters near the base of the mountains. The depth 

generally decreases towards the west and the water table configuration 

closely follows the topographical slope of the plain. The water table 

is also less than 5 meters below land surface in the areas near the main 

stream channels and around the irrigation canals. Swampy grounds are 

often encountered, although this was reported only in wadi Mawr (Tipton 

and Kalmbach, 1979a).

The water table elevation above mean sea level is remarkable.

It varies from a few meters near the coast to more than 300 meters near 

the mountain front (as in wadi Rima). In almost all of the major wadis, 

the water table configuration is that of a ground water mound sloping 

from the mountains to the sea coast following the lineation of the wadi. 

The sides of the mounds drain away from the crests, but also toward the 

common hydraulic sink in the area —  the Red Sea. The most developed
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ground water mound in the area exists in wadi Zabid. Its crest is at 

about 250 meters above mean sea level. The highest, though geometri

cally less developed, mound is that of wadi Rima which has its crest at 

330 meters. Figure 11 illustrates the water table elevation as of the 

year 1976. This figure was constructed from available water table ele

vation data at the five major wadis. It is important to note that the 

elevations at wadis Mawr, Surdud, Rima, and Zabid refer to April,

October, May, and April of 1976, respectively. In wadi Siham, the data 

refer to late 1972. However, examination of the variations in the water 

table elevation at the other wadis suggest that the elevations at wadi 

Sihma during 1976 were probably unchanged from those during 1972. Thus, 

the water table map of Figure 11 practically represents the conditions 

as of April of 1976. It should also be pointed out that the 1976 data 

at wadi Zabid were supplied by Tipton and Kalmbach (1979b). In fact, it 

was by comparison of these data with the 1973 data at the same area that 

the previous conclusion of negligible change in water table elevation at 

wadi Siham during the period 1972-76 was drawn.

Ground water movement in the Tihama aquiferf although regionally 

is toward the Red Sea, is quite complex in details. On a local scale, 

percolation of streamflow and seepage from the irrigation canals and 

irrigated fields results in a vertical ground water movement in the 

upper zones of the aquifer. This process, however, is complex and is 

regionally insignificant. On a regional scale, the variability in the 

degree of development of the various ground water mounds, as evidenced 

by the variable hydraulic gradients and potentiometric configurations in
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Figure 11. Elevation of the Water Table in the Tihama during April of
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the different wadis, results in a massive transfer of ground water in 

and out of some of the wadis. The most recognized of these transfers is 

that which takes place between wadis Zabid and Rima (Tipton and 

Kalmbach, 1974; Makin, 1977). The gradients and configuration of the 

water table in the area of these two wadis are such that ground water is 

transferred from wadi Zabid to wadi Rima. An estimate of the magnitude 

of this transfer was made during the water balance computations of wadi 

Rima (Appendix B).

Assessment of Ground Water Resources

Conditions of Natural Dynamic Equilibrium in the Tihama Aquifer. 

Ground water in the Tihama aquifer, as in any aquifer, is in a process 

of movement through a porous rock stratum from a place of recharge to a 

place of discharge. With an average permeability of 10 m/day, a 

hydraulic gradient of 2.5 x 10 and a porosity of 0.1, the true ground 

water velocity in the aquifer may be in the order of 90 m/year, which is 

a relatively low velocity.

As suggested by Theis (1940), the rate of discharge from an 

aquifer during recent geologic times has been, on the average, equal to 

the rate of recharge. Further, prior to development by wells, the 

aquifer is in a state of approximate dynamic equilibrium which is only 

disturbed by temporary unbalance between natural discharge and recharge, 

but such disturbances balance each other over a complete season or 

climatic cycle. At the beginning of artificial ground water discharge, 

however, the previously stable system becomes disturbed and it moves
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toward a new state of equilibrium. The balance must be achieved by an 

increase in the aquifer recharge, or by loss of storage in the aquifer, 

or by a decrease in the old natural discharge, or by a combination of 

these (Theis, 1940).

Prior to 1969, the Tihama aquifer may be said to have been under 

a state of natural dynamic equilibrium. However, in the following 

years, as the favorable rate of return on investments in ground water 

wells was recognized, artificial ground water discharge rapidly 

accelerated. With the exception of wadi Siham and the coastal stream 

areas, the most recent inventory of ground water pumpage puts the total 

quantity at about 235 MCM during 1975. In wadi Siham, the only data 

refer to 1972 during which an inventory carried out by Italconsult indi

cated a pumpage of about 26.5 MCM (Italconsult, 1973). In the coastal 

stream areas, data on ground water pumpage were lacking, but pumpage is 

believed to be negligible. In any event, if the current annual ground 

water pumpage is estimated at about 300 MCM, which is equivalent to 

about 35 perdent of the total median annual surface inflow, then one can 

see that the aquifer's state of equilibrium must have been disturbed.

Balance of the artificial discharge, however, is limited to a 

combination of loss of ground water storage and decrease in the old 

natural discharge. The third source, i.e., balance by increase in 

natural ground water recharge, was neglected since under natural condi

tions there is no rejected natural recharge. Loss of ground water 

storage, as evidenced by a decline in the water table, has been reported 

in several wadis, particularly around the major centers of ground water
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pumpage. Decrease in the old natural discharge is probably very limited 

due to the fact that a considerable lowering of the hydraulic gradients 

in the area is required before any significant quantities can be 

recovered. As an example, a computation by Tipton and Kalmbach (1974) 

indicated that a 5 to 10 percent lowering in the hydraulic gradient in 

wadi Zabid would divert only 4 MCM of ground water from seaward 

drainage, or less than 4 percent of natural discharge in the area. In 

the following section, a discussion of natural ground water recharge 

will be given. Discussion of natural ground water discharge was 

reserved for Chapter 4 where this component will be quantitatively 

assessed.

Ground Water Recharge. The low annual precipitation and the 

arid climatic conditions, coupled with the short duration and low 

intensity of rainfall events, leads to the conclusions that direct 

recharge to the ground water table in the Tihama plain is almost 

impossible (Italconsult, 1973). Indirect recharge, furthermore, is 

probably limited to the following components:

1. Recharge by seepage from streamflow in the gravelly stream 

channels of the wadis and from the unlined irrigation canals.

2. Recharge by deep percolation losses from irrigated lands.

3. Recharge by underflow taking place through the streams' cross- 

sections at their exits onto the plain.

4. Recharge by underflow through the mountain front east of the

Tihama.
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Review of the available data on these components resulted in Table 8, 

which summarizes the magnitude of each component during 1975. Notice in 

this table that no data for wadi Siham are given since these were 

lacking.

Except in wadi Mawr, recharge by seepage from stream channels 

and irrigation canals is the most important of all the four components. 

It accounts for as little as 2.7 percent of surface inflow (as in wadi 

Mawr) to as much as 69 percent in wadi Zabid. The principal factor 

accounting for this large difference from one wadi to another is the 

distance along the main streambed that the flow travels prior to diver

sion into the irrigation canals.

Recharge by infiltration on irrigated lands varies with the 

practice of irrigation. In the surface water irrigated lands, it 

accounts for percentages that are between 4.4 (wadi Mawr) and 17 (wadi 

Zabid). In the ground water irrigated lands, the percentages range 

between 3.1 (wadi Rima) and 50 (wadi Zabid). There appears to be no 

single factor that can account for these differences in the estimates.

Aquifer recharge by underflow through the aquifer cross-sections 

at the wadis' exists depends on the cross-sectional area, the permea

bility, and the hydraulic gradient, Consequently, the quantities range 

from 0.1 MCM in wadi Rima (Makin, 1977) to 12.8 MCM in wadi Surdud (Sir 

William Halcrow and Partners, 1978).

The most controversial component of all the four is that of 

mountain front underflow. Drilling investigations in wadi Rima indi

cated that mountain front recharge does not exist (Makin, 1977). The



Table 8. Recharge from Surface Water (as Percentage of Annual Inflow), from Ground Water (as
Percentage of Annual Ground Water Pumpage), and the Total Estimated Ground Water
Recharge during 1975.

w . Mawr w. Surdud w. Rima w . Zabid
Total Surface Inflow (MCM)
Total Ground Water Pumpage (MCM)

162.1
12.6

(lOO)*
16

97
43

.9 230.4 
(164.3)b

Recharge %
Volume
(MCM)

Volume 
% (MCM) %

Volume
(MCM) %

Volume
(MCM)

Recharge through streambed and 
irrigation canals 2.7 4.4 49 49.0 31 30.3 69 159

Recharge through infiltration on 
surface water irrigated lands 4.4 7.1 4.7 4.7 7.5 7.3 17 39.2

Recharge through infiltration on 
ground water irrigated lands 10.0 1.3 13.0 2.1 3.1 1.3 50 82.2

Wadi cross-section underflow — 4.7C —  12 • 8 — 0.1 — 5.0

Mountain front underflow — “ —  — — — — ——

Totals 17.5 68.6 39.1 285.3

Grand Total Approximately 410.0 MCM

aTotal surface inflow at wadi Surdud estimated from the median annual flow of Table 6 and by 
comparison with other wadis.

^Data supplied by Tipton and Kalmbach (1979a).
cFor details see Appendix A.
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investigations utilized a 150-meter drilled well that penetrated 70 

meters of the basement rocks in the eastern portion of the wadi. The 

well was backfilled with cement to the base of the alluvium, and tested. 

The transmissivity and specific capacity obtained from the well before 

and after backfilling were the same. The conclusion that no contribu

tion had been derived from the bedrock was supported by the results of 

flow logging carried out at several levels both within the bedrock and 

within the overlying alluvium (Makin, 1977). This was the only time 

that this component was assessed in the field, although it is generally 

believed that similar conditions exist along the entire mountain front.

As estimated in Table 8, the total quantity of recharge into the 

Tihama aquifer during 1975 (excluding recharge in wadi Siham and in the 

coastal stream areas) was about 410 MCM. If recharge in wadi Siham is 

estimated at 70 MCM, by comparison with recharges at wadis Surdud and 

Rima, then the total recharge to the Tihama aquifer between wadis Mawr 

and Zabid during 1975 was about 480 MCM. This estimate neglects 

recharge in the coastal stream areas for reasons that have been pointed 

out earlier.

The question of how representative is this value with respect to 

the long-term average can only be speculated. The year 1975, by compari

son of the 1975 data of Table 3 with those concluded from the median 

annual flow analysis of Table 6, showed surface inflows that were 

slightly higher than the median annual flow at wadi Zabid, remarkably 

close to the median annual flow at wadi Rima, but considerably lower 

than the median annual flow at wadi Mawr. Thus, one may conclude that
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the inflows during 1975 somehow ranged from near their median values, in 

the southern wadis of the Tihama, to less than the medians in the 

northern wadis. Consequently, the estimated recharge of 480 MCM during 

1975 must represent a less than the median annual recharge.

Ground Water Quality and Utilization

Relative to the quality of surface water, the quality of ground 

water is considerably more diverse. In the area of wadi Mawr, Tipton 

and Kalmbach (1979a) recognized two geochemical types of ground water; 

namely:

1. A low mineralized calcium bicarbonate ground water that occurs 

in the eastern part of the wadi.

2. A highly mineralized sodium-chloride-magnesium-sulfate ground 

water containing minor accounts of calcium bicarbonates. This 

type occurs in the vicinity of a known salt dome in the western 

part of the wadi.

The majority of the waters in the wadi are a mixture of these two types. 

The total dissolved solids were only reported for 13 samples (out of 61 

collected samples) and ranged between 1,661 and 6,507 mg/1, averaging 

3,730 mg/1. The electrical conductivities were in the range of 1,500 to 

6,150 and averaged 3,350 micromhos/cm (at 25°C).

In wadi Surdud, the total dissolved solids range from 520 to 

2,700 mg/1 and average 1,000 mg/1. The electrical conductivities also 

range between 800 and 3,000 and average 1,600 micromhos/cm at 25°C 

(Sir William Halcrow and Partners, 1978).
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Italconsult, working in the area of wadi Siham, distinguished 

three salinity classes of ground water:

1. Waters of lower salinity (TDS less than 1,300 mg/1 and electrical 

conductivity less than 2,000 micromhos/cm).

2. Waters of medium to high salinity (TDS 1,300 to 2,600 mg/1 and 

electrical conductivity between 2,000 and 4,000 micromhos/cm).

3. Waters of very high salinity (TDS greater than 2,600 mg/1 and 

electrical conductivity greater than 4,000 micromhos/cm).

The class of medium to high salinity, according to Italconsult (1973), 

is the most frequent quality type in the area, while the very high 

salinity waters are the least frequent.

The quality of ground water in wadi Rima is exceptionally 

excellent. Makin (1977) stated that much of the area of this wadi is 

underlain by ground water with conductivity values less than 1,000 

micromhos/cm equivalent to about 775 mg/1.

Ground water in wadi Zabid is of comparable quality to that at 

wadi Rima. The total dissolved solids range between 400 and 700 mg/1, 

with the majority of the samples in the 500 to 650 mg/1 range. The 

electrical conductivities range between 700 and 1,550 micromhos/cm 

(Tesco, 1973).

The high salinity of ground waters in wadis Surdud and Mawr, 

relative to the southern wadis, tends to support the previous conclusion 

concerning the existence of Miocene salt deposits underlying the Tihama 

aquifer from the vicinity of wadi Surdud northward. Also, the high



salinities in wadi Siham indicate that these deposits may extent to the 

vicinity of this wadi.

Ground water in the Tihama is utilized both for domestic and 

irrigation purposes. At present, ground water development is concen

trated in the western parts of the Tihama where surface water rights are 

limited and the water table is closer to the surface. Surveys of ground 

water pumpages in the Tihama date from as early as 1969 (in wadi Zabid) 

and as late as 1977 (in wadis Surdud and Mawr). A summary of the avail

able survey results since 1971 is given in Table 9. This table 

illustrates the rapid increase in the ground water extractions over the 

period 1971 through 1977. During 1975, which is the only year with data 

at the majority of the wadis, the total ground water pumpage, excluding 

that in wadi Siham and in the coastal stream areas, amounted to about 

235 MCM. Of this quantity, about 70 percent was pumped at wadi Zabid

alone.
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Table 9. Ground Water Extractions in the Tihama.

Year of 
Survey

Pumpage (MCM)
w. Mawr w. Surdud w. Siham w. Rima w. Zabid

1971 — — — “ 72

1972 —— - — 26.5 —— 117

1973 —— —— — — (130)*

1974 “ —— —— — (149)*

1975 12.6 16 — 43 164.3

1976 19.5 24 —— 46 "

1977 27.5 25.5

^Estimated.

I



CHAPTER 4

FLOW PATTERN ANALYSIS

Assessment of the natural ground water discharge to the Red Sea 

through the Tihama aquifer is the primary objective of this thesis. As 

such, and for reasons that are pointed out below, the technique of flow 

net analysis is not strictly applicable to the Tihama aquifer as a 

whole. However, using the water table elevation map of Figure 11, 

computation of the natural ground water discharge was possible through 

application of this technique to the zone along which this discharge 

takes place. As the flow of ground water in the area, for all practical 

purposes, is two-dimensional, the application of this technique was 

justified. Sufficient data have been given in the preceding chapters to 

allow proceeding with this analysis,

Although results from the flow net analysis will be applicable 

for the year 1976, which is the reference year of the water table eleva

tion map, they will be useful for comparison of the relative magnitudes 

of discharge through the various north-south segments of the aquifer. 

Knowledge of these magnitudes provides a useful criterion upon which 

future decisions concerning salvation of this non-beneficial loss can be 
made.

73
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A flow net is a graphical solution of the so-called Laplace 
2equation (V h = 0). It consists of two families of curves: the stream

lines or flowlines which show the path followed by water particles as 

they travel through an aquifer in the direction of decreasing head and 

the equipotential lines which, as the term indicates, are lines that 

join points of equal potential within the flow region. The construction 

of a flow net to solve Laplace's equation involves approximation of the 

three-dimensional ground water flow by a two-dimensional one in which 

the motion of ground water is substantially the same in parallel planes 

(Harr, 1962). By the same token, flow nets are also possible to apply 

in the analysis of three-dimensional problems with either axial or radial 

symmetry (Davis and DeWiest, 1966).

Before attempting to describe the flow pattern in the Tihama 

aquifer, it is important that the boundary conditions be established and 

carefully described. The two boundaries that exist in the area are:

1. The Red Sea, to the west, acting as the hydraulic sink toward 

• which all ground water in the area is ultimately discharged.

2. The mountain front, to the east, which (except at the exits of 

the major wadis) is assumed to act as an impermeable boundary. 

This assumption is based on the earlier discussion on underflow 

through the mountain front and is reasonably justified by the 

results from the aquifer test at wadi Rima. Even if this 

assumption is partly false, the expected contribution of this

The Methodology
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source to the total quantity of flow will be very small due to 

the low permeability of basement rocks.

To the north and south, the area has no physical boundaries and 

it need not have any since the flow is primarily east to west. For 

reference, however, the northern boundary was taken at the stream of 

wadi Mawr which is a streamline roughly dividing the ground water mound 

of the wadi into two equal sections. The southern boundary, on,the 

other hand, was selected such that the bulk of ground water discharge 

from wadi Zabid's ground water mound is included in the discharge compu

tations. This was insured by drawing the southernmost streamline of the 

flow net in the extreme southern portion of wadi Zabid's water table - 

elevation contours.

Because ground water abstractions take place in the eastern por

tion of the Tihama, computation of the quantity of natural ground water 

discharge to the Red Sea could best be made as far west as possible. In 

this manner, the computed discharge would be a reliable estimate of the 

net quantity and would not include quantities that, otherwise, would be 

abstracted downstream to the west. For this reason, subsequent compu

tations of the discharge were made between the 10 and 20 meter equipoten- 

tials. The resultant flow pattern is shown in Figure 12, The stream

lines shown on this figure were constructed as follows:

1. Where the streamlines cross the 10 and 20 meter equipotentials, 

the distance separating any two adjacent streamlines was made to 

equal the distance between those two equipotentials. Thus, a 

series of squares running from the northern to the southern

/
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Figure 12. Regional Flow Pattern of the Tihama.
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portions of the Tihaina between the 10 and 20 meter equipoten- 

tials was obtained. These squares are called the unit areas, 

while the ratio between the streamline and equipotential line 

intervals (in this case = 1) is called the unit ratio (Skibitzke 

and da Costa, 1962).

2. The streamlines east of the 20-meter equipotential were extended 

so that they intersect each equipotential at right angles. 

Because the aquifer is heterogeneous, and abstractions to the 

east are not negligible, the unit areas that were previously 

obtained in the west lost their square shape. Consequently, the 

unit ratios generally showed an increase toward the east. 

Tentatively, this increase may be due to an increasing trans

missivity and/or a decreasing quantity of flow toward the west. 

In making the streamline extensions, the aquifer, therefore, was 

assumed to be heterogeneous and isotropic.

To conclude, due to heterogeneity of the aquifer and the 

presence of ground water abstractions to the east, Figure 12 does not 

represent a true flow net of the area. The streamlines in this figure, 

therefore, are only indicative of the general pattern of flow. Never

theless, application of Darcy’s law to compute the quantity of ground 

water discharge between the 10 and 20 meter equipotentials is still a 

valid operation justified by the apparent homogeneity of the aquifer in 

this zone (within the western portion of each wadi) and by noting that 

the results would only be applicable to the year of the water table 

elevation map.
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Derivation of Representative Transmissivities 
in the Western Portion of the Aquifer

Even though the Tihama aquifer between the 10 and 20 meter 

equipotentials was assumed to be homogeneous, all the transmissivity 

data in this region remain ’’point" determinations. In attempting to 

derive more reliable or regionally representative transmissivities at 

each of the Tihama wadis, it was concluded that reliable values can be 

derived if one can make an accurate estimate of the transmissivities in 

the northern and southernmost wadis, i.e., in wadis Mawr and Zabid.

Once the transmissivities in these two wadis are determined, and given 

that the transmissivity decreases toward the north (Sir William Halcrow 

and Partners, 1978), they can serve as the lower and upper limits on 

transmissivities in the remaining areas, respectively.

The best estimate of aquifer transmissivity in the western por

tion of wadi Zabid, to date, was made by Tipton and Kalmbach in 1974. A 
2value of 2,800 m /day was arrived at through a flow net analysis that

utilized a predevelopment water table elevation map of this area. This
2values, although lower than a value of 3,300 m /day derived by Tesco 

(1973) through a digital model, will be used in the final computations. 

Tesco*s value was considered too high due to insufficient model width 

(Tipton and Kalmbach, 1974).

Using the hydraulic conductivity data from 23 test wells drilled 

in wadi Mawr, the author constructed a hydraulic conductivity distribu

tion map for this area (Figure A-3, Appendix A). From this map an

The Results
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average hydraulic conductivity of 5 m/day was derived for the aquifer in 

general. With an effective aquifer thickness of 250 meters, the trans

missivity at the western portion of wadi Mawr was estimated at 

1,250 m^/day.

In the areas of wadis Surdud, Siham, and Rima, the hydraulic

conductivities were taken as 7, 9, and 10 m/day, respectively. The
ocorresponding transmissivities were 1,750, 2,250, and 2,500 m /day,

respectively, where the aquifer thickness was again taken as 250 meters.

The hydraulic conductivity of 7 m/day at wadi Surdud agrees with a
2reported average transmissivity of 1,100 m /day for a penetrated 

aquifer thickness of 150 meters (Sir William Halcrow and Partners,

1978). The hydraulic conductivity of 9 m/day was adopted after 

Italconsult (1973), who used this value as an average for wadi Siham, 

while the hydraulic conductivity of 10 m/day at wadi Rima was deduced 

from values at wadi Zabid (see Appendix B).

In the areas between the major wadis, the coastal stream areas, 

transmissivities were obtained by averaging the transmissivities at the 

appropriate wadis.

It is further noted that the above concluded transmissivities 

should represent minimum values since the original transmissivity and 

hydraulic conductivity data were obtained from aquifer tests on wells 

that were, in most of the cases, both partially penetrating the aquifer 

and screened only opposite a portion of the penetrated section. The 

lack of necessary data prevented the use of correction formulae to

correct for this source of error.
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Responding to annual variations in its recharge and artificial 

discharge, the Tihama ground water system undergoes continuous dis

turbances that are reflected both in the configuration and elevation of 

its water table. However, based on the negligible changes that took 

place during a three-year period (1973-1976) in wadi Zabid (which is one 

of the most rapidly developing areas in the Tihama), it was concluded 

that the assumption of steady state may be justified, particularly if 

one is considering a one-year interval. On the basis of this assump

tion, and using the previously concluded transmissivities and the unit 

areas of Figure 12, the natural ground water discharges through the 

aquifer segments at the various wadis were computed using the equation:

Q = I x T x L [3]

oin which Q « the discharge in m /day;

I = the hydraulic gradient in m/km;
2T = the transmissivity in m /day; and

L = the streamtube width in km.

The results are shown in Table 10 where the discharges are given as 

annual values, i.e., Q x 365. The total annual quantity of discharge 

through the Tihama aquifer between wadis Mawr and Zabid was 302.4 or 

about 300 MCM.

The largest discharge in a single area takes place in wadi Zabid 

(82 MCM) followed by that occurring along the coastal stream area 

between wadis Rima and Siham (77.3 MCM),

The Discharge Computations
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Table 10. Flow Net Computations of Natural Ground Water Discharge.

Wadi and
Average
Hydraulic

Average
Transmissivity

Z'T')
Average 

Width of

Average
Annual
Discharge

Unit Area Gradient (I) O Unit Area (Q)x365
Number (m/km) (m /day) (km) (MCM)

Wadi Mawr
1 1.042 1250 9.60 4.564
2 1.000 1250 10.60 4.836
3-a
Total

Coastal 
Stream Area

1.097 1250 6.00 3.003
12.403

3-b 1.097 1250 3.20 1.602
4
Total

1.225 1500 9.10 6.103
7.705

Wadi Surdud
5 1.506 1750 6.64 6.387
6 1.786 1750 5.80 6.617
7 2.000 1750 5.72 7.307
8 2.100 1750 5.72 7.673
9
Total

2.008 1750 5.48 5.708
33.692

Coastal 
Stream Area

10 2.083 2000 4.80 7.299
11 2.083 2000 4.80 7.299
12 2.273 2000 4.40 7.301
13 2.273 2000 4.40 7.301
14 2.286 2000 4.90 8.177
15
Total

2.336 2000 4.28 7.299
44.676

Wadi Siham
16 1.724 2250 6.52 9.231
17 1.470 2250 7.20 8.692
18
Total

1.667 2250 5.60 7.667
25.59025.590
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Table 10, Continued.

Wadi and
Average
Hydraulic

Average
Transmissivity Average 

Width of

Average
Annual
Discharge

Unit Area Gradient (I) l-Uo Unit Area (Q)x365
Number (m/km) (m /day) (km) (MCM)

Coastal 
Stream Area

19 1.636 2375 5.72 8.117
20 1.636 2375 6.44 9.142
21 1.800 2375 5.56 8.669
22 2.000 2375 4.89 8.476
23 2.093 2375 4.78 8.669
24 2.250 2375 3.89 7.585
25 2.432 2375 3.89 8.200
26 1.915 2375 5.00 8.300
27
Total

3.000 2375 3.89 10.114
77.272

Wadi Rima
28 2.429 2500 3.93 8.711
29
Total

2.273 2500 4.40 9.126
17.837

Wadi Zabid
30 2.604 2800 4.00 10.645
31 2.500 2800 3.72 9.505
32 2.273 2800 4.40 10.221
33 2.500 2800 4.00 10.220
34 2.500 2800 4.00 10.220
35 2.777 2800 3.68 10.444
36 3.571 2800 2.96 10.803
37
Total

3.846 2800 2.60 10.220
82.228

Grand Total 301.452
(or approximately 300 MCM)
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It should be noted that the designation of a unit area as part 

of a given wadi or coastal stream is partially artificial due to 

inflexibility in the construction of these squares. That is, the unit 

areas were not always possible to position such that a given wadi is 

entirely enclosed within an even number of squares. An example of this 

situation is illustrated by the case of wadi Mawr. With reference to 

Figure 12, in order to compute the discharge from this wadi (to be com

pared with the discharge found through the water balance), unit area 

number 3 had to be subdivided into two segments (3-a and 3-b). It 

should also be observed that the measurements of hydraulic gradients 

and unit areas widths were made on the original maps of the appropriate 

wadis. This was carried out to avoid measurement errors from the small 

scale map of Figure 12. Finally, for convenience in referring to 

Figure 12 and the discharges computed therefrom, the phrase "flow net 

computed discharge" will subsequently be used with the understanding 

that Figure 12, as pointed out earlier, does not represent a true flow

net.



CHAPTER 5

THE WATER BALANCE ANALYSIS

The technique of water balance analysis was used to verify the 

discharge computations given in the preceding chapter. Indirectly, it 

also permitted verification of the consultants’ estimates of aquifer 

recharge in areas where this technique was used. Most of the time and 

effort devoted to this thesis were spent on the water balance analyses, 

particularly with regard to deriving estimates of evapotranspiration 

from the available agronomic and climatic data.

As the water balance analysis requires an enormous amount of 

climatic, hydrologic, and agronomic data that are, moreover, of a 

specific time interval, its application to the Tihama wadis was limited 

to areas where these requirements could be met. Unfortunately, as 

pointed out earlier in this thesis, these requirements were possible to 

satisfy only at wadis Mawr and Rima. Consequently, two water balances, 

one at wadi Mawr (Appendix A) and the other at wadi Rima (Appendix B), 

were established.

The Methodology

The water balance method is a measurement of the continuity of 

flow of water. It holds true for any time interval and applies to any 

drainage basins and to the earth as a whole. The methodology is out

lined in Appendix A.

84
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The application of the water balance method to wadi Mawr, as 

well as to wadi Rima, utilized the available data in making an estimate 

of all the water balance components but the natural ground water dis

charge to the Red Sea. The latter was the solved-for unknown in the 

water balance equations. A water balance interval of one year was used 

in each case.

Considering that the customary application of the water balance 

methodology is to arrive at estimates of evapotranspiration, the somehow 

reversed application adopted in this thesis was only possible to carry 

out due to the availability of detailed agronomic data. Nonetheless, 

several assumptions and approximations had to be made at some points to 

arrive at data that were not directly available. Each time that such an 

assumption or approximation was made it was pointed out and justified in 

its appropriate place. Appraisal of the evapotranspiration component of 

each water balance was refined, using every available piece of data, to 

the maximum possible extent.

The Results

In the case of wadi Mawr, natural ground water discharge, as 

estimated by the water balance, amounted to 14.8 to 19.7 MCM depending 

on the porosity of the aquifer. The latter was taken to be between 0.1 

and 0.15 and resulted in a range for the change in ground water storage 

during the water balance year; hence, the range of natural discharge. 

This quantity compared very well with the flow net estimate of 16.4 MCM 

(see the section on data analysis, Appendix A).



In the case of wadi Rima, the water balance computed discharge 

came to about 6.9 MCM which is in good agreement with the 9.1 MCM com

puted through the flow net analysis (see the section on data analysis, 

Appendix B).

Based on the reasonable agreement between the flow net and the 

water balance estimated discharges at wadis Mawr and Rima and also on 

the basis of subsequent discussion, it was concluded that the flow net 

computed discharges at the other wadis and coastal streams are satisfac

tory. Previous estimates of natural ground water discharge at wadi 

Zabid range from 130 to 104 MCM in 1971 and 1973, respectively (Tipton 

and Kalmbach, 1974). The quantity of discharge showed a continuous 

decline as the pumpage of ground water was increasing. Observing that 

since 1973 ground water pumpage has increased from an estimated 130 MCM 

during 1973 (Table 9) to near 165 MCM during 1975 (Tipton and Kalmbach, 

1979b), then the flow net computed discharge of 82 MCM (Table 10) was 

considered, in view of the expected decline in its quantity as ground 

water pumpage increases, reasonable. On the other hand, the computed 

discharge of 33.7 MCM at wadi Surdud (Table 10) reasonably agreed with a 

water balance based estimate of 25.6 MCM during 1977 (Sir William 

Halcrow and Partners, 1978), although the flow net estimate corresponds 

to a discharge front that is larger than the true front of wadi Surdud 

(due to the previously pointed out inflexibility in flow net construc

tion). For the same reason, the computed discharge of 25.6 MCM at wadi 

Siham compared poorly with a 12 MCM computed by Italconsult (1973) 

through a flow net analysis.



In the wadis where the water balance method was applied, the 

good agreement between the flow net and water balance computed dis

charges generally indicates that the estimates of the various water 

balance components were not too much in error. That is, had these esti

mates been erroneous then poor agreement would have resulted.

To further utilize the water balance computations, the recharges 

to the ground water aquifer at wadis Mawr and Rima were computed and 

compared to the consultants' estimates given in Table 8. The equation 

used in the computations was:
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Rs+g = AS + G0 + Rg 2 g [4]

in which Rg+g = ground water recharge by surface water infiltration and 

by underflow, in MCM;

ASg ■ volumetric change in subsurface storage during the time 

interval to which the computations are applied (in this 

case, one year), also in MCM;

0^ = natural ground water discharge or, more generally, sub

surface outflow, in MCM; and

Rg = artificial ground water discharge, or pumpage, in MCM. 

By substituting the appropriate values for wadi Mawr, we obtain:

Rs+g = (~9,7 to -14.55) + (14.8 to 19.7) + 12.6

Averaging the ranges and carrying the calculation, Rg+g = 17.7 MCM.

This is in excellent agreement with the 17.5 MCM shown in Table 8. Not 

only that, but it also indicates that mountain front recharge in wadi



Mawr is negligible and that the assumption of steady-state conditions, 

at least in the area of wadi Mawr, was reasonable.

By applying equation [4] to wadi Rima and substituting the 

appropriate quantities, we obtain:

R , = 30.5 + 6.9 + 43 = 80.4 MCMs+g

When compared to the 39.1 MCM of Table 8, a very poor agreement results. 

The only reason that the author could find is that the estimates made by 

Makin (1977), which are shown in Table 8, were either too conservative 

or only applicable to a dry year. In support of the last reason is a 

recharge of 66.5 MCM during the year May 1975 through April 1976 (Makin, 

1977). Further, neither this recharge (i.e., the 66.5 MCM) nor the 

recharge given in Table 8 take into account the underflow from wadi 

Zabid to wadi Rima. The latter, as detailed in Appendix B, was computed

88

at 20.7 MCM.



CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS 

Conclusions

Assuming that no recharge occurs along the mountain front east 

of the Tihama plain, then the annual replenishment of the Tihama aquifer 

is entirely derived from infiltration of surface water and by underflow 

at the wadis’ exits. Given the short streamflow records in the area, 

together with the more reliable records in southwestern Arabia, the 

median annual flows of the seven major Tihama wadis were estimated by 

establishing a relationship between the drainage area and the volume of 

precipitation (Table 6). The resultant total median annual flow at the 

five wadis under investigation was about 813 MCM.

A certain proportion of the annual replenishment of the Tihama 

aquifer is non-beneficially lost to the Red Sea. In this thesis, it was 

found that the total recharge during 1975 (neglecting mountain front 

recharge, if any) was in the order of 480 MCM. Further, more than 60 

percent of this quantity (300 MCM) was estimated to be naturally dis

charged to the Red Sea through the Tihama aquifer.

The discharge occurs along a front that is 197 km long. Thus, 

the average annual discharge per unit length of the discharge front, or 

per unit width of the aquifer, is about 1.52 MCM. This is equivalent to
3

a rate of about 0.05 m /sec/km. The largest discharge in a single area
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occurs in wadi Zabid. There, some 82 MCM are discharged along a 29.4-km
3front, which is equivalent to an approximate rate of 0.09 m /sec/km. 

Therefore, by quantitative considerations alone, wadi Zabid appears to 

be the most suitable area where planning to salvage natural discharge 

may be started.

The core idea behind salvation of natural ground water discharge 

is to lower the hydraulic gradients so that a portion of the seaward 

drainage may be recovered. In coastal aquifers, however, such an opera

tion involves the risk of lowering the gradients to a point where they 

are reversed and sea water intrusion occurs. Thus, before such an 

operation may be started, thorough knowledge of the long-term aquifer 

recharge, properties, stratigraphy, and long-term response to fluctua

tions in recharge is needed.

In the following section, recommendations will be devised to 

ensure that such knowledge will be gained and that rational planning of 

long-term discharge recovery would take place. These recommendations, 

moreover, are put in the most general form so that they will be appli

cable to areas where only very little data are available.

Recommendations

Monitoring Program

Ideally, the design of any monitoring program in the Tihama 

should consider three main needs. Listed in order of decreasing 

priority, they are:
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1. Maintenance of the present hydrometeorological network.

2. Expansion of this network into areas that are not presently 

covered (such as wadi Siham).

3. Increasing both the density of observation points (e.g., stream- 

gaging stations, observation wells, etc.) and the frequency of 

measurements.

The value of such a program, although it may cost more than the 

expected benefits from recovery of ground water discharge, should be 

viewed in terms of providing a better data base for avoiding over

development of the aquifer and the risk of deterioration of ground water 

quality.

Aquifer Investigations

Detailed planning of ground water development requires that more 

data on the aquifer conditions be collected. Among the most needed of 

these data are the following:

1. Determination of the aquifer thickness in the various Tihama 

wadis by means of deep well drilling and geophysical surveys.

2. Determination of the aquifer properties in the deeper parts, and 

assessment of mountain front recharge. Test wells, as deep as 

500 meters, should also be provided with observation wells.

3. Assessment of the quality of ground water in the deeper parts of 

the aquifer.
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4. Appraisal of the stratigraphy of the Tihama sedimentary basin in 

general, particularly with regard to the lateral and vertical 

extents of the Miocene salt deposits.

Modeling Studies

Provided that the input data are of reliable quality, a computer 

model of the aquifer would be most useful for the following purposes:

1. Predicting the aquifer response to any designed recovery scheme.

2. Deducing the long- and short-term effects of variability in 

annual recharge on the discharge, water table configurations, 

and gradients.

3. Designing long-term discharge schemes, particularly with respect 

to selection of the appropriate number and location of discharge 

centers.

With the continuous ground water monitoring, including periodic 

water sampling for chemical analyses, the aquifer model should also 

serve as the day-to-day managerial reference. The dimensions of the 

model will be largely dependent on what the aquifer investigations 

reveal. It may or may not be necessary to develop individual models for 

each wadi or sub-area.

Control of the Aquifer

Ground water withdrawals by the private sector should be put 

under control. A Tihama-wide well inventory should also be carried out. 

Thereafter, selective licensing is recommended to prevent the presently



expanding withdrawals in the western portion of the aquifer from 

adversely affecting the aquifer potential.



APPENDIX A

WADI MAWR WATER BALANCE

Availability of Data

Climatic Data

Monthly Air Temperature Data. Monthly air temperature of wadi 

Mawr is available at a single weather station located at A1 Zuhra, which 

is at 70 meters amsl (Figure 7, main text). The record covers the 

periods May 1972 through February 1975, and May 1976 through January 

1979. Thus, the water balance year under consideration lacks tempera

ture data. Nevertheless, such data are available for 1973-1975 at 

Gumaisha weather station in wadi Surdud, and for 1975-1976 at A1 Jarubah 

weather station in wadi Rima (at 250 and 230 meters amsl, respectively; 

Figure 7, main text). Data at wadi Rima, however, are combined monthly 

averages for 1975 and 1976. Yet, this was the only available record 

that could indicate the 1976 temperatures for inferring A1 Zuhra’s 1976 

data. Table A-l is a summary of the available temperature data at the 

three stations.

A1 Zuhra’s 1975 temperature data were estimated through a linear 

regression analysis that involved correlation of the 1974 data at A1 

Zuhra and Gumaisha stations. A scattergram was constructed and the line 

of best fit was found to be that represented by the equation:
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Table A-l. Summary of Available Average3 Monthly Temperature Data at A1 Zuhra, Gumaisha, and
A1 Jarubah Weather Stations, 1972-1979.

Month
Station Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

A1 Zuhra* 5 1972
1973
1974
1975
1976
1977
1978
1979

26.2
24.8
25.1

26.1
25.6
26.4

27.7
26.6

30.3
29.9

25.8
26.7
25.6

26.2
27.3

28.2
29.5

30.7
31.5

33.7 35.2 35.2 35.7
32.4 33.4 33.9 33.2
31.5 33.3 32.7 32.3

32.6 33.4 34.3 34.5
32.9 34.8 34.0 34.1
34.2 34.5 32.2 32.5

34.3 32.6 29.8 27.4
32.5 30.4 27.6 25.2
32.0 30.0 27.4 24.6

33.0 32.4 28.6 26.6
33.1 31.1 29.6 28.0
31.6 30.8 28.8 26.5

Gumaishac 1974
1975
1976

24.4 25.4 26.6 29.3 31.5 33.2 33.6 32.0 30.9 29.9 25.9 25.2
25.1 26.1 27.4 29.5 31.1 32.2 32.9 29.9 31.1 28.6 26.1 24.0

A1 Jarubah^ 1974 —  —  —  —  —  —  —  —  —  —  —  —
1975-76 25.0 26.5 28.2 29.9 31.5 33.0 33.0 31.1 30.9 29.3 27.5 25.7

^Average = (monthly minimum + monthly maximum)/2, in degrees centigrade.
5After Tipton and Kalmbach (1979a).
CAfter Sir William Halcrow and Partners (1978).
^After Makin (1977).



y = 1.3461 + 0.9606 x ; r2xy 0.963 [A-l]
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in which y * average monthly temperature (°C) at A1 Zuhra in any given 

month in 1974; and

x = average monthly temperature (°C) at Gumaisha in the corre

sponding month of the year.

Assuming that the above equation is valid for 1975, which is a 

justifiable assumption in view of the proximity of the two stations to 

each other and the implications of the relatively high correlation 

coefficient, the 1975 data at A1 Zuhra were estimated by using the above 

equation and the same year's data at Gumaisha. Results of the computa

tions are shown in Table A-2.

A slightly different approach was followed to complete the 1976 

record at A1 Zuhra. The estimated data of A1 Zuhra during May-December 

of 1975 were added to the measured values of the same period in 1976. 

Then, the average data at A1 Jarubah during the same period in 1975 and 

1976 were multiplied by two (to obtain the original combined monthly 

temperatures) and correlated with the combined monthly temperatures at 

A1 Zuhra. The resultant best fit equation was:

y = 0 3.2122 + 1.0713 x ; r2 = 0.955 [A-2]xy ^

in which y = the combined average monthly temperatures (°C) at A1 Zuhra 

for a given month in 1975 and 1976; and 

x = the combined average monthly temperatures (°C) at A1 

Jarubah for the corresponding month of the same period.



Table A-2. Available and Estimated Average3 Monthly Temperature Data for Wadi Mawr at
A1 Zuhra (1975-1976, Inclusive).

Month
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

1975 25.1 26.4 27.7b 29.7 31.2 32.3 33.0 30.1 31.2 28.8 26.4 24.4

1976 25.3C 27.2 29.5 31.2 32.6 33.4 34.3 34.5 33.0 32.4 28.6 26.6

aAverage = (monthly maximum + monthly minimum)/2, in degrees centigrade.
^Data of March through December 1975 were estimated by correlation with that of 1975 at 
Gumaisha station at wadi Surdud.
cData of January through April 1976 were estimated by correlation with that of the same 
period in 1975 and 1976 at A1 Jarubah station in wadi Rima.
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Again, with the assumption that the above equation would be 

applicable for January through April of 1975 and 1976 as it is for the 

rest of these years, the combined monthly temperatures of January 

through April of 1975 and 1976 at A1 Zuhra were computed by substituting 

the corresponding values at A1 Jarubah in the above equation. Then the 

known values at A1 Zuhra during January-April of 1975 were subtracted 

from their corresponding combined monthly temperatures of 1975 and 1976, 

that were computed from the equation, to yield values of 1976. Results 

of the computations are also shown in Table A-2.

It should be noted that, in spite of the simplified approach 

adopted in estimating missing data, the obtained results were considered 

satisfactory. This was justified by the fact that possible errors in. 

the final computations due to other approximations far exceed any errors 

that may arise from the temperature parameter.

Precipitation Data. Unlike the temperature data precipitation 

data at wadi Mawr are available at several localities, both in the 

Tihama plain as well as in the mountainous section of the catchment.

Yet, only the data in the Tihama are of interest to this analysis.

These include the data of Gebel A1 Milh, A1 Zuhra, and At Tun which are 

at 20, 70, and 200 meters amsl, respectively (Table A-3). The location 

of these stations is shown in Figure 7 in the main text.

The record at A1 Zuhra is considered to be representative of the 

precipitation on the study area (Tipton and Kalmbach, 1979a). However, 

this record was interrupted for several months to the extent that out of 

about 6 years of data only one year (1973) has a complete record.



Table A-3. Monthly Precipitation Data for Wadi Mawr. —  In millimeters. After Tipton and Kalmbach 
(1979a). ( ) = partial month or year totals.

Station Month Annual
and Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total

Gebel 
A1 Hilh

1975 2.5 68.7 0.0 — — — — (71.2)
1976 10.5 0.0 0.2 0.0 (1.2) 0.0 (0.0) — — (0.0) — — (11.9)
1977 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5.0 0.0 12.0 (12.0) — (29.0)

A1 Zuhra
1972 20.2 18.6 0.6 12.0 45.8 29.8 3.0 0.2 (130.2)
1973 2.2 0.0 0.0 0.0 2.5 0.0 1.8 7.4 12.0 14.4 0.0 0.0 40.3
1974 0.0 5.9 2.0 0.0 5.8 — —  . — — 8.4 15.5 — — — — (37.6)
1975 0.0 0.0
1976 10.5 0.0 0.2 1.2 20.5 (0.0) 0.0 0.0 0.0 27.2 41.4 0.0 (101.0)
1977 0.0 22.0 0.0 6.2 (0.0) 0.0 0.0 150.0 0.0 127.6 0.0 0.0 (305.0)
1978 18.5 0.0 0.0 0.5 0.0 0.0 189.7 1.3 (21.0) (0.0) 0.0 0.0 —

At Tur
1974 43.6 0.0 0.0 0.0 — —

1975 0.0 0.0 4.0 194.7 8.0 164.9 131.0 349.4 97.3 77.3 — 33.2 (1059.8)
1976 0.0 0.0 49.0 49.0 152.1 61.6 74.2 123 8 128.0 94.4 68.8 0.0 802.9
1977 27.2 3.0 3.0 131.9 187.6 93.0 51.3 233.2 155.8 170.4 — - — (1056.4)

A1
Hahablsha

1975 40.7 37.4 0.0 270.5 110.7 34.2 91.7 245.5 59.9 58.6 8.4 31.9 989.5
1976 0.0 20.6 41.6 312.4 170.8 35.1 13.0 105.5 60.5 55.3 57.2 0.0 872.0

Hajjah
1975 0.4 20.0 0.0 144.1 0.2 41.5 82.4 159.2 110.8 0.0 0.0 22.5 581.1
1976 0.0 0.0 97.5 242.0 163.5 5.0 125.5 150.1 75.7 0.5 1.3 0.0 861.1 VO

VO
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Further, the water balance year has no precipitation data except for the 

period of January through April of 1976.

To arrive at an estimate of precipitation at A1 Zuhra during May 

through December 1975, Figure A-l was constructed to show the areal and 

time distributions of rainfall in wadi Mawr catchment during 1975 and

1976. Furthermore, data at two additional raingage stations (A1 

Mahabisha, at 1,600 meters amsl; and Hajjah, at 1,650 meters amsl;

Table A-3) were plotted on the same graph. The graph suggests a strong 

correlation, at least for stations of comparable elevations (e.g.,

Hajjah and A1 Mahabisha, Gebel A1 Milh, and A1 Zuhra).

Areal correlation of A1 Zuhra's precipitation during 1976 with 

that of each of the other stations during the same year was carried out. 

It was hoped that some mathematical function relating any correlated 

pair may be revealed to be used in the estimation. However, the results 

were not satisfactory, possibly due to the involvement of several vari

ables in determining the amount of rainfall on any given area. In fact, 

it has been suggested that, besides elevation, the distance to the Red 

Sea and Gulf of Aden are two of these variables (Grolier, 1977).

Eventually, estimation of A1 Zuhra's precipitation during May 

through December of 1975 had to be made on the basis of average values 

for the period of record (Table A-3). These computed averages are shown 

in Table A-4, together with the measured values for January through 

April of 1976. Thus, the estimated total precipitation during the study 

period amounted to 164.0 nun (Table A-4).
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Table A-4. Available and Estimated Monthly 
Precipitation Data at A1 Zuhra 
during the Water Balance Year (May 
1975-April 1976).

Month
Precipitation

(mm)

Jan 10.5

Feb 0.0

Mar 0.2

Apr 1.2

May 9.8

Jun 4.7

Jul 38.4

Aug 34.1

Sep 13.2

Oct 42.9

Nov 8.9

Dec 0.1

Total 164.0
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Daytime Hours Data. The only daytime-hours data at wadi Mawr 

are those recorded at A1 Zuhra weather station. The record covers 29 

months dating from 1972 to early 1975 (Tipton and Kalmbach, 1979a).

Thus, in addition to being severely interrupted, the record does not 

include any data for the study period. Hence, the standard tables of 

daytime-hours percentage (Table A-5) at wadi Mawr's latitude (16°N) were 

used in subsequent calculations.

Hydrologic Data

Surface Water Data. Streamflow data for wadi Mawr are available 

at Shat A1 Erg gaging station which is located at about 8 km upstream 

from the eastern boundary of the study area. The station is at about 

230 meters amsl and a short distance upstream from where wadi Mawr exits 

onto the Tihama.

The period of record covers 4 years starting in January 1975 and

ending in December 1978 (Table A-6). During this period, total monthly

flow ranged from a minimum of 4 MCM in February 1976 to a maximum of

50.6 MCM during August 1978. Total annual flow, however, showed a

steady increase from 162.1 MCM in 1975 to 344.4 MCM during 1978.

The data show that the high flow season generally starts in

April and reaches its peak during August, then gradually decreases

through the end of December (except for 1977 when streamflow peaked

twice during April and October). The maximum instantaneous discharges
3 3during a year ranged from 115 m /sec in 1975 and 1976 to 258 m /sec in 

1977 (Tipton and Kalmbach, 1979a). Such data were not reported for 1978.
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Table A-5. Daytime-Hours Percentages (p) at 
Latitude 16°N. -- After U.S. Soil 
Conservation Service (1970).

Month Percentage

Jan 7.91

Feb 7.34

Mar 8.42

Apr 8.47

May 9.01

Jun 8.85

Jul 9.08

Aug 8.85

Sep 8.28

Oct 8.23

Nov 7.72

Dec 7.83



Table A-6. Total Monthly Streamflow of Wadi Mawr 
at Shat A1 Erg Gaging Station. —  In 
million cubic meters. After Tipton 
and Kalmbach (1979a).

Year
Month 1975 1976 1977 1978

January 6.9* 4.4 11.6 20.7

February 5.4* 4.0 9.0 19.3

March 6.3b 6.4 11.0 17.4

April 19.6 22.8 38.8 20.1

May 8.2 18.0 33.8 40.1

June 24.1 13.3 13.0 20.3
July 24.9 23.8 12.0 36.1

August 27.4 33.3 9.6 50.6

September 17.4 24.0 14.3 42.9

October 9.9 11.8 27.7 27.5

November 5.6 11.0 18.3 28.3

December 6.4 10.4 16.6 21.1

Annual Totals 162.1 183.6 215.6 344.4

^Estimated.
^Estimated prior to March 22.
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As computed from Table A-6, the water blaance year showed a

streamflow of 161.5 MCM which is equivalent to a continuous flow of 
35.12 m /sec.

Aquifer Properties. Much like the situation elsewhere in the 

Tihama, the Tihama aquifer at wadi Mawr is composed of continental sedi

ments typical of deposits by flashy streams. It consists of a coarse 

gravel sequence with silt and sand matrix. In surface exposures near 

the mountains, the gravel is weakly cemented but stands nearly verti

cally in the banks of the wadi. The gravel unit dips to the west 

beneath fine-to-medium grained sands and silts (Tipton and Kalmbach, . 

1979a).

Excluding the uppermost sand and silt unit, the aquifer thick

ness in the east is only 20 meters while in the west it has not been 

determined, but it probably exceeds 234 meters (the depth of the deepest 

drilled well in the area).

Aquifer parameters were determined at 23 test well sites

scattered over much of the study area. The wells ranged from 111 to 234

meters in total depth and averages 157 meters. Average transmissivity
2 2values ran from a minimum of 20 m /day to a maximum of 1,300 m /day and 

2averaged 415 m /day, while the hydraulic conductivity ranged from a low 

of 0.7 m/day to a high of 32 m/day and averaged 12.5 m/day (Tipton and 

Kalmbach, 1979a). The storage coefficient was determined at two sites 

and was found to be typical of a confined aquifer (being in the order of 

1 x 10 ■*) although it is generally believed that the relatively short 

duration of the aquifer tests did not allow sufficient time for the
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delayed gravity effect to be encountered. Hence, under long-term 

pumpage, a storage coefficient of 0.1 is anticipated. The 24-hour 

specific capacities of tested wells varied from 0.14 to 4.91 1/sec/m and 

averaged 1.56 1/sec/m. A summary of the aquifer parameters and the 

relevant well construction data is given in Table A-7.

Since aquifer transmissivity is one of the major parameters that 

will be used in computing both the underflow and outflow components of 

the water balance, further analysis of the data was required to arrive 

at an estimate of its value in the eastern and western portions of the 

study area. It was decided that a test of the reliability of the avail

able data followed by construction of a hydraulic conductivity distribu

tion map for the area will be sufficient for the purpose of this 

analysis.

In the first step, the relationship between the specific 

capacity and transmissivity at the tested wells was examined. For this 

purpose, a log-log plot was made of specific capacity versus trans

missivity of the tested wells in the area (Figure A-2). Theoretically, 

when the data are plotted in this manner, the relationship between the 

two parameters should approximate to a straight line. However, several 

factors can interfere and distort this relationship. Of these factors, 

aquifer heterogeneity, partial penetration of the aquifer, variable dis

charge rates during the testing, the presence of hydrologic boundaries, 

and differences in well radii are the most important (Walton, 1970). In 

Figure A-2, the relationship (line A) between the two parameters was



Table A-7. Aquifer Parameters and Well Construction Data at Wadi Mawr 
Test Wells. —  After Tipton and Kalmbach (1979a).

Test
Well
No.

Total
Depth
(m)

Screen
Length
(ra)

Pumping
Rate
(l/e)

Duration 
of Test 
(hours)

24-Hour
Specific
Capacity
(1/s/m)

Average
Storage

Coefficient
(unitless)

Average
Transmissivity
Coefficient

(m2/day)

Average
Hydraulic
Conductivity

(m/day)

1 175 24.4 20.8 6.0 1.06 N.D.C 650 26.6
6 186 33.6 8 . 8 6.0 0.33 — 42 1.3
7 234 26.2 13.8 24.0 0.60 — 121 4.6
8 7 23.7 22.3 72.0 0.86 — 111 4.7

13 154 35.8 25.7* 72.0 0.93 — 200 5.6
14 180 32.8 42.4 24.0 2.53 — — 780 23.8
15 111 32.9 44.2* 60.0. 2.27 — 719 21.9
23 7 15.8 2.3 1.0b 0.14 — — 20 1.3
24 7 29.8 10.1 6.0 0.34 — 430 14.4
25 111 21.4 17.2 36.0 0.65 — — 600 28.0
26 7 27.4 6.3 6.0 0.27 — 20 0.7
29 134 40.7 26.1 6.0 0.73 — 150 . 3.7
30 206 13.3 57.6 6.0 0.99 — — 350 26.3
31 205 66.7 64.5* 120.0 4.73 0.0010 1300 19.5
32 152 60.0 28.3 96.0 1.42 0.0008 300 5.0
33 165 60.1 12.3 6.0 0.48 N.D. 500 8.3
34 137 67.1 6.8 24.0 0.49 — 450 6.7
35 154 8.8 5.9 24.0 4.38 — — 200 22.7
36 158 51.9 44.6 24.0 3.42 — 650 12.5
37 160 49.2 13.4 24.2 0.74 — — 400 8.1
38 161 60.1 29.0 24.0 2.21 — 283 4.7
39 150 40.8 26.1 24.0 1.34 — — 220 5.4
40 140 32.8 43.3 16.0 4.91 — 1050 32.0

aAverages from step-drawdown tests. 
^Test by airlift.
CN.D. - Not Determined.
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found using linear regression analysis which yielded the following 

equation:

log T = 2.421 + 0.805 log SC ; r2 - 0.47 [A-3]xy

2in which T = the transmissivity, in m /day; and 

SC = the specific capacity, in 1/sec/m.

To obtain an idea about the magnitude of deviation of the 

observed data from the theoretical relationship, line B was plotted on 

Figure A-2 in accordance with the equation (Walton, 1970):

5. = ______________ T______________
S 264 log ( ----Tt ) - 65.5

21,500 rZS

[A-4]

in which Q/s = the specific capacity (1/sec/m);
2T = the transmissivity (m /day); 

t = time after pumping started (minutes); 

r = the nominal radius of the well (meters); and 

S = the storage coefficient (fraction).

Moreover, it was necessary to assume values for t, r , and S which were 

taken as 24 hours, 0.3 meters, and 0.001, respectively.

The conclusion drawn from this exercise was that most of the 

wells are showing a lower than the theoretically expected transmissivity 

and/or specific capacity. The previously pointed out factors, rather 

than poor well development, may account for this trend. Wells 26 and 

35, however, are the exception, perhaps due to the extremely low
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pumping rates under which these two wells were tested. Notice in 

Table A-7 that, except for well 23 which was tested by air lifting, 

wells 26 and 35 had the lowest discharges during the tests.

In the second step of the analysis, the hydraulic conductivity 

values given in Table A-7 were plotted on a map of the test well sites 

and contours of equal hydraulic conductivity were drawn as shown in 

Figure A-3. The map shows no special patterns but it generally indi

cates that over the two western thirds of the area the hydraulic con

ductivity is equal to or greater than 5 m/day. In the eastern part, 

however, data are lacking, but it can be generally concluded that the 

hydraulic conductivity would be in the same range. Literature on the 

hydraulic conductivity of sand and gravel tends to support this conclu

sion (Walton, 1970; Davis and DeWiest, 1966).

In summary, a hydraulic conductivity of 5 m/day appears to be a 

reasonable value for the overall hydraulic conductivity of the Tihama 

aquifer at wadi Mawr. This value is further justified by noting that 

the 5 m/day contour in Figure A-3 forms a semicircular band surrounding 

the area, thereby acting as a flow-limiting conductivity, regardless of 

the conductivity in the innermost areas.

Artificial Ground Water Recharge. The use of ground water for 

other than domestic purposes is a relatively recent phenomenon in wadi 

Mawr as it is in the other wadis of the Tihama. Almost all of the wells 

were dug using hand labor and are usually not lined until the water 

table is encountered. The wells are normally equipped with turbine 

pumps driven by a diesel engine via a belt drive.
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The total number of wells in wadi Mawr increased from as few as 

one well in 1963 to 183 wells in 1977. In the years 1975 and 1976, the 

numbers of wells were 84 and 130 with estimated annual discharges of 

12.6 and 19.5 MCM, respectively (Table A-8). Taking ground water dis

charge during the study period (May 1975-April 1976) as a weighted 

average of the annual discharges during 1975 and 1976, it was estimated 

that pumpage during the study period amounted to 14.9 MCM.

Ground Water Monitoring Network and the Water Table 

Configuration. Late in 1974 a water table observation network con

sisting of 70 dug wells was established in the area. By 1978, as more 

drilled wells and well points (5-cm pipes) were completed, the network 

had been expanded to include an additional 29 observation points.

Although the water level measurements were scheduled to be taken 

on a monthly basis, the difficult field conditions caused the measure

ments at some of the wells to be taken every two and, in some cases, 

three months. Thus, the record of water level data (Tipton and Kalmbach, 

1979a) is interrupted and covers substantially different spans of time. 

Nevertheless, it was possible to construct a depth to water map for June 

1975 and a water table elevation map for April 1976 (Tipton and Kalmbach, 

1979a). It is seen from these maps (Figures A-4 and A-5) that depth to 

the water table ranges from less than 5 meters in an area round the 

stream and in a 6-km wide coastal band, to more than 30 meters in the 

northeastern section of the area (Figure A-4). The water table eleva

tion, on the other hand, ranges from 10 meters at a distance of about
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Table A-8. Estimated Annual Discharge by Wells in Wadi Mawr, 1975 and 
1976. —  After Tipton and Kalmbach (1979a).

Average Pumped 
Volume per 

Well per Year 
(MCM)

1975 1976

Location3
(Sector)

Number 
of Wells

Annual
Total
(MCM) c

Number 
,f Wells

Annual
Total
(MCM)

I 0.14 4 0.56 5 0.70

II 0.14 1 0.14 1 0.14

III 0.14 1 0.14 3 0.42

IV 0.056 6 0.34 9 0.50

V 0.14 2 0.28 3 0.42

VI 0.21 12 2.52 12 2.52

VII 0.14 1 0.14 3 0.42

VIII 0.14 1 0.14 2 0.28

IX 0.134 40 5.36 62 8.31

X 0.179 16 2.86 28 5.52

XI 0.14 1 0.14 2 0.28

84 12.62 130 19.51

^Sectors numbering system was adopted from Tipton and Kalmbach (1979a).
The locations of the sectors are shown in Figure A-3.
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15 km from the sea coast, to 150 meters in the eastern boundary of the 

study area near the mountains (Figure A-5).

It is required in the water balance computations that the change 

in the ground water storage during the water balance year be known. For 

this purpose, 44 wells scattered over much of the area were selected and 

the change in water table elevation during the period was computed. The 

selection of these wells was based on data availability during the study 

period. Nevertheless, some of the wells did not have data of water 

table elevation during either May 1975 or April 1976. For such wells, 

estimates were made according to the general pattern of water table 

fluctuations and by extrapolation from either the preceding or the 

following months. In short, the constructed map of change in water 

table elevation (Figure A-6) represents most of the data that could be 

confidently extracted from the raw data given by Tipton and Kalmbach 

(1979a).

The computed change in ground water storage during the study 

period ranged from -9.7 to -14.55 MCM using porosities of 0.1 and 0.15, 

respectively.

Agronomic Data

The significance of agronomic data in the water balance study 

arises not only from its basic use in estimating the evapotranspiration, 

but also from its potential use in refining this estimate. That is, 

with every additional piece of agronomic data, a more refined estimate 

of evapotranspiration can be obtained.
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Agronomic data include information relating to the total areas 

of irrigated and rainfed lands, the cropping patterns and intensities, 

the irrigation system efficiency, etc. For organization purposes, 

agronomic data of wadi Mawr (and other subsequent wadis) will be pre

sented under two categories; namely, irrigation practices, and crops and 

cropping patterns.

Irrigation Practices. On the basis of their source of irriga

tion water, cultivated lands of wadi Mawr can be distinguished into 

three major units; namely:

1. Wadi irrigated land, which includes land receiving surface water

for irrigation (either flood or regular streamflow waters).

2. Ground water irrigated land.

3. Rainfed land.

Data relating to each of the above land units were collected 

- during three surveys: a 1974 Land Use Survey, a 1975 Irrigation System

Survey, and a 1977 Irrigation Area Survey (Tipton and Kalmbach, 1979a). 

Data from these surveys are summarized in Tables A-9 through A-ll, 

together with relevant data, such as total surface inflow, pumpage and 

precipitation during the survey year, and projections for 1976.

It should be noted that in land units 1 and 3 the total area 

harvested is always less than the area planted due to irrigation water 

supply constraints.

Two terms in Tables A—9 through A—11 deserve further clarifica

tion: cropping intensities and percentage of water requirement.



Table A-9. Irrigation Practices and Patterns of Land Use in Wadi Mawr, Wadi Irrigated
Land, 1974-77.—  After Tipton and Kalmbach (1979a).

Type and Year 
of Survey

Total
Area

Commanded
(ha)

Surface
Inflow
(MCM/yr)

Cropping
Intensity

(%)

Total
Area

Planted
(ha)

Total
Area

Harvested
(ha)

Percentage 
of Water 

Requirement

Land use, 
1975

19,480 — 55 10,714 8,842 80

Irrigation 
system, 1975

22,950 162.1 64 14,700 12,130a 80

Irrigation 
area, 1977

— 215.6 — 15,170 12,515a 80

Projactions, 
1976

— 183.6 — 15,000b 12,375a 80

aTotal area harvested = 82.5 percent of total area planted. 
^Estimated by comparison with 1975 and 1977 data.
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Table A-10. Irrigation Practices and Patterns of Land Use in Wadi Mawr, Ground Water
Irrigated Land, 1974-77. —  After Tipton and Kalmbach (1979a).

Type and Year 
of Survey

Total
Area

Commanded
(ha)

Pumpage
(HCM/yr)

Cropping
Intensity

(%)

Total
Area
Planted
(ha)

Total
Area

Harvested
(ha)

Percentage 
of Water 

Requirement

Land use, 
1974

740a 8.13 100 740 740 85

Irrigation 
system, 1975

l,050a 12.62 100 1,050 1,050 85

Irrigation 
area, 1977

2,500 27.50 100 2,500 2,500 85

Projections,
1976

l,775b 19.51 100 l,775b l,775b 85

^Inferred from pumpage.
^Inferred by comparison with 1975 and 1977 data.
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Table A-ll. Irrigation Practices and Patterns of Land Use in Wadi Mawr. Rainfed Land,
1974-77. —  After Tipton and Kalmbach (1979a).

Type and Year 
of Survey

Total
Area

Commanded
(ha)

Rainfall
(mm)

Cropping3
Intensity

(%)

Total
Area

Planted
(ha)

Total
Area

Harvested
(ha)

Percentage 
of Water 

Requirement

Land use, 
1974

12,493 —— 35 4,373 3,088 50

Irrigation 
system, 1975

14,000 493 40 5,600 3,955b 50

Irrigation 
area, 1977

17,000 — 35 5,950 4,200b 50

Projections,
1976

15,500 438 35 5,425 3,830b 50

^Inferred from wadi Rima data (Makin, 1977). 
^Inferred from 1974 data.
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According to Tipton and Kalmbach (1979a), the term cropping intensity is 

used to refer to the percentage of a farm that is cropped in one year. 

This is equivalent to the sum of the seasonal cropping intensities, 

i.e., the sum of the percentages of the farm cropped in each irrigation 

season. The term percentage of water requirement refers to the per

centage of water applied to the crop relative to its optimum irrigation 

water requirement. The latter is the quantity of water required for 

normal crop growth and leaching minus the effective precipitation which 

is the portion of total precipitation consumptively used by the crop.

The use of the annual and seasonal cropping intensities should 

be evident. The former will be used in calculating the total annual 

planted area within each land unit, while the latter will be used in 

computing the seasonal consumptive uses (essentially equals evapotran- 

spiration plus evaporation from adjacent soil). The percentage of water 

requirement, on the other hand, will be used to allow for the fact that 

the consumptive use cannot exceed the amount of applied water. In other 

words, when the computed potential consumptive use (under conditions of 

optimal water supply) is multiplied by the percentage of water require

ment, the difference between the potential and actual consumptive uses 

will be compensated. Evidently, this procedure assumes that the con

sumptive use is a linear function of water supply, which is not strictly 

true. However, within the 80 to 85 percent of water requirement used in 

subsequent computations, this assumption may be justified.

Projections for 1976 in Tables A-9 through A—11 were made on the 

basis of data of 1975 and 1977. The patterns of land use were

*



considered rather stable. Hence, drastic changes were not likely to 

have taken place in 1976 and disappeared in 1977.

Crops and Cropping Patterns. Sorghum, cotton, millet, sesame, 

and vegetables (mainly tomatoes) are the major crops planted in wadi 

Mawr. The distribution of each crop varies from one land unit to 

another. For example, sorghum is the main crop in wadi irrigated and in 

rainfed lands, while cotton is the major crop in ground water irrigated 

land (Tipton and Kalmbach, 1979a).

The only data available for the crops' distributions within each 

land unit are those obtained during the 1974 survey (Table A-12). Thus, 

it was necessary to assume that the same pattern prevailed during 1975 

and early 1976. Again, the possibility of drastic changes in cropping 

patterns was excluded.

Further, since consumptive use by crops that have more than one 

growing season would vary according to the season, it was essential 

that seasonal cropping intensities be known. However, these data were 

not available and they had to be inferred on the basis of relevant data.

In the case of wadi irrigated lands, inference of the seasonal 

cropping intensities was made on the basis of water deliveries which are 

either from winter canals (December-March) or flood canals (April- 

November). According to Tipton and Kalmbach (1979a), winter canals 

deliver approximately 25 percent of the total surface water supply, 

while flood canals deliver the remaining 75 percent. Therefore, it was 

concluded that about 25 percent of the wadi cultivated land in a given 

year is planted during December through March, and 75 percent is planted
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Table A-12. Cropping Patterns in Wadi Mawr Area during 
1974. —  Values in percent of total area 
planted. After Tipton and Kalmbach (1979a).

Land Use Unit

Crop
Wadi Irrigated 

Land
Ground Water 
Irrigated Land

Rainfed
Land

Sorghum 70.5 10.9 59.1

Cotton 23.8 88.0 9.7

Sesame 1.6 1.1 2.7

Millet 2.0 — 28.5

Vegetables 2.1 — —
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during April through November. This conclusion is in agreement with 

reported seasonal vegetation densities derived from satellite maps 

(Grolier, 1977).

In the ground water irrigated lands, the seasonal cropping 

intensity was assumed to be 0.5. This assumption is justified by the 

fact that the annual cropping intensity (100 percent) is less dependent 

on water availability than in the wadi irrigated lands. Hence, the 

annual cropping intensity is likely to be equally shared between the two 

major cropping seasons. Even if this estimate is erroneous, the even

tual error in the computed consumptive use from this land unit would not 

be significant. The reason is that cotton, which is a single growing 

season crop, is planted on 88 percent of the total area.

Finally, the consumptive use from rainfed lands was ignored. In 

fact, this land unit is self-sufficient in water use and is isolated 

from the water balance system. This will be clear in the following sec

tions when the effective precipitation is discussed.

Data Analysis

To date, ground water discharge through the Tihama aquifer at

wadi Mawr has only been estimated on the basis of a flow net analysis

that was carried out by Tipton and Kalmbach in 1979. They estimated

that the annual ground water loss to the Red Sea ranges from 14 to

19 MCM. The quantity of flow was computed on a segment of the flow net

bounded by the 40- and 50-meter water table contours (Figure A-7).

Further, the transmissivity used in the computations ranged between 300 
2and 400 m /day with a hydraulic conductivity ranging from 1.2 to
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1.6 m/day and an aquifer thickness of 250 meters. According to the 

analysis the discharge occurs along a water table front that extends on 

the northern and southern sides of the stream with a total length of 

30.5 km. The northern segment (tubes 13 through 16, Figure A-7) dis

charges about 3.4 to 4.6 MCM while the southern segment (tubes 1 through 

12, Figure A-7) discharges 10.6 to 14.4 MCM.

On the flow pattern map constructed by the author (Figure 12,

main text), only the discharge through the southern section was possible

to compute. This is mainly due to the lack of water table elevation

data north of the stream (at location where these computations were to

be made). The computations were made between water table contours 10

and 20 meters and the computed quantity of flow was 12.4 MCM (Table 10,

main text). However, by analogy with the consultants' analysis (where

the northern section discharges 3.4/10.6 or 32.1 percent of the southern

section's discharge) it was estimated that the northern section on the

flow pattern map would discharge 12.4 x 0.321 or 4.0 MCM. Hence, the

total estimated discharge for the study period is about 12.4 + 4 =

16.4 MCM. Further, it should be noted that a transmissivity of 1,250 
2m /day was used in accordance with the hydraulic conductivity map con

structed by the author (Figure A-3).

Although both estimates practically yielded the same results, 

the consultants' estimates are believed to be unrepresentative for two 

reasons. First, the range of hydraulic conductivity used in the compu

tations was too low and was even lower than a 1.8 m/day hydraulic con

ductivity found through a mathematical model that was developed by the
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consultants. Second, the calculations were made at an area which is in 

the middle of the irrigated lands and the centers of ground water 

pumpage. Specifically, more than 90 percent of the ground water wells 

in the area are to the west of the consultants' flow net segment (wells 

in sections I, II, V, VI, IX, and X; Table A-8). These wells, which 

discharge more than 15 MCM annually, have substantially altered the flow 

pattern in the west from what it is to the east. This is particularly 

true with respect to the hydraulic gradient which has been lowered in 

the western areas thereby causing less flow to arrive at the Red Sea 

past the pumping center (Figure 11, main text).

Briefly stated, the agreement between results from the two 

assessments is due to a combination of different transmissivity values 

and different locations at which these computations were made. Had the 

hydraulic conductivity range suggested by the consultants been used, a 

much lower discharge would have been obtained. Similarly, if the 

consultants' computations were made between water table contours 10 and 

20 meters, then the estimated discharge would have been less.

In order to verify the estimate made by the author, it was 

decided to set up a complete surface-subsurface water balance equation. 

A number of reasonable approximations and assumptions had to be made to 

obtain data that were not directly available. The following is a dis

cussion of the water balance equation, its components, the methods used 

in their determination, followed by the final computations.
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The Water Balance Equations and Its Components

The selected area for the water balance was chosen between water 

table contours 10 and 130 m (Figure A-5). This selection was made after 

consideration of the following:

1. That the area east of the 130-meter contour is not cultivated; 

hence, the underflow into the study area can best be computed 

at this section.

2. That streamflow past the gaging station undergoes an infiltra

tion loss for which an empirical equation is available at a 

distance 11.3 km downstream from the gaging station. At this 

distance, the 130-meter water table contour is intersected.

The water balance equation for the general hydrologic system, 

during a specified time interval, can be symbolized as follows: 

for the surface system,

P + R, + R - R. - I - E - T = AS , and 1 g 2 s s s

for the subsurface system,

G + I - G . - T - E  - R - T = AS1 2 g g g g

in which P = volume of precipitation;

R^ = volume of surface inflow;

Rg = volume of ground water that is brought into the 

surface, either by pumpage or naturally;

R2 = the total volume of surface outflow;
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I = volume of water lost from the surface by 

infiltration;

5^ = volume of water evaporated from free water surface;

= the quantity of subsurface inflow (i.e., underflow);

Gg = the quantity of subsurface outflow;

T = the total amount of water lost to the atmosphere 

through transpiration by the vegetal cover;

Eg = volume of water evaporated from the ground surface 

(mainly by capillary action). Theoretically, it 

includes both evaporation from soil surfaces in 

irrigated lands as well as direct evaporation from 

the water table;

Tg = total amount of water lost to the atmosphere 

through transpiration by irrigated crops;

Tg - total amount of water lost to the atmosphere

through transpiration by deep-rooted vegetation 

(e.g., phreatophytes).

Sg and Sg = the total volumetric changes in surface and subsur

face water storages, respectively.

For the combined (surface-subsurface) system, the above equations 
become:

P + *1 “ Es - R2 + G1 - G2 “ (Ts + V  - Eg

= S + S s g [A-5]
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In subsequent sections, the symbol ET (evapotranspiration) will be used

in reference to the sum of Tg plus that portion of which is lost on

irrigated lands. Moreoever, T will be discussed in connection with E6 s
and the second portion of E^ (i.e., direct evaporation from the water 

table). To conclude, in equation [A-5], the water balance computations 

would aim at calculating the subsurface outflow (Gg) given the remaining 

components.

Methods of Determination of the 
Water Balance Components

Precipitation (P). In the preceding section, precipitation over 

the study area (which is represented by the record at A1 Zuhra) was 

found to be 164 mm (Table A-4). However, under the climatic conditions 

of the area, it was concluded that this small amount would probably have 

not significance except as an effective precipitation. That is, its 

significance does not lie in runoff generation but rather in contributing 

toward crops' consumptive uses. Thus, given the monthly distribution of 

rainfall during the study period, the sum of the monthly effective 

precipitation during a cropping season was determined according to a 

method developed by the U.S. Soil Conservation Service (1970). Subse

quently, the effective monthly precipitation during a crop growing 

season was to be subtracted from the computed seasonal consumptive use 

of that crop to yield the net consumptive use. These computations are 

given in the section on evapotranspiration. Notice that, in this 

manner, the volume of precipitation as such will not be included in the 

final water balance computations.
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Surface Inflow (Ri). This was previously found to be 161.2 MCM. 

However, as pointed out earlier, an infiltration loss takes place 

between the gaging station and the eastern boundary of the water balance 

area (i.e., the 130-meter water table contour). According to Tipton and 
Kalmbach (1979a), this loss can be described by the equation:

L = 0.0332 Q0.3004 [A-6]

where L = channel loss in nr/sec; and
3Q = channel discharge at Shat A1 Erg gaging station in m /sec.

The equation was applied for the study period using streamflow 

data of Table A-6 and the infiltration loss was found to be 1.63 MCM., 

Thus, the net surface inflow becomes 161.5 - 1.63 * 159.89 MCM.

Free Surface Evaporation and Evaporation from Ground Surface (-Es

and Eg). In their final report, the consultants concluded that in an

average (or median) year surface inflow amounts to 237 MCM. Of this

quantity, 136.1 MCM was considered non-beneficial loss that, presumably,

includes the natural ground water loss to the Red Sea (average of 14 to

19 = 16.5 MCM). Therefore, the other non-beneficial loss which is

essentially Eg and E^ must account for 136.1 - 16.5 = 119.6 MCM or about

50 percent of surface inflow. For the water balance year this means

that E + E = 0.5 x 161.2 = 80.6 MCM. s g
Detailed outline of the major physical processes responsible for 

this substantial loss of water was not given by the consultants.



However, few remarks in the consultants’ final report indicated that 

this loss can be accounted for by the following processes:

1. Free-surface evaporation from the streams, irrigation canals, 

ponds, etc.

2. Free-surface evaporation from the flooded fields, particularly 

in the spate irrigated areas.

3. Transpiration by vegetal growth on flooded fields prior to 

cultivation.

4. Direct evaporation from the water table adjacent to the stream 

and at some spots near the headworks and main lines of the major 

canals of the wadi spate irrigation system.

5. Evapotranspiration by phreatophytes, mainly athel (Tamarix . . 

aphylla) and catclaw (Acacia greggii).

Considering the dimensions and/or areas affected by the above 

processes, such as the total stream and irrigation canal lengths
2(greater than 200 km), the area of flooded fields (exceeding 200 km ),

the area where depth to ground water is less than 5 meters (about 
2250 km ), and the area and density of phreatophytes (estimated at 
2100 km and 10 percent, respectively), then one may postulate that a 

loss in the order given by the consultants is potentially possible. For 

instance, given that annual pan evaproation in the area exceeds 3 

meters, then more than 35 MCM of ground water can be annually lost to 

the atmosphere by evaporation of as little as 15 cm from the water table.

It is, however, worth pointing out that except in wadi Siham, 

where phreatophytes consumption was estimated to account for an annual

134
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ground water loss of about 48 MCM (Italconsult, 1973), the case of wadi 

Mawr’s non-beneficial losses is unique. That is, non-beneficial losses 

in the other Tihama wadis do not even approach the order of magnitude of 

that of wadi Mawr.

Surface Outflow (R2). No surface outflow occurred from wadi 

Mawr during the study period (Tipton and Kalmbach, 1979a).

Subsurface Inflow (Gi). The quantity of ground water passing

through the 120 to 130 meters water table contours (or underflow) was
2computed using an aquifer transmissivity of 100 m /day (aquifer thick

ness 20 meters). The computations were made using the consultants1 

flow net (Figure A-7). The resulting value of underflow was found to be 

about 4.71 MCM (Table A-13). The difference between the 1.63 MCM infil

tration loss (between the gaging station and the 130 meters water table 

contour) and the 4.71 MCM underflow past the 130 meter contour is con

tributed through underflow that takes place upstream from the gaging 

station.

Evapotranspiration (ET). Due to the lack of sufficient climatic 

data, the evapotranspiration component of the water balance was 

extremely difficult to assess with confidence. Nevertheless, it should 

be kept in mind that the entire water balance is only an attempt that is 

being carried out for the first time and that results thereof are only 

indicative of the magnitude of ground water loss.

Accordingly, given only the precipitation and temperature data, 

a method that relates these two parameters to the consumptive use
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Table A-13. Estimated Quantity of Underflow Passing the
120-130 Meters Water Table Contours3 during the 
Water Balance Year.

Tube
Number

Transmissivity
T

(m2/day)

Hydraulic
Gradient

I
(m/km)

Tube
Width

L
(km)

Annual
Discharge3

Q
(MCM)

a 100 8.333 6.5 1.977

b 100 6.666 2.6 0.633

c 100 3.478 3.4 0.432

d 100 4.225 1.8 0.280

e 100 5.000 1.9 0.347

f 100 5.714 5.0 1.043

Total 4.712

^Computations were made using the consultants' flow net. 
Figure A-7.

^Annual discharge = 365 x Q = 365 x I x T x L.
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(transpiration plus evaporation from adjacent soil, synonymous with 

evapotranspiration) had to be used. The Blaney-Criddle equation (Blaney 

and Griddle, 1945) was adopted. In this equation, the consumptive use 

is expressed as follows:

U = lu = Ik x f Ik p(45.7 t 4- 813) 
100 [A-7]

in which U = seasonal consumptive use in millimeters;

u = monthly consumptive use in millimeters; 

k = the monthly consumptive use coefficient; 

f = the consumptive use factor in millimeters; 

p = monthly percentage of annual daylight hours; and 

t - mean monthly temperature in degrees centigrade.

In a relatively recent study, the monthly consumptive use 

coefficients (k's) developed by Blaney and Griddle were modified to 

include a climatic and a stage of growth coefficient (U.S. Soil Conser

vation Service, 1970). The latter is particularly significant since the 

stage of growth of the crop greatly influences its consumptive use.

Thus, in the modification, the consumptive use coefficient (k) is 

expressed as follows:

k = k. x k t c [A-8]

where k^ = climatic coefficient which is calculated by the equation

kfc = 0.0311 + 0.024, where t is the mean monthly temperature 

in degrees centigrade; and
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k c = growth coefficient related to the stage of maturity of the 

crop rather than to a calendar p e r i o d .

It is important to state that one of the assumptions upon which 

this method is based is that at no time should the crop's growth be con

strained by water availablity. This condition is not generally met in 

the area. However, in view of the fact that this method provides a 

better estimate than the unmodified Blaney-Criddle equation, and since 

it will not be used for the rainfed lands (where the above assumption is 

most violated) it was decided to use it.

Values of the growth coefficient (k^) in relation to the elapsed 

percentage of the growing season were reported in a number of curves 

that correspond to the various crops that were studied (U.S. Soil 

Conservation Service, 1970).

Table A-14 is a summary of the computations leading to the 

values of the product of the consumptive use factor (f) and the climatic 

coefficient (k^). Subsequently, the monthly values of the growth 

coefficient of each crop were extracted from the available curves and 

the seasonal consumptive use by each crop was tabulated as shown in 

Table A-15. Notice that the monthly values of the growth coefficient 

shown in Table A-15 are actually averages of the quarter-monthly v a l u e s . 

Thus, for a crop such as cotton (where the growing season is 7 m o n t h s ) , 

the quarter-monthly growth coefficients would be taken every 0.25/7 or 

3.6 percent of growth, while for a 4 months sorghum these coefficients 

would be taken every 0.25/4 or 6.25 percent of growth. In each case, 

the monthly growth coefficients were obtained by averaging their



Table A-14. Monthly Values of the Consumptive Use Factor (f) and the Climatic Coefficient (kt) at 
Wadi Mawr (May 1975-April 1976). '

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Average monthly
temperature
(°C)

25.3 27.2 29.5 31.2 31.2 32.3 33.0 30.1 31.2 28.8 26.4 24.4

Monthly 
percentage of 
annual daylight 
hours (p) 
(latitude 16°N)

7.91 7.35 8.42 8.47 9.01 8.85 9.08 8.85 8; 28 8.23 8.72 7.83

Consumptive use 
factor (f); f = 
(45.7+813)p/100

155.8 151.1 182.0 189.6 201.7 202.6 210.8 193.7 185.4 175.2 176.1 151.0

Climatic
coefficient
(kt): kt = 0.0311+0.024

1.027 1.086 1.158 1.210 1.210 1.245 1.266 1.176 1.210 1.136 1.061 0.999

fxkj. 160.0 164.1 210.7 229.5 244.1 252.1 266.9 227.8 224.4 199.0 186.8 150.8
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Table A-15. Monthly and Seasonal Consumptive Uses by Crops In Wadi Mawr

Crop, Growth Coefficient (kc), and Monthly Consumptive Use (ti)fl
Month Jan Feb Mar Apr May Jun Jul Au r Sep Oct Nov Dec

Seasonal Consumptive Use (ti) (mm)f K k t a 160.0 164.1 210.7 229.5 244.1 252.1 266.9 277.8 224.4 199.0 186.8 150.8
Cottonkc 0.61 0.23 0.35 0.66 0.95 1.00 0.83u (mi*) 97.6 61.4 79.7 148.1 189.1 186.8 125.2 887.9Sorghum (1)kc 0.45 0.95 0.96 0.68u (mm) 72.0 155.9 202.3 156.1 586.3Sorghum (2)kc 0.35 0.71 1.04 0.82 0.61u (mm) 80.3 173.3 262.2 218.9 139.0 873.7Sesame (1)kc 0.41 0.66 0.90 0.61u (mm) 65.6 108.3 189.6 140.0 503.5Sesame (2)kc 0.41 0.66 0.90 0.61u (mm) 109.4 150.3 202.0 121.4 585.1Maizekc 0.52 0.86 1.07 0.95u (mm) 116.7 171.1 199.9 143.3 631.0Vegetables (1)kc 0.47 0.71 1.00 0.83u (mm) 77.1 149.6- 229.5 202.6 662.0Vegetables (2)kc 0.47 0.71 1.00 0.83u (mm) 107.1 159.3 199.0 155.0 620.4
aMonthly consumptive use * f  x  x  k ^ .
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corresponding quarter-monthly v a l u e s . The objective behind using the 

quarter-monthly values instead of the monthly values was to obtain 

growth coefficient values that are as close to reality as possible.

That is, if the growth coefficients were read from curves on a monthly 

basis then the obtained values would have been more representative of 

the end of the month rather than the entire month.

It should be noted that no growth coefficient curves were avail

able for millet, sesame, or maize. However, average monthly growth 

coefficients for sesame and maize were reported by Tipton and Kalmbach 

(1979a), but no reference was given to the source of this data. It is 

also possible that sesame and maize were taken to have comparable growth 

coefficients to those of some other crops for which curves of growth 

coefficients were available. In any event, the reported values by 

Tipton and Kalmbach (1979a) were credited and used in the computations. 

Millet, on the other hand, has no available growth coefficient curves 

and was not considered by the consultants. Nevertheless, it was assumed 

to have similar growth coefficients to those of maize and was included 

with it. In any case, millet, sesame, and maize are cultivated on a 

relatively small area (3.6 percent of wadi irrigated lands, and 1.1 

percent of ground water irrigated lands); hence, errors that may arise 

from these approximations are not likely to be significant.

In the follwoing step, the monthly effective precipitations were 

computed. Again, a method developed by the U.S. Soil Conservation 

Service (1970) was adopted. In this method, average monthly effective 

precipitation (P^) is related to the mean monthly rainfall (?), the
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average monthly consumptive use (u), and the net depth of applied irri

gation water (D), by the following empirical equation:

Pe -  (0.70919 p(0'82416) _ 0.11556) xq 0̂ - 02426 u> f

[A-8]

where P = average monthly precipitation in inches;

F = 0.531747 + 0.295164 D - 0.057697 D2 + 0.003804 D3;

Pg = average monthly effective precipitation in inches; 

u = monthly consumptive use in inches; and 

D = net depth of application in inches.

Since the above equation is an empirical one; it was time- 

consuming to try to convert it into metric units. Instead, values of P, 

u, and D at wadi Mawr were converted into inches and results from the 

equation were then converted back to millimeters.

As estimated by Tipton and Kalmbach (1979a), crops at wadi Mawr 

receive an average seasonal application of 700 mm. Of this amount, 

some 20 percent is lost in the system. Therefore, the estimated net 

seasonal depth of application is about 560 mm. Subsequent computations 

of the effective precipitation were then carried out according to this 

estimate. Only summary results of effective precipitation and the net 

seasonal consumptive use by the various crops in the area are shown in 

Table A-16. However, the following is a sample calculation that is 

intended to illustrate how values in Table A-16 were obtained; cotton 

will be taken as an example:
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Table A-16. Computed Seasonal Effective Precipitations and the Net 
Consumptive Uses by Crops at Wadi Mawr (May 1975-April 
1976).

Crop
Growing
Season

Seasonal
Effective

Precipitation
(mm)

Seasonal
Consumptive

Use
(mm)

Net
Seasonal
Consumptive

Use
(mm)

Cotton Jul-Jan 115.8 887.9 772.1

Sorghum (1) Jan-Apr 0.8 586.3 585.5

Sorghum (2) Apr-Aug 79.3 873.7 794.4

Sesame (1) Jan-Apr 0.8 503.5 502.7

Sesame (2) Jul-Oct 108.9 583.1 474.2

Maize Sep-Dec 56.3 631.0 574.7

Vegetables (1) Feb-May 0.0* 662.0 662.0

Vegetables (2) Aug-Nov 86.3 620.4 534.1

^The computed effective precipitation for vegetables (1) was -0.05 mm 
which is physically not possible. A zero value was assigned.
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duration and length of growing season,

t = July through January, 7 months (Table A-15) 

net monthly depth of application,

D = 560 mm/t = 80 mm = 3.15 inches 

total precipitation during growing season,

Pt = 146.5 mm = 5.7677 inches (Table A-4) 

average monthly precipitation,

P = P^/t = 146.5/7 = 20.93 mm = 0.824 inches 

total seasonal consumptive use,

U - 887.9 mm = 34.957 inches (Table A-15) 

average monthly consumptive use,

u = U/t = 887.9/7 » 127.9 mm = 4.994 inches 

multiplication factor,

F = 0.531747 + 0.295164 D - 0.057697 D2 + 0.003804 D3 

= 1.0079, D in inches 

average monthly effective precipitation,
Pe = (0.70917 p(0-82416) _ 0 .11556) xq^ * 02426 u) f

- 0.6515 inches = 16.55 mm

average seasonal effective precipitation,

P x t = 16.55 x 7 = 115.8 mm e
net seasonal consumptive use,

887.9 - 115.8 = 772.1 mm

Finally, given the total area of cultivated land in the wadi and 

ground water irrigated land units, and knowing the seasonal cropping 

intensities, patterns, and the net seasonal consumptive uses, the total
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crops' consumptive uses during the water balance year were computed as 

shown in Tables A-17 and A-18. The summed quantity amounted to 

78.85 MCM.

Two final remarks on the computations have to be pointed out. 

First, consumptive use by crops on the rainfed land was ignored on the 

basis of the fact that any consumptive use from this land unit would be 

entirely supplied by the effective precipitation. Further, since rain- 

fed lands are largely near the mountains, supplemental water is provided 

through runoff concentration. Second, due to lack of sufficient data 

in the areas planted and not harvested (about 11.5 percent of total wadi 

irrigated lands and none in the ground water irrigated lands) no attempt 

was made to estimate the total consumptive uses prior to the permanent 

wilting point. However, considering that a crop's consumptive use is 

minimal during early stages of growth (when it is not likely to survive 

a water deficiency strain), one can speculate that this quantity will 

not be significant.

Changes in.Surface and Subsurface Water Storages (ASs and ASg). 

Change in surface water storage during the water balance year was zero. 

No surface water storage structures exist in the area.

The change in subsurface water storage, on the other hand, was 

previously found to range from -9.7 to -14.55 MCM depending on the 

porosity.



Table A-17. Total Consumption by Crops Planted and Harvested on Wadi Irrigated Lands, Wadi Mawr 
(May 1975-April 1976).

Percentage3 Percentage3 
and Area and Area

Crop and 
Year

Total
Area

Planted
and

Harvested
(ha)

Crop's
Percentage of 

and Area 
(ha)

Receiving
Winter
Canals

Irrigation
(ha)

Receiving
Flood

Canals
Irrigation

(ha) Percentage 
of Water 

Requirement

Net
Consumptive

Use
(mm)

Total Crop 
Consumption 

(MCM)% Area % Area % Area

Cotton ,
1975 12,130 23.8 2,886.9 N.A. N.A. 80 772.1 17.83

Sorghum
1975 12,130 70.5 8,551.7 0 0.0 75 6,413.7 80 794.4 40.76
1976 12,375 70.5 8,724.4 25 2,181.1 0 0.0 80 585.5 10.22

Sesame
1975 12,130 1.6 194.1 25 48.5 0 0.0 80 502.7 0.20
1976 12,375 1.6 198.0 0 0.0 75 148.5 80 474.2 0.56

Maize , ,
1975 12,130 2.0 242.6 N.A. N.A. 80 574.7 1.12

Vegetables
1975 12,130 2.1 254.7 25 63.7 0 0.0 80 662.0 0.34
1976 12,375 2.1 259.9 0 0.0 75 194.9 80 528.0 0.83

a Used in inferring seasonal cropping intensities.
^N.A. = Not Applicable for single growing season crops. 146



Table A-18. Total Consumptive Use by Crops Planted and Harvested on Ground Water Irrigated
Lands, Wadi Mawr (May 1975-April 1976).

Crop's 
Percentage 
of Total

Crop Year

Total Area 
Planted and 
Harvested 

(ha)

Area and 
Area 
(ha) Seasonal

Cropping
Intensity

Percentage 
of Water 
Requirement

Net
Consumptive

Use
(mm)

Total Crop 
Consumption 

(MCM)% Area

Cotton 1975 1,050 88 924.0 aN.A. 85 772.1 6.06

Sorghum 1975 1,050 10.9 114.5 0.5 85 794.4 0.39
1976 1,775 10.9 193.5 0.5 85 585.5 0.48

Sesame 1975 1,050 1.1 11.5 0.5 85 474.2 0.02
1976 1,775 1.1 19.5 0.5 85 502.7 0.04

N.A. = Not Applicable for single growing season crops.
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The Water Balance Computations

As previously concluded, the combined surface-subsurface water 

balance equation can be written as follows:

P + R, - E - R- + G. - G. - ET - E = S + S 1 s 2 1 2 g s g

Rearranging:

P + R. - R, + G. - G, - ET - (E + E ) = S + S 1 2 1 2  s g s g

Substituting the appropriate values as concluded in the previous 

section:

0 + 159.87 - 0 + 4.71 - G2 - 78.85 - (80.6) 

= 0 + (-9.7 to -14.44)

from which,

G2 = 14.83 to 19.68 MCM

This range is in excellent agreement both with the value 

obtained by the author (16.4 MCM) as well as with the 14 to 19 MCM range 

obtained by the consultants.



APPENDIX B

WADI RIMA WATER BALANCE

Availability of Data

Climatic Data

Monthly Air Temperature Data. Except for the previously pointed 

out record at A1 Jarubah (Table A-l), in which average monthly air 

temperatures are given as averages of the combined monthly temperatures 

of the 1975 and 1976 readings, temperature data at wadi Rima are 

lacking. Furthermore, there was no way that the average air temperature 

during a given month in 1975 or 1976 could be deduced from the 1975-76 

average. This is mainly due to the fact that an infinite number of 

combinations of temperatures during a specific months in these two years 

can yield the same average as that shown in Table A-l.

With no other alternative, a similar reasoning to that given in 

Appendix A was adopted. That is, that errors arising from the tempera

ture parameters are relatively insignificant compared with possible 

errors that may result from other water balance parameters. Hence, the 

available average record at A1 Jarubah was used in subsequent computa

tions without any modifications.

Precipitation Data. Precipitation data at wadi Rima are avail

able at three main gage stations. Listed from east to west, they are:
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A1 Jarubah, A1 Mahatt, and A1 Madaniyah (stations 22, 23, and 25, 

respectively; Figure 7, main text). However, only the station at A1 

Jarubah has a record for 1975 and 1976, while the remaining stations' 

records cover only 1976 (Table B-l).

It should be observed that the location of these stations is 

such that the record at A1 Jarubah station is representative of 

precipitation over the wadi irrigated lands (Makin, 1977), while the 

records at the other two stations are believed to be representative of 

precipitation over the ground water irrigated lands.

During the water balance year (June 1975-Hay 1976), the total 

monthly precipitation over the wadi irrigated lands, as represented by 

the record at A1 Jarubah station, was readily computed and is shown in 

Table B-2. However, the lack of precipitation records during 1975 at A1 

Mahatt and A1 Madaniyah stations created a problem in computing the 

total monthly precipitation over the ground water irrigated lands. 

Fortunately, this problem is a minor one for two reasons: first,

because ground water irrigated lands in wadi Rima constitute a rela

tively small percentage of the total irrigated lands in the area; 

second, due to the fact that precipitation over this land unit is 

generally low and does not constitute a significant contribution toward 

crops' water requirement as will be discussed later.

• Nevertheless, an attempt to infer the total monthly precipita

tions at A1 Mahatt and A1 Madaniyah during 1975 was made. For this pur

pose, scattergrams of precipitation at A1 Jarubah station and each of 

these two stations during 1976 were constructed. A statistical



Table B-l. Monthly Precipitation Data of Wadi Rlma. —  After Makln (1977)

Month Annual

Station Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
locaj.
(mm)

A1 Jarubah 1975 0.0 9.0 0.0 41.0 8.0 16.0 47.0 305.0 127.0 48.0 24.0 0.0 626.0
(230 m asml) 1976 20.0 1.0 12.0 43.0 76.0 28.0 27.0 59.0 57.0 50.0 18.0 0.0 411.0

A1 Mahatt 
(95 m amsl)

1976 0.0 16.0 3.0 15.0 1.0 1.0 1.0 0.0 1.0 0.0 0.0 0.0 38.0

A1 Madanlyah 1976 2.0 0.0 6.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 8.0
(55 m amsl)
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Table B-2. Total Monthly Precipitation, in Millimeters, over Wadi and Ground Water Irrigated
Lands in Wadi Rima (May 1975-April 1976).

Month Annual
Totals
(mm)Land Unit Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Wadi irrigated 
lands3 20.0 1.0 12.0 43.0 8.0 16.0 47.0 305.0 127.0 48.0 24.0 0.0 651.0

Ground water
irrigated
landsb 1.0 8.0 1.5 7.5 0.5 0.5 0.5 0.0 0.5 0.0 0.0 0.0 20.0

^Computed from the 1975 and 1976 precipitation data at A1 Jarubah (Table B-l).
^Estimated by averaging the 1976 precipitation data at A1 Mahatt and A1 Madaniyah stations 
(Table B-l).
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analysis, essentially curve fittings followed by computation of the
2correlation coefficients (r ), was then carried out. In each case,xy

straight-line relationships yielded the best fits in terms of highest 

values of correlation coefficients. However, these values (being 0.252 

nad 0.338 for the relationships between precipitation at A1 Jarubah and 

each of A1 Mahatt and A1 Hadaniyah, respectively) were not sufficiently 

high to allow a confident computation of the 1975 data through correla

tion with that of 1976. Hence, this attempt was eventually discarded.

In summary, it was decided to average the 1976 precipitation 

data at A1 Mahatt and A1 Madaniyah stations and use the result as values 

of total monthly precipitation over the ground water irrigated lands 

during the water balance year (Table B-2). As explained earlier, this 

peocedure is not expected to cause substantial error in the final compu

tations of the crops' consumptive uses.

Daytime-Hours Data. Daytime-hours data in wadi Rima were 

reported by Makin (1977). Again, the record (Table B-3) is only an 

average of the 1975 and 1976 data. Nevertheless, it was decided that, 

since the water balance year covers portions of 1975 and 1976, this 

record would be more representative of the actual condition than the 

standard tables. Thus, the given data were used in computing the 

daytime-hours percentages as shown in Table B-3.

Hydrologic Data

Surface Water Data. Wadi Rima's streamflow data are available 

at a single gaging station located at A1 Mishrafah. The station is at



Table B-3 Daytime-Hours a and Daytime-Hours Percentages at A1 Jarubah Weather Station, 1975-76.

Month
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Daytime-hours 7.40 7.00 6.60 7.70 8.50 7.50 5.60 6.10 6.90 8.50 8.60 7.80

Daytime-hours
percentages
(p) 8.55 7.31 7.63 8.61 9.82 8.39 6.47 7.05 7.72 9.82 9.62 9.01

aAfter Makin (1977).
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about 420 meters amsl, and is approximately 5 kilometers upstream from 

where wadi Rima exits onto the Tihama (Figure B-l).

The streamflow record (Table B-4) includes data for the period 

April 1975 through March 1977, during which total monthly streamflow 

ranged from a minimum of 1.2 MCM in December 1976 to a maximum of 

22.9 MCM in April of the same year.

According to Makin (1977), the highest flood observed during the

period of record occurred on April 19, 1976, and peaked at 1,000 
3m /second. Further, this flood was so great that all the diversions 

were washed out and the stream flowed into the Red Sea continuously for 

several days. The high flow season, according to Makin (1977), does not 

start until about July (± one month) and it continues for about 3 to 4 

months.

During the water balance year (June 1975-May 1976), total 

streamflow amounted to 129.7 MCM. Of this amount, about 3.8 MCM or 

approximately 70 percent of the volume of April 1976 flood, is estimated 

to have been lost to the sea as direct surface discharge. This estimate 

was based on a flood hydrograph that was given by Makin (1977).

Aquifer Properties. The principal aquifer in wadi Rima is the 

Quaternary sequence of the Tihama plain. The aquifer consists of a 

sequence of hydraulically well-connected horizons of unconsolidated, 

uncemented, and occasionally well-sorted alluvium (Makin, 1977).

Aquifer thickness in the eastern part of the study area was not 

explicitly stated but, from the discussion on some of the tested wells 

and from the water table elevation map, it was deducted to be about

%
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Table B-4. Total Monthly Streamflow of Wadi Rima 
at A1 Mishrafah Gaging Station, in 
Million Cubic Meters. —  After Makin 
(1977).

Year
Month 1975 1976 1977

January "• 1.50 2.90

February — 1.60 2.70

March — 4.40 1.60

April (5.20)3 22.90 ”

May 5.50 19.50 —

June 8.40 13.70 —

July 22.10 11.10 —

August 23.90 10.50 —

September 12.10 6.40 ——

October 6.40 3.90 —

November 2.40 3.20 "

December 4.50 1.20 “

Annual Totals (90.50)a 99.90 (7.20)3

Partial month or year totals.
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25 meters. Again, as in the case of wadi Mawr, aquifer thickness in the

western part of the area has not been possible to determine even at

227 meters (the depth of the deepest drilled well).

Out of nine test wells drilled in wadi Rima (Figure B-2), only

one well (E8) exceeded a depth of 200 meters. The remaining wells,

however, were drilled to about 150 meters each (Makin, 1977).

Aquifer parameters (Table B-5) were determined at all the

drilled wells, but were reported only for some. The transmissivity
2 2ranged between 210 and 6,000 m /day and averaged 2,300 m /day. In addi-

2tion, a transmissivity of 1,115 m /day was determined from an aquifer 

test on a dug well near A1 Mishrafah. Neither the hydraulic conduc

tivity nor the specific capacity were explicitly pointed out, although a 

specific capacity range of 1 to 5 1/s/m was reported as typical for most

of the wells in the area. The storage coefficient, on the other hand,
• —3 —3ranged between 1.2 x 10 and 5.1 x 10 at test wells E4 and E5, 

respectively. Again, the reported storage coefficients are only appli

cable to short-term testing.

According to Makin (1977), the transmissivity data suggest
o 2transmissivity ranges of 200 to 650 m /day and 650 to 6,000 m /day for 

the western and eastern portions of the wadi, respectively. The higher 

range in the eastern portion was explained as due to the existence of a 

highly permeable coarse gravel unit.

Aside from arguments concerning the extent to which these ranges 

are representative, the reported range for the eastern portion of the 

area, on the one hand, will not be disputed, mainly because an estimate
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Table B-5. Aquifer Parameters at Wadi Rima Test Well Sites. —  After 
Makin (1977).

Test
Well
Number

Total
Depth
(m)

Pumping
Rate
(1/s)

Duration 
of Test 
(hours)

Average
Storage

Coefficient
(unitless)

Average
Transmissivity

(rn^/day)

El (150)a —— 24 — 6,000

E2 (150) —— 24 —— 5,600

E3 (150) — 24 —— —

E4 (150) 17.9 24 0.0012 593

E5 (150) 27.4 120 0.0051 2,750

E6 (150) —— 24 — —

E7 (150) — 24 — 650
E8 227 —— 24 —— 380

ER (150) 32.5 24 0.0018 210

a( ) indicates the exact depths were not available, although it was 
generally stated that all the wells (except E8) were drilled to about 
150 meters.
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of the underflow component of the water balance, taken at A1 Hishrafah,

has been made by Makin (1977). This estimate resulted in a value of
20.11 MCM and was based on a hydraulic conductivity of 200 m /day, a

hydraulic gradient of 0.01, and a cross-sectional area of wadi deposits 
2of 150 m which was found from a geophysical survey (Makin, 1977).

Thus, even if the reported hydraulic conductivity is ± 50 percent, the 

resultant error in the water balance computations will be negligible due 

to the small quantity of underflow relative to the remaining water 

balance components.

On the other hand, the applicability of the reported trans

missivity range for the western portion is disputed for two reasons. 

First, this range was based on a relatively small number of observation 

points. In fact, out of four wells upon which this range was based 

(wells E3, E4, E6, and ER), only one well may be considered to lie in 

the western area, while the remaining wells are actually in a middle 

area between the eastern and western portions of the wadi (Figure B-2). 

Second, and most important, it is not known what thickness the reported 

transmissivity range represents. Neither well construction nor 

hydraulic conductivity data were given in Makin*s report. However, on 

the basis of available hydraulic conductivity data in wadi Zabid (which 

is less than 10 km south of wadi Rima), the author believes the trans- 

missivity range of 200-650 m /day represents an aquifer thickness of at 

least 30 to 50 meters. That is, the drilled wells from which the trans

missivity data were obtained were partially penetrating the aquifer and 

screened only opposite some 30 to 50 meters of the aquifer. If this is
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the case, then the transmissivity range indicates a range of hydraulic

conductivity of 7 to 13 m/day or an average of 10 m/day which is in good

agreement with the average at wadi Zabid (slightly more than 11 m/day).

Furthermore, using an average hydraulic conductivity of 10 m/day and an

aquifer thickness of 250 meters, the aquifer transmissivity in the
2western portion of wadi Rima was computed at 2,500 m /day. In reason-

2able accord with this value is a transmissivity of 2,800 m /day in wadi 

Zabid. The latter was found through a flow net analysis that was con

ducted by Tipton and Kalmbach (1974).

To conclude, it is believed that a transmissivity of 2,500
2m /day in the western portion of the Tihama aquifer at wadi Rima is a 

justifiable estimate. Further justification of this estimate is derived 

from the fact that the southwestern portion of wadi Rima (which receives 

ground water originating at wadi Zabid) was part of the area covered 

during the flow net analysis of wadi Zabid.

Artificial Ground Water Discharge. Early in 1976 a well inven

tory was conducted in the study area of wadi Rima, The inventory indi

cated that annual ground water pumpage totals about 46 MCM. Of this 

quantity, only one MCM is domestically consumed, while the remaining 

45 MCM is used for irrigation purposes (Makin, 1977). With an annual 

rate of increase of 3 MCM, the pumpage during 1975 was estimated at 

43 MCM. No data were provided on the distribution of ground water 

wells, but an appreciation of this distribution can be deduced from the 

location of the ground water irrigated lands (Figure B-3).
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Ground Water Monitoring Network and the Water Table 

Configuration. Although the final report of wadi Rima’s investigations 

(Makin, 1977) included a depth to water table map (Figure B-4) and a 

water table elevation map (Figure B-5), data on the monitoring network 

used in arriving at these maps were not given.

Depth to water (Figure B-4) ranges from 5 meters to 85 meters in 

the southeastern portion of the wadi. The relatively large depth to 

water table near the stream is attributed to the fact that most of the 

streamflow is diverted into irrigation canals near the wadi's entrance 

and only high flows can pass down the wadi past this point (Makin >

1977).

The water table elevation (Figure B-5) is remarkably high, 

ranging from 10 meters at a distance of less than 2 km from the coast 

to more than 330 meters near the mountains. The ground water mound 

shows a declining gradient toward the west, perhaps due to decreasing 

recharge, but also due to pumpage in the ground water irrigated lands.

It should be observed that the water table elevation map represents 

conditions in May of 1976; hence, the water balance year was taken to 

cover the period June 1975 through May 1976.

Computation of the change in subsurface storage during the study 

period was not possible due to the lack of periodic water table observa

tion data. That is, these data were collected during the investigations 

but were not given in the final report. Nevertheless, using these data, 

Makin (1977) computed the change in ground water storage during the year 

May 1975 through April 1976 to be 30.5 MCM. This value, which was based
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on a porosity of 0.08, will be used in the final water balance although 

it represents a slightly different time period than the water balance 

year. In other words, the 30.5 MCM change in ground water storage took 

place during May 1975-April 1976, while the water balance year is from 

June 1975-May 1976. It is not expected that this approximation will 

have a large effect on the final computations as will be confirmed in a 

subsequent section on change in ground water storage.

Agronomic Data

Irrigation Practices. As in the case of wadi Mawr, cultivated 

lands of wadi Rima can be distinguished into three major categories: 

wadi irrigated, ground water irrigated, and rainfed lands (Figure B-3). 

Further, within the wadi irrigated land category, Makin (1977) dis

tinguished three subdivisions; these are:

1. Perennially wadi irrigated lands, which include lands receiving 

regular wadi flows.

2. Regular spate irrigated lands, comprising lands having a high 

probability of receiving seasonally both flood and regular 

flows.

3. Irregular spate irrigated lands, including lands with a low 

probability of receiving either flood or regular flow waters.

Except fo the rainfed land category, which will be ignored in the con

sumptive use computations, data relating to the total cultivated areas 

and the annual cropping intensities within each of the above land 

categories are given in Table B-6. Most of these data were collected
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Table B-6. Land Use Categories in Wadi Rima, 1975-1976. —  After 
Makin (1977).

Land Use Category
Area and Annual 

Cropping 
Intensity

Ground
Water

Irrigation
Wadi Irrigation

Perennial Regular Irregular

Area (ha) 3,750 750 2,450 4,800

Annual cropping 
intensity 2.2 3.0 >2.3 >1.3

Total equivalent 
area3 8,250 2,250 5,695 6,325

aTotal equivalent area = area planted x annual cropping intensity.
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during 1975 and early 1976; hence, extrapolations for the water balance 

year were not necessary.

In the wadi irrigated lands, the availability of water for 

crops' irrigation depends on the land category or subdivision. The 

governing factor is the overall availablity of surface water which 

determines the delivery priorities in accordance with the system of water 

rights in the area. Thus, crops planted in the various land subdivi

sions receive different amounts of irrigation water that depend not only 

on the land subdivision, but also on the crop itself (Table B-7). Data 

in this table were deduced from data reported by Makin (1977) on the 

number of irrigations and range of depths of applied water per irriga

tion for the various crops within each land subdivision.

In the category of ground water irrigated lands, however, the 

total seasonal depth of applied water that a crop will receive is only 

dependent on the prevailing irrigation practices in the area and is not 

constrained by water availability. Estimates of these depths for each 

crop were made by Makin (1977) and are also shown in Table B-7.

As will be seen in the subsequent sections on effective 

precipitation and consumptive use, it was found that crops grown in the 

wadi irrigated lands receive irrigation water in quantities that are 

close and for some crops exceed their respective optimal irrigation 

water requirements. Chiefly, this is due to the high values of total 

seasonal effective precipitation, which exceeds 350 mm for some crops. 

Thus, on.the average, it was concluded that the consumptive use adjust

ment factor (i.e., the factor of percentage of water requirement) is not



Table B-7. Total Seasonal Depths of Applied Irrigation Water (in mm) for Crops 
in the Various Land Categories in Wadi Rima. —  Modified from Makin 
(1977).

Crop
Growing
Season

Land Use Category
Ground
Water

Irrigated
Lands

Perennially
Wadi

Irrigated
Lands

Regularly
Spate

Irrigated
Lands

Irregularly
Spate

Irrigated
Lands

Cotton Aug-Feb 600 440 440 375
Sorghum (1) Jan-Apr 450 350 375 375
Sorghum (2) May-Sep 600 440 600 375
Sesame (1) Aug-Nov 500 N.P. 600 375
Sesame (2) Dec-Mar 500 N.P. 375 N.P.
Maize (l)a Aug-Nov 700 440 600 375
Maize (2)a Mar-Jun 700 525 375 N.P.
Vegetables (1) Feb-May 600 N.P. N.P. N.P.
Vegetables (2) Aug-Nov 600 N.P. N.P. N.P.
Watermelon Oct-Jan 750 N.P. N.P. N.P.

aMaize (1) and Maize (2) include millet. 
^N.P. = Not Planted.
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needed in the consumptive use computations for the wadi irrigated lands. 

However, this factor will still be applicable for the ground water irri

gated lands which receive suboptimal quantities of irrigation water and 

do not receive significant amounts of effective precipitation.

Crops and Cropping Patterns. Seven major crops are planted in 

wadi Rima: cotton, sorghum, millet, sesame, maize, vegetables (mainly

tomatoes), and watermelon. Sorghum is planted extensively on most of 

the land use categories, while the remaining crops are planted to 

various extents that vary from one land category to another. Data on 

the cropping patterns within the various land units were collected 

during 1975 and early 1976 and are shown in Table B-8. Notice that in 

this table only six crops were shown since millet was included with 

maize.

Again, observing that crops with more than one growing season 

would have different consumptive uses, it was necessary that seasonal 

cropping intensities of such crops be known (i.e., the area planted with

a given crop during each growing season). Although this kind of data
#

was not directly available, data on the total area planted with a given 

crop in each land category, during the respective growing season(s) of 

that crop, were reported by Makin (1977). It is from these data and 

from general knowledge about surface water availablity and number of 

irrigations which each crop received that the patterns shown in 

Table B-8 were deduced. Stated in a different way, the data given by 

Makin (1977) would indicate that a crop such as sorghum in perenially 

wadi irrigated lands was planted twice on areas that are 260 and 375



Table B-8. Cropping Patterns in Wadi Ritna, 1975-76. —  After Makin (1977).

Land Use Category

Crop
Growing
Season

Ground
Water

Irrigated
Lands
(ha)

Perennially
Wadi

Irrigated
Lands
(ha)

Regularly
Spate

Irrigated
Lands
(ha)

Irregularly
Spate

Irrigated
Lands
(ha)

Cotton Aug-Feb 1,000 75 345 90
Sorghum (1) Jan-Apr 3,500 260 1,765 1,230
Sorghum (2) May-Sep 1,900 375 2,430 3,850
Sesame (1) Aug-Nov 300 N.P.b 180 255
Sesame (2) Dec-Mar 300 N.P. 15 N.P.
Maize (l)a Aug-Nov 360 540 330 900
Maize (2)a Mar-Jun 365 1,000 630 N.P.
Vegetables (1) Feb-May 175 N.P. N.P. N.P.
Vegetables (2) Aug-Nov 175 N.P. N.P. N.P.
Watermelon Oct-Jan 175 N.P. N.P. N.P.

Totals 8,250 2,250 5,695 6,325

aMaize (1) and Maize (2) include millet. 
^N.P. = Not Planted.
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hectares each, but would not specify which area was planted during which 

growing season. In such a case, one could deduce that the 260-ha area 

was planted during the first growing season (January-April) since this 

is the season during which surface water is less available. Conversely, 

the 375 hectares are likely to have been planted during the second 

growing season (May-September), which corresponds to the period of heavy 

rainfall and abundant streamflow in the area. By following a similar 

line of reasoning, the cropping patterns data of Table B-8 were deduced. 

Further, the deduced pattern of each two-growing season crop was checked 

for consistency with the reported number of irrigations which that crop 

received. Consistent results, by using the parameters of surface water 

availability and number of applied irrigations, were obtained in each 

case.

Obviously, this kind of reasoning would not work for the cate

gory of ground water irrigated lands in which seasonal cropping 

intensities are materially less dependent on surface water availability 

than the wadi irrigated lands. Further, no other data that can be used 

in inferring the seasonal cropping intensities were available. Hence, 

except for sorghum, the only alternative for all the remaining two- 

growing season crops (i.e., sesame, maize, and vegetables) was to adopt 

a seasonal cropping intensity of 0.5. For sorghum (which is planted on 

about 65 percent of the total area of ground water irrigated lands), it 

was possible to deduce the area planted in each season from a discussion 

that was given by Makin (1977). These were 3,500 and 1,900 hectares in 

the first and second season, respectively.

s
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Data Analysis

Late in 1976, the British team investigating the area of wadi 

Rima concluded their field work. In their final report (Makin, 1977), 

the problem of ground water discharge through wadi Rima's section of the 

Tihama aquifer was only briefly discussed. In this discussion, three 

main aspects of the problem were pointed out; namely:

1. That discharge, as evidenced by lagoons of brackish water, was 

observed along the entire length of the wadi's coastal fringe.

2. That the discharge front is about 15.5 km in a north-south 

direction.

3. That, on the basis of long-term recharge, discharge must be at 

least 36 MCM.

On the flow pattern map (Figure 12, main text), the 15.5-km dis

charge front pointed out by Makin corresponds to unit area numbers 28,

29, 30, and about one-half of unit area 31. However, only unit area 29 

appears to derive its discharge from wadi Rima, while the remaining unit 

areas seem to be supplied through ground water originating either in the 

north (wadi Kuway, unit area 28) or in the south (wadi Zabid, unit areas 

30 and 31).

The fact that a portion of wadi Rima's ground water is derived 

through transfer of ground water from wadi Zabid has long been noted 

(Tesco, 1970; Tipton and Kalmbach, 1979a) and was also pointed out by 

Makin in 1977, Hence, its detection on the flow pattern map has factual 

basis. On the other hand, the indicated contribution by wadi Kuway has 
not been documented before.
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The discharge through unit areas 28, 29, 30, and one-half of 31 

amounts to 33.2 MCM (Table 10, main text), which is in good agreement 

with Makin's estimate of 36 MCM. The discharge through unit area 

number 29 alone is about 9.13 MCM (Table 10, main text). In the fol

lowing section, only the discharge through unit area 29 will be verified 

by the water balance since this is the only unit area that is solely 

supplied from wadi Rima.

The Water Balance Equation and 
Its Components

The water balance area was selected between water table contour 

10 meters and the streamgage at A1 Mishrafah (Figure B-5), The selec

tion of A1 Mishrafah to be the eastern boundary was decided so that all 

the wadi irrigated lands immediately west of A1 Mishrafah gaging station 

would be included in the consumptive use computations. In other words, 

if the eastern boundary was taken at any other section west of A1 

Mishrafah (say at the wadi Rima's mouth) then one would wrongfully 

exclude a part of the wadi irrigated lands.

The water balance equation developed in Appendix A, i.e., equa

tion [A-5], will be used.

Methods of Determination of the 
Water Balance Components

Precipitation (P). As in the case of wadi Mawr, precipitation 

over the water balance area will be considered only in the context of 

effective precipitation. Thus, the seasonal effective precipitation 

over the wadi irrigated lands (as represented by the record at A1
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Jarubah) and the ground water Irrigated lands (as represented by the 

records at A1 Mahatt and A1 Madaniyah) will be computed separately.

Then, the appropriate value of effective precipitation will be sub

tracted from the seasonal consumptive use of the corresponding crop to 

yield the net consumptive use. These computations are given in the 

section on transpiration.

It is worth pointing out that, in spite of the relatively high 

monthly precipitation at A1 Jarubah, the flat topography and the nature 

of the rainfall events generally prevent significant runoff generation.

Surface Inflow (Ri). As computed from Table B-4, surface inflow 

into the study area during the water balance year (June 1975-May 1976) 

amounted to 129.7 MCM.

Free Surface Evaporation and Evaporation from Ground Surface (Es 

and Eg). Annual free surface evaporation, mainly from the stream and 

the irrigation canals, was estimated by Makin (1977) to be no more than 

1 MCM. Evaporation from ground surface, on the other hand, was consid

ered negligible since depth to water over most of the area exceeds 

5 meters (except for a 5-km wide coastal band). Phreatophytes transpi

ration (T ) was also considered negligible. It should be noted that, 

contrary to reach and diversions for irrigation use made along the 

stream, streamflow in wadi Rima is diverted into the predominantly lined 

irrigation canals immediately past A1 Mishrafah, thereby causing depth 

to water around the stream to be generally more than 10 meters and,
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consequently, reducing both direct evaporation from the stream and from 

the water table.

Surface Outflow (R2)♦ Except for the outflow caused by the 

flood of April 1976, no surface water was lost to the Red Sea. The 

quantity of surface water lost during that flood was estimated at 70 

percent of the total flood volume. The latter was computed at 5.4 MCM 

from a flood hydrograph given by Hakin (1977). Thus, the net surface 

inflow into the study area during the water balance year was 129.7 -

0.7 x 5.4 = 125.9 MCM.

Subsurface Inflow (Gi). Ground water inflow into the water 

balance area consists of two components; namely:

1. Inflow through the aquifer cross-section at the eastern boundary 

of the area.

2. Inflow from the southern portion of the study area between the 

mountain front to the east and the southern streamline of 

streamtube 29 (Figure 12, main text).

The first of these two components was computed at 0,11 MCM

(Makin, 1977). The computations, as pointed out earlier, were based on

a hydraulic gradient of 0.01, a hydraulic conductivity of 200 m/day, and
2an aquifer cross-sectional area of 150 m , The latter was based on 

results from a geophysical survey. Thus, Q = 0.01 x 200 x 150 x 365 

(days/year) = 0.11 MCM/year.

The second component, which is essentially derived through 

drainage of wadi Zabid's ground water mound, was quantified using
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Figure B-6. This figure, representing the configuration of wadi Zabid's

mound as of April 1976, was constructed from recently supplied data on

water levels in wadi Zabid (Tipton and Kalmbach, 1979b). The trans-
2missivity used in the computations was 1,300 m  /day and was based on 

results from a flow net analysis carried out by Tipton and Kalmbach 

(1974) for the eastern portion of wadi Zabid. Consequently, the under

flow was computed between water table contours 230 and 240 meters, using 

equation [3] of the main text as follows:

Q = I x T x L x  365 '

= 10.4 x 1300 x 4.2 x 365 = 20.73 MCM/year

Thus, the total quantity of underflow was estimated at 0,11 + 20.73 = 

20.84 MCM.

Evapotranspiration (ET). Using the average monthly temperature 

data at A1 Jarubah (Table A-l), together with the available data of 

monthly percentage of annual daylight hours (Table B-3), the consumptive 

use factor (f), the climatic coefficient (k^), and the product fxk^ were 

determined as shown in Table B-9. Table B-10, on the other hand, shows 

the average monthly values of the growth coefficients (k^'s), and the 

monthly (u) and seasonal (U) consumptive uses by the various crops in 

the area. As in the case of wadi Mawr, the growth coefficients (k^'s) 

are averages of the quarter-monthly values extracted from the curves 

given by the U.S. Soil Conservation Service (1970), Further, the growth 

coefficients of sesame and maize are those reported by Tipton and 

Kalmbach (1979a) while millet was included with maize.



Figure B-6. Ground Water Flow Net at Wadi Zabid (April, 1976).
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Table B-9. Monthly Values of the Consumptive Use Factor (f) and the Climatic Coefficient (k[) at 
Wadi Rima (May 1975-April 1976).

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Average monthly
temperature
(°C)

25.0 26.5 28.2 29.9 31.5 33.0 33.0 31.1 30.9 29.3 27.5 25.7

Monthly 
percentage of 
annual daylight 
hours (p)

8.55 7.31 7.63 8.61 9.82 8.39 6.47 7.05 7.72 9.82 9.62 9.01

Consumptive use 
factor (f); f = 
(45.7+813)p/100

167.2 148.0 160.4 187.6 221.2 194.7 150.2 157.5 171.8 211.3 199.1 179.1

Climatic
coefficient (k^)' 
(kt); kt = 
0.0311t+0.24

1.018 1.064 1.117 1.170 1.220 1.266 1.266 1.207 1.201 1.151 1.095 1.039

fxkt 170.2 157.5 179.2 219.5 269.9 246.5 190.2 190.1 206.3 243.2 218.0 186.1
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Table B-10. Monthly and Seasonal Consumptive Uses by Crops in Wadi Rima

Crop, Growth Coefficient (kc), and Monthly Consumptive Use (u)a
Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Seasonal Consumptive Use (u) (mm)fxkta 170.2 157.5 •179.2 219.5 269.9 246.5 190.2 190.1 206.3 243.2 218.0 186.1
Cottonkcit (mm) Sorghum (1)kcu (mm) Sorghum (2)kcu (mm) Sesame (1)

kcu (mm) Sesame (2)kcu (mm) Maize (I)kcu (mm) Maize (2)

Vegetables ikcu (mm) Watermelon
kcu (mm)

0.83141.3
0.4576.6

0.6196.1
0.95149.6 0.96172.0 0.68149.3

0.3594.5 0.71175.0 1.04197.8

0.66122.3 0.90141.8 0.61109.3

0.2343.7

0.82155.9
0.4177.9

0.5298.9

0.3572.2

0.61125.8
0.66136.2

0.86177.4

0.66160.5 0.95207.1 1.00186.1

0.90218.9

1.07260.2

0.61133.0

0.95207.1

0.4176.3

0.4789.3 0.71146.5
0.68115.7

1.00243.2
0.61148.4

0.83180.9
0.82178.8 0.76141.4

907.0 
547.3
749.0
566.0 
439.7 
743.6

kcu (mm) 0.5293.2 0.86188.8 1.07 0̂.95288.8 234,2 805.0Vegetables (1) kc 0.47 0.71 1.00 0.83u (mm) 74.0 127.2 219.5 224.0 644.8
660.0
584.3

M̂onthly consumptive use ® f x x k̂.
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Computation of the total effective precipitation during each 

crop’s growing season was made using equation [A-8], and the precipita

tion and seasonal depths of application data of Tables B-2 and B-7, 

respectively. The computations were separately carried out for each 

crop in each land use category. The resultant seasonal effective 

precipitations and the net seasonal consumptive use are shown in 

Table B-ll.

Although crops in the three subdivisions of wadi irrigated lands 

received approximately equal amounts of precipitation, the computed 

total seasonal effective precipitation for the same crop within each of 

these subdivisions was different, principally due to differences in 

depths of applied irrigation water. This, in other words, means that 

the percentage of precipitation that will effectively contribute toward 

a crop’s consumptive use is dependent not only on the amount of 

precipitation, but also on the soil moisture condition. The latter, in 

turn, is dependent on the frequency and depth of applied irrigation 

water.

In the ground water irrigated lands, application of equation 

[A-8] (which is an empirical equation) yielded negative values of effec

tive precipitation for all the crops but sorghum(1) and vegetables(1). 

The extremely low total seasonal precipitations, and precipitation in 

general, over the ground water irrigated lands is the main reason. In 

any event, zero values of effective precipitation were used instead of 

the negative values since the latter are physically not feasible.



Table B-ll. Computed Seasonal Effective Precipitation and the Net Consumptive Uses by Crops in the
Ground Water and Wadi Irrigated Lands of Wadi Rima (June 1975-May 1976).

Land Category

Ground Water Wadi Irrigated Lands
Irrigated Irregular

Seasonal Lands Perennial Regular Spate Spate

Crop
Growing
Season

Consumptive
Use
(mm)

Pea
(mm)

NCUb
(mm)

Pe
(mm)

NCU
(mm)

Pe
(mm)

NCU
(mm)

Pe
(mm)

NCU
(mm)

Cotton Aug-Feb 907.0 0.0 907.0 369.1 537.9 369.1 537.9 356.5 550.5
Sorghum (1) Jan-Apr 547.5 7.8 539.7 62.0 485.5 64.2 483.3 64.2 483.3
Sorghum (2) May-Sep 749.0 0.0 749.0 376.3 372.7 383.5 365.5 368.2 380.8
Sesame (1) Aug-Nov 566.0 0.0 566.0 N.P.C N.P. 368.4 197.6 364.1 204.6
Sesame (2) Dec-Mar 439.7 0.0 439.7 N.P. N.P. 21.9 417.8 N.P. N.P.
Maize (1) Aug-Nov 743.6 0.0 743.6 402.6 341.0 406.1 337.5 398.5 345.1
Maize (2) Mar-Jun 805.0 0.0 805.0 75.9 729.1 74.8 730.2 N.P. N.P.
Vegetables (1) Feb-May 644.8 7.7 637.1 N.P. N.P. N.P. N.P. N.P. N.P.
Vegetables (2) Aug-Nov 660.0 0.0 660.0 N.P. N.P. N.P. N.P. N.P. N.P.
Watermelon Oct-Jan 584.3 0.0 584.3 N.P. N.P. N.P. N.P. N.P. N.P.

aPe = seasonal effective precipitation. 
^NCU = Net Consumptive Use.
CN.P. = Not Planted.
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Finally, given the cropping pattern data (Table B-8) and the net 

consumptive use data of Table B-ll, the total consumptive use was com

puted as shown in Table B-12. As seen in this table, the total uses 

were 54.1 and 62.3 MCM in the ground water and wadi irrigated lands, 

respectively. The consumptive use in the ground water irrigated lands 

was then multiplied by the factor of percentage of water requirement to 

allow for the fact that crops in this land category are under-irrigated. 

The factor used in the adjustment was 85 percent (same as that of wadi 

Mawr) and the net consumptive use became 0.85 x 54.1 = 45.998 MCM.

Thus, the total consumptive use on the ground water and wadi irrigated 

lands is about 45.998 + 62.3 = 108.3 MCM.

The resulting consumptive use by crops on the ground water irri

gated lands (about 46 MCM), although slightly higher than the estimated 

applied ground water of 45 MCM, was considered satisfactory. The fact 

that ground water pumpage in the area is not controlled may account for 

more pumpage and, hence, larger consumptive use. The computed consump

tive use in the wadi irrigated lands, on the other hand, is in reason

able agreement with a 58.2 MCM computed by Makin (1977) using Penman's 

equation.

Changes in Surface and Subsurface Water Storage (ASs and ASg). 

Change in surface water storage in the area during the water balance 

year was zero. No surface water storage structures exist in the area.

Change in subsurface water storage was previously given as 

30.5 MCM. The question of possible computational error due to differ

ence in the time during which this change took place and the water



Table B-12. Total Consumption by Crops 
1975-May 1976).

in Ground Water and Wadi Irrigated Lands of Wadi Rima (June

Land Category

Ground Water 
Irrigated Lands

Wadi Irrigated Lands
Perennial Regular Spate Irregular Spate

Area Total Area Total Area Total Area Total
Planted Consumption Planted Consumption Planted Consumption Planted Consumption

Crop (ha) (MCM) (ha) (MCM) (ha) (MCM) (ha) (MCM)

.Cotton 1,000 9.070 75 0.403 345 1.856 90 0.495
Sorghum (1) 3,500 18.889 260 1.262 1,765 8.530 1,230 5.945
Sorghum (2) 1,900 14.231 375 1.398 2,430 8.882 3,850 14.661
Sesame (1) 300 1.698 N.P.a N.P. 180 0.356 255 0.522
Sesame (2) 300 1.319 N.P. N.P. 15 0.063 N.P. N.P.
Maize (1) 360 2.667 540 1.842 330 1.114 900 N.P.
Maize (2) 365 2.938 1,000 7.291 630 4.600 N.P. N.P.
Vegetables (1) 175 1.115 N.P. N.P. N.P. N.P. N.P. N.P.
Vegetables (2) 175 1.155 N.P. N.P. N.P. N.P. N.P. N.P.
Watermelon 175 1.023 N.P. N.P. N.P. N.P. N.P. N.P.

Totals 8,250 54.115 2,250 12.196 5,695 25.401 6,325 24.728

^N.P. = Not Planted.
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balance year was also raised. Further, an additional question may be 

raised on the possibility of error due to invalidity of using this value 

for tube 29 alone when the change in storage computations involved the 

entire area of wadi Rima.

Qualitatively, the first possibility is not expected to cause a 

large error, mainly due to the involvement of only one month difference 

and also due to the negligible difference between total surface inflows 

during 1975 and 1976. The second possibility is also denied by the 

anticipation that most of the changes in ground water storage are likely 

to take place in the areas of large ground water pumpage. The latter 

are inclusively within tube 29 (Figures B-3 and B-5).

A quantitative verification of the above statements was, 

fortunately, possible to carry out. If tube 29 is assumed to include 

the whole of wadi Rima's change in ground water storage, then applica

tion of equation [4] of the main text will result in a recharge value 

that equals the value given by Makin, i.e., 30.5 MCM. For convenience, 

this equation is reproduced below:

Rs+g AS + G0 + R8 2 g

Recharge (Rg ) consists of recharge from surface water and recharge 

through underflow from wadi Zabid and from the aquifer's cross-section 

at the wadi's entrance. According to Makin (1977), the first of these 

two components amounted to about 66.5 MCM during the period May 1975 

through April 1976. The second component consists of 0.11 MCM at the 

wadi entrance and 20.73 MCM from wadi Zabid. Thus, total recharge is



187

about 87.34 MCM. Under the above assumption, natural discharge by tube 

29, as estimated from the flow net, is about 9.13 MCM (Table 10, main 

text). Ground water pumpage, as given by Makin, is in the order of 

46 MCM. Therefore, rearranging the above equation and solving for 65^, 

we obtain:

g -  G2 -

= 87.34 - 9.13 - 46 = 32.21 MCM

This value, being close to the 30.5 MCM reported by Makin (1977), indi

cates that the above assumption is true and that most of the change in 

ground water storage did take place within streamtube 29. Hence, the 

value of 30.5 MCM will be used in the water balance.

The Water Balance Computations

The water balance equation (equation [A-5]) may be written as

follows:

P + R1 - R2 + Gi - G2 - BT - (Es + Eg) = ASs + ASg

Rearranging and substituting the appropriate values, we obtain:

0 + 129.7 - 3.8 + 20.84 - 6% - 108.3 - 1 = 0 + 30.5 

g2 = 6.92 MCM

This value is in reasonable agreement with the flow net computed 

value of 9.13 MCM. It also confirms the previous estimate of



2transmissivity since a transmissivity of at least 1,900 m /day is 

required to discharge this quantity through tube 29.
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