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ABSTRACT 

An overview is given for the general characteristics of the Republic of 

Yemen (ROY) related to water resources management and developments. The 

hydrological data needed for development processes of water supply projects in 

ROY are scarce or do not exist especially for small scale projects. For this case of 

inadequate data, some theoretical and empirical models used in evaluating 

resources potentials from small watersheds are presented through the different 

chapters and applied in Wadi Surdud catchment area as a case study. The applied 

models include SCS curve number method and the Modified Universal Soil Loss 

Equation (MUSLE). Direct runoff estimations were computed using the curve 

number method with daily rainfall data for 1988- 1992. For this estimate, the 

catchment area was divided into three basins, and the average rainfall was obtained 

using Thiessen polygon method. The annual water yields for each basin were 

obtained from the estimated direct runoff. These annual water yield volumes are 

then used in constructing the needed flow duration curves and in obtaining a runoff 

general equation with curves for extraction the equation's coefficient of each basin 

for different conditions ofCNs. 

Due to the deficiency of the required data for applying the MUSLE, it was 

applied only for basin# 2 in Wadi Surdud. The purpose of this application was to 



demonstrate the procedures for determining the different variables of the equation 

and for developing general curves for use in estimating the sediment yield directly 

from the relationship between the peak flows and the cropping factor. The 

developed models of predicting both of water yields and sediment yields can be 

improved to produce more reliable results by obtaining more accurate data for 

Wadi Surdud. 

9 
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CHAPTER 1 

INTRODUCTION 

1.1. Background 

Many changes have occurred during recent years in the Republic of Yemen 

(ROY) with respect to water resources development and use. The increased 

agricultural and industrial use of water- mainly because of the growing 

population- has put tremendous pressure on Yemen's groundwater resources . 

The high water requirement of crops grown in dry and hot regions results in 

intensive mining of groundwater without enough recharge. As a result the 

groundwater table is declining at an alarming rate. In order to minimize the stress 

applied on groundwater aquifers and maximize the benefits from surface water 

resources, the surface water resources need to be managed conjunctively with the 

groundwater. 

This study will deal with the technical information required to develop 

surface water reservoir systems. The net benefits that can be derived from any 

reservoir development project through regulating the runoff for activities such as 

water supplies and irrigation depend on the regimen of surface flows and the size 

and operation of the reservoir. In the planning, design, and operation of water 

resources projects, it is customary to evaluate the plans based on stream flow data 
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for at least the last 40 or 50 years. In many Yemeni regions, however, the 

existing hydrologic records cover short periods of time and they must be extended 

for planning purposes. For smaller watersheds, these records are scarce or non

existent. Generally, this lack of hydrologic information in ROY has been a major 

cause of inadequate evaluation of development methods for reasonable assessment 

and design of small water resources projects. Hydrologist thus need to develop 

methods suitable for reasonable assessment and design of small water resources 

projects. 

Like other developing countries, Yemen faces a series of constraints on its 

growth and development. The economy of Yemen is based mainly on 

agriculture. This economic activity is broadly defined to include the production of 

coffee, qat, and some traditional crops such as sorghum, millet, and corn. In the 

last decade, the need to increase agricultural output to satisfy the rapidly growing 

population has greatly accelerated the use of ground water. This situation along 

with the introduction of pO'Ner pumps and new drilling tools has enabled 

cultivation of fruit and vegetables, providing a much higher economic return than 

from more traditional crops. This has allowed the expansion of agriculture into 

areas that were previously unexploited. 

Realizing the extent of water shortage in ROY to meet the agricultural and 

industrial developn1ent requirements, the government and several concerned 
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international aid agencies have initiated many projects for water supply. These 

projects include small water development structures constructed in many areas 

across the country. However, in the ROY, as in other developing countries, the 

hydrological and meteorological data needed for the design of these projects either 

do not exist or are limited. This lack of an adequate database hinders decisions to 

undertake small scale water development projects and results in poor, and often in 

project failur. 

1.2. Research motivation 

Increased awareness of the need to develop national water resources in 

Yemen, both at the public and government levels, demands an adequate 

understanding of the complex behavior of the various hydrological systems. 

Many simple formulas and models, like the Rational and Curve Number methods 

have been used to express this behavior of the different hydrological systems. In 

the United States, current practices in m_any small water resources developments 

are based on the historical records or regional rainfall estimates. 

This research is aimed at using the technical methods that are used in the 

Southwest of the United States as a guide to estimate the essential parameters for 

designing small scale surface water projects in rural Yemen, like capturing the 

storm runoff from small watersheds using available data of temperature, soil, 
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vegetation cover, and limited rainfall and runoff data; sediment yield and reservoir 

sedimentation are important aspects of such projects. 

1.3. Research Objective 

The goal of this project is to develop and apply a methodology for use in 

the evaluation of surface water available from small watersheds in Yemen where 

data are very limited. This evaluation can then be used in designing the necessary 

structures of the projects. In order to apply this methodology the following 

objectives will be pursued: 

1- To estimate the storm runoff produced by the watershed by: 

(a) using empirical equations when no runoff data is available. 

(b) regression analysis techniques to determine rainfall - runoff 

relationships in case of gauged basins. These relations will then 

be used to estimate the runoff of ungauged basins. 

2- Within a certain confidence range, to esimate the surface water that will 

be available, and can be controlled and used for the site to be developed. 

3-To estin1ate the sediment yield from the watershed using the Universal 

Soil Loss Equation (USLE). 
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1.4. Research methodology 

In this study the methods that were developed for Southwestern United 

States will be utilized to estimate the storm runoff and sediment yield from small 

watersheds in Yemen with the limited available data. The most commonly used 

methods for such estimations are either using the empirical equations relating the 

hydroclimatic and physiographic properties to a peak flow of selected return 

period or defining the rainfall - runoff relationships using multiple regression 

techniques. 

1.5. Research organization 

This study comprises six chapters. Chapter one outlines the objectives of 

the study. Chapter two briefly describes the characteristics of Yemen. The 

research methodology is discussed in the third and the fourth chapters. Chapter 

three includes the rainfall runoff relationships, and chapter four includes the 

erosion sediment yield estimations. Chapter five presents a case study. Specific 

conclusion and recommendations for future water resources developments are 

contained in chapter six. 
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CHAPTER2 

CHARACTERISTICS OF YEMEN 

2.1. Location 

The Republic of Yemen (ROY) is a developing country formed after the 

unification of North Yemen (Yemen Arab Republic) and South Yemen (People's 

Democratic Republic of Yemen). The country is located in the south-southwestern 

edge of the Arabian Peninsula between latitudes 12° and 19° North and 42° and 55° 

East. It includes many islands; the large ones of these are Socotra in the Arabian 

Sea and Kamaran in the Red Sea. The country is bounded by Saudi Arabia to the 

North, the Arabian Sea and Gulf of Aden in the south, Oman in the East and the 

Red Sea in the West. The population ofthe ROY was estimated to be 11,951,960 

according to the population projections for 1991 based on the 1986 and 1988 

censuses, and the surface area is 550,000 Km2
• Administratively, the country is 

divided into 17 governorates. The capital, Sana'a, is in the north-western part of 

the Yemen Highlands. Geographically, the ROY has a total relief of more than 

3,000 m above sea level and can be divided into five geographic regions (Fig. 2.1). 
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They are the coastal plains, the Yemen mountain massif (western highlands), the 

eastern plateau region, the desert, and Socotra Island. 

The topography of Yemen ( as shown in Fig. 2.2 ) has large variations in 

the elevation, especially in the western part of the country (western highlands). 

Saudi Arabia 

Gulf of Aden 
0 100 200 lcm -----

Figure 2.1. Geographical regions of Yemen. (from Vander Gun, and Ahmed, 1995) 

The elevations in this region range from a few hundreds meters to about 3,780 m 

above sea level. These highlands generally have steep slopes in the south and in 

the east, and they comprise a number of inter-mountain plains with altitudes of 

2,100- 2,700 m. These mountains merge gradually into the depression ofthe 

Ramlat as Sabatayn desert. 



~ 

Figure 2.2. Topographic map of Yemen.( from Vander Gun, and Ahmed, 1995) 

--.......) 



2.2. Climate 

The ROY, with its range of topographic elevations, is a country of many 

climates. The average annual temperature gradually changes with altitude as 

shown in figure 2.3. It is hot tropical in the low lands up to 400 meters and 

... ~ Temperature vs elevation 

., ... 
• 

11 

10 

I 

.. . . . .. 
. .. .. 

or-~c=-~,=~~~u.~--=8»~~~~-=._ 

Elevation .OOV. M.S.L. (m) : 

Figure 2.3. The influence of elevation on average annual temperature. 
(from Vander Gun, and Ahmed, 1995) 

gradually passes to subtropical in the midlands at altitudes of 400 to 1,800 m and 

becomes moderate in areas above 1,800 m (Rybakov, 1995). 

Rain storms in Yemen are dominantly convective. This is· due to ·the 
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orographic effects which provide an effective cooling mechanism for the raised air 

masses. The distribution pattern and amount of rainfall vary with altitude, latitude, 

and distance from the Red Sea and Gulf of Aden. Figure 2.4 shows the spatial 
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variation of average annual rainfall over the period 1985 through 1991. It varies 

from less than 50 mm in the Rub AI Khali desert up to more than 600 mm in the 

highest areas (Hajjah, Mahwit, lbb,and Taizz). However, the seasonal rainfall 

pattern differs from zone to zone and from year to year. The ROY has two well

defined rainy seasons. The first one occurs in the Spring (March- May) and the 

second one occurs in late summer (July- September). Long periods of dry weather 

with few or no clouds are common from October to March, although occasional 

storms do occur on the western and southern slopes. 

Evaporation from an open water surface (E0 ) and potential evapotranspiration 

(ET p) are estimated from climate data using the Penman method. The calculated 

Eo is 5 - 20% higher than the corresponding potential evapotranspiration value 

(ET p) depending on the specific conditions (Van der Gun and Ahmed, 1995). On 

annual basis, the different zones of the country are described within three ranges of 

Penman potential evapotranspiration as follow: 

coastal zones and foothills 

mountain zones ofWestern Yemen 

arid zones of the interior 

1800 - 2700 mm 

1500 - 2500 mm 

2000 - 3500 mm 

According to the 1979 UNESCO classification of the climate zones, the 

ROY can be classified into four climatic zones (Fig. 2. 5). This classification is 
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Figure 2.5. Climatic zones in Yemen. (from Vander Gun, and Ahmed, 1995) 

based on the ratio of the average annual precipitation (P) and annual reference 

evaporation (E0 ). Under this classification, the general climatic zones are: 

P/E0 <0.03 
0.03< P/E0 < 0.25 
0.25< P/E0 <0.50 
0.5 < P/E0 <.75 
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Hyper-arid 
Arid 
Semi-arid 
Sub-humid 
Humid PIE0 >.75 (This does not exist in Yemen) 



2.3. Surface water in Yemen 

Yemeni rivers are mostly ephemerally intermittent. Their flood peaks are 

often quick and violent, because of sparse vegetation and limited extent of 

permeable soil buffers. Rivers in Yemen (i.e. wadis) demonstrate this clearly, 

where distinct parts of the channel networks tend to act as runoff-producing 

zones. Others tend to act as runoff-absorbing zones over the territory of Yemen. 

These zones over the territory of Yemen can be grouped into four main drainage 

basins (Fig. 2. 6). They are: (1) Red Sea Basin; (2) Rub Al Khali Basin; (3) 

Arabian Sea Basin(wadi Jawf); (4) Gulf of Aden Basin. 
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The floods of the wadis in Yemen are generally characterized by abruptly 

rising peaks that rapidly recede. In the periods between the irregular floods , the 

wadis are either dry or carry only minor intermittent base flows. The flood 

hydrograph for an event in Wadi Surdud (Fig. 2. 7) is used as an example to 

illustrate the hydro graph characteristics of wadis in Yemen. Most of the main 

wadis have flood regimes similar to wadi Surdud (Van der Gun and 

Ahmed, 1995). These flood hydro graphs are characterized by a short rising limb, 

and a quick recession. 

The average and coefficient of variations of annual runoff volumes 

(catchment yield ), together with the estimated average annual rainfall and size of 
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Figure 2.7. Flood hydrograph of Wadi Surdud at Faj AI Hussein, 17- 19 June, 1994. 
( from Van der Gun, and Ahmed, 199 5) 

catchment upstream of gauging sites are listed in table (2.1 ). The locations of the 

catchment areas in this table are presented in Fig. 2.8. These catchments have 

records of at least four years and areas that range from 460 km2 (Wadi Rabwa) to 

22500 km2 (Wadi Masila at Qassan). The highest average yield in gauged wadis 

(more than 100 million cubic meter per year) are from Wadi Bana, Wadi Mawr, 

Wadi Zabid and Wadi Tuban. The Wadies Rima, Ahwar, Surdud, and Masila are 

within the yield range between 50-100 million cubic meters. All others wadis have 

lower average annual yields. Although, the rainfall coefficient may vary from year 

to year or from season to season, these average values in the table allow a 

comparison of the catchments with respect to their runoff generating capabilities. 



Table 2.1 . Sun1mary of mean catchment yield for qauged catchments. 

Wadi Catchment Total annual runoff statistics mean 
area (Km 2

) p 

No of mean mean cv 
Years (Mm3

) (mm) 

Mawr 7912 13 162.30 20.5 0.50 475 
Surdud 2370 5 69.30 29.2 0.22 440 
Rima 2250 8 98.90 44.0 0.64 400 
Zabid 4632 23 125.00 27.0 0.40 550 
Ray san 1990 7 11.90 6.0 0.76 550 
Tuban 5060 8 109.40 21.6 0.54 465 
Rabwa 460 17 5.80 12.5 0.72 320 
Ban a 6200 16 169.90 27.4 0.39 370 
Ahwar 6410 18 70.90 11.0 1.37 190 
Adana 8300 8 87.50 10.5 0.71 180 
Amd/Doan 6553 4 20.30 3.1 1.24 80 
A1Ayn 1500 4 9.70 6.4 1.17 75 
Sarr 2540 4 3.00 1.2 1.13 45 
Bin Ali 720 4 4.15 5.8 1.30 65 
Juaymah 760 4 0.75 1.0 1.28 35 
I dim 5485 4 41.30 7.5 0.79 70 
Thibi 718 4 1.90 2.6 1.49 40 
Masila 22500 4 51.00 2.3 0.80 68 
(Qassam) 

Notes: 
(a) Abbreviations : 

Cv = coefficient of variation of annual flow volumes 
P = annual precipitation (mm) 
RC = runoff coefficient (as a fraction) 

mean 
RC 
(mm) 

0.043 
0.066 
0.110 
0.049 
0.011 
0.046 
0.039 
0.074 
0.058 
0.059 
0.039 
0.086 
0.026 
0.089 
0.028 
0.108 
0.066 
0.033 
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(b) The catchtnent area of Wadi Masila presented excludes the Rami at as Sabatayn 
and the catchn1ents drainage into it. ( fromVand dur Gun and Ahmed, 1995) 
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Figure 2.8. Gauged catchment in Yemen with at least four complete years of record. 
( from Van der Gun, and Ahmed, 1995) 
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This data in the table gives a general idea of the average surface water resources 

available at the gauged sites and allovvs provisional estimates to be made for the 

water resources in ungauged catchment areas in the same zone by a simple 

analysis from the rainfall - runoff data presented in that table. Using the least 

squares method, the best fit linear regression line for rainfall-runoff data was 

obtained in figure 2.9 according to the equation: 

30 

2D 
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Runoff (nim) = 0.055 * Precipitation (mm) 

Runoff versus precipitation 

annual means In nvn 
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........ \J fli 
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Figure 2.9. Best fit to the data of the mean annual rainfall- runoff of the 
large catchments in Yemen. (from Vander Gun, and Ahmed, 1995) 
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Surface water quality in Yemen has not been regionally studied or mapped. 

There are no known networks monitoring surface water quality in Yemen. 

Various projects have measured water salinity, but only at a few sites. In general, 
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surface water can be described as fresh water with variable concentrations of 

dissolved solids. The floods in wadis are yellowish - brown in color due to the 

load of suspended sediments. Bed load is thought to be significant, especially in 

the western and southern wadis which have steep slopes. 

2.3.1. Traditional water resources systems 

Many of the ancient water resources systems and traditional methods have 

survived for many centuries and continue to play an important role today. One of 

the largest ancient hydraulic structures is Marib Dam which was designed for 

flood control. It was intended not to store water, but to control the floods and 

divert them immediately to the irrigation canal networks. The system was in use 

during a period of approximately 1200 years, and served a maximum area of 

approximately 5600 hectares ( Vander Gun and Ahmed, 1995) 

Another traditional method for utilizing the available surface water is the 

use of cisterns to catch runoff from relatively small catchment areas. The cisterns 

are widespread over the country and usually have a storage capacity of up to a few 

hundred cubic meters. In many areas, they used to be an important source of 

drinking water supplies. The Aden Tank, located north of Crater, is an ancient 

example of this kind of development. It consists of 17 cisterns dating from the 
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Himyaritic or Sabean periods (2000 - 3000 years ago). They have a total capacity 

of 4,500 m3 and used to supply drinking water to Aden City. At present, the water 

caught by these tanks is used for watering city lawns and gardens (Wald 1980, 

Piopenlurg 1987). 

Hundreds of years old traditional spate irrigation systems are practiced 

widely in the plain areas. They are based on the diversion of the floods ( called 

sayls) that reach the plain by constructing non-permanent earthen deflectors and 

cross dams of several meters height. The traditional spate irrigation is 

characterized by low technical and economic efficiencies. The major 

shortcomings of the existing spate irrigation system according to Halcrow(1978) 

are: 

-The diversions (aqms) are frequantly breached or even washed a way by the 

wadi flow. 

- Frequent uncontrolled large diverted discharge cause field erosion and damage 

to crops. 

- The uncontrolled irrigation cause some areas to receive too much water, where 

as others receive none or insufficient amounts only. 

- In general, no adequate use is made of distributed channels. 

Allocation in this system is often a cause of conflicts between farmers 

from different zones within the command area. It follows a traditional principle: 
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upstream areas take water before the downstream areas, and the higher lying land 

receives water before the lower lying land. Since the flood magnitudes usually 

can not be handled by one diversion at a time, arrangement for a proportional 

allocation are being carried out by using small temporary diversions to the units of 

irrigated land in the command area. 

Some water resources practices like runoff agriculture (rainfed) dug wells 

are commonly used in Yemen. Rain-fed based on the collection and diversion of 

overland flows to zones where soils permit agriculture. This method is commonly 

used in low precipitation zones and in the western and southern slope parts which 

are covered by the man-made mountain terraces. Dug wells are the most common 

traditional way to develop ground water. There are many thousands of dug wells 

in Yemen. They are shallow wells with an average diameter of l.Om. Water is 

abstracted from these wells by hand or by animal traction, using the bucket and 

rope method. 

2.3.2. Modern water resources development 

2.3.2.1 Surface water developments 

Surface water developments were established in the 1970s in several zones 

of the country. The surface water projects focus mainly on the construction works 
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that can replace those of traditional spate irrigation systems. Some of these 

projects have been carried out in the zones of Wadi Tuban, Abyan Delta, Wadi 

Zabid and other wadies. These projects are characterized by the construction of 

spate breakers, permanent diversion weirs, lined canals and auxiliary structures. 

Other practices for developing surface water are carried out by construction of 

small dams of local importance. Recently within the years of 1991 and 1992, the 

Department of Small Dams Project in the Ministry of Agriculture and Water 

Resources has studied thirty four location for constructing small dams of local 

importance. The largest project in this scenario is the Marib Dam constructed 

during 1984-1987 on Wadi Adhana. This dam has a storage capacity of 400 

million cubic meters (Mm3
) The objective of this project was to irrigate an area 

of 6,800 hectares. Numerous problems have delayed the completion and 

successful operation of the new system. The major problem is that the average 

annual catchment yield appears to be much lower than was assumed in the design . 

It is probably even less than half of the assumed 200 Mm3/year (van der Gun and 

Ahmed, 1995). 

2.3.2.2 Groundwater Developments 

The economic development over the last three decades has been 
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accompanied by the presence of technological innovations in groundwater 

resources developments. The introduction of powerful pumps and drilling rigs had 

an enormous effect on the volumes of water abstracted from a single well. The use 

of drilling rigs has lead to a rapid increase in the number of wells. Figure 2.10 

shows the increase in the number of wells in Tihama plain during the period 
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1975 1980 1985 

Figure 2.10. Increase in the number of wells in Tihama during the period 
of 1973- 1987. (from Vander Gun, and Ahmed, 1995) 

1973-1987. A similar rapid growth of the number of wells can be observed in 

many other zones of Yemen. Groundwater has become the most important source 
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of water for irrigation, and for public water supply. Both urban and rural supply 

projects that are widespread over the country rely almost entirely on groundwater 

from wells. Table 2.2. summarizes the estimated volumes of groundwater used in 

1990 and the future water requirements in the year 20 1 0. The future estimations 

Table 2.2. Water use volumes (Mm3/year) in 1990 and predicted 
water requirments for 20 10. 

Northern Southern 
governorates Governorated Total country 
1990 2010 1990 2010 1990 2010 

Agriculture 1577 1991 1123 1337 2700 3328 
Manufacturing & 14 44 17 46 31 90 
mining 
Municipal 119 426 49 126 168 552 

Total 1710 2461 1189 1509 2899 3970 
*from Vander Gun, 1995. 

are based on the extrapolations of current trends of water requirements according 

to the assumed population growth described in TS-HWC (1992e). Depletion, 

salinity, and pollution problems of groundwater threaten the use of groundwater 

resources in many aquifers of the country. 
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Surface runoff or Rainfall excess is the amount of water generated on the 

ground when rainfall intensity exceeds the infiltration capacity. This process is 

known as the Hortonian overland flow. Factors affecting the amount of surface 

runoff are many and can be divided in two general groups. They are the climatic 

and the physiographic factors. The climatic factors include intensity, duration, 

and distribution of the rainfall, while the physiographic factors include 

topography, soil, and vegetation cover. The process of converting rainfall excess 

into surface runoff is one of the most difficult problems in hydrology. However, 

many formulas and models have been presented to relate runoff to rainfall. Some 

of these methods are concerned with an individual storm, as is the case of the unit 

hydrograph method, the rational method and the Soil Conservation Service (SCS) 

Curve Number method. Others deal with the long term hydrologic records such as 

the statistical methods and the regression technique methods. 

In general, all of the methods and models classify the hydrological systems 

into linear or non-linear systems. A linear system relates the change in the 

dependent variables to proportional changes in the independent variables and the 
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outputs of the system can be superimposed for different inputs. The non-linear 

systems take into account the interaction of the independent variables. Thus, the 

proportionality and the superposition cannot be applied. Although all real 

phenomena in nature are non-linear to some degree, using linear tools with 

appropriate modification can lead to valuable approximations. Thus, most of the 

practical flood estimation methods use the linear models. Examples are the 

rational method, the unit hydrograph method (1940), and the work of Paynter 

(1952), Rockwood (1956), Harder (1962) and Amorocho (1961) as cited in Shen 

(1965). The non-linear models can be represented by: Potter's method (1961) 

which depends on a graphical correlation between the logs of the area, the 

topography, the precipitation and drainage density factors; multiple regression 

models such as those of Benson (1962, 1964), Thomas Benson (1970), Thomas 

and Lindskov ( 1983) which relate the topographic and climatic factors to the T

year flood; the SCS curve number method that considers the soil moisture status 

and infiltration rate. 

The curve number (CN) method is one of the most widely used methods 

for estimating direct runoff volume from ungauged watersheds. Its popularity is 

due to its convenience, its simplicity, and its authoritative origin. It has replaced 

the rational method to a significant degree because of the manner in which 

physical characteristic are considered in its application. Since the objective of this 
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study is to apply either the CN method or the regression techniques depending on 

the availability of data, these two methods are described in detail in the following 

sections. 

3.2. Development of CN method 

The CN method developed by the Soil Conservation Service(SCS) in 1954 

is documented in the SCS National Engineering Handbook section 4 (NHE-4). 

The CN method was based on the following assumptions: 

1- The runoff depth Q is bounded in the range 0 ~ Q ~ P ~ = · 

2- As rainfall depth P grows unbounded ( P ~ = ), the actual retention 

F=P-Q approaches a constant value of potential maximum retention or 

·simply potential retention (S). 

3- The P-Q value during a storm is limited by both soil water storage and 

infiltration rate as P increases. The S value therefore, characterizes the 

watershed's potential for abstracting and retaining storm moisture and, 

therefore, its direct runoff potential. 

4- A proportionality between the retention and runoff, such as: 

(3. 1) 
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Where Q= the total depth of direct runoff resulting from storm rainfall P ( actual 

runoff); Pe =the effective storm rainfall; F=Pe-Q= actual retention of rainfall 

during a storm and can be expressed as, S, potential retention. Q, F, Pe, and S are 

all in inches. 

Substituting P-Q for Fin equation 3.1 and solving for Q produces the 

equation: 

Q= P} 
Pe +S (3.2) 

For a given site, no runoff occurs until rainfall equals the amount of initial 

abstraction Cia), that can be abstracted from the total rainfall depth (P) as 

interception, infiltration, and surface storage. Thus the value of the actual runoff 

P e is represented by the value of (P-Ia) and the potential retention S is the value 

that (F+IJ would reach in a long storm. Substituting (P-IJ for Pe in equation 3.2 

produces the equation: 

(3.3) 

subject to P>la, and Q=O otherwise. 

Based on observed data, a linear relationship was found between Ia and S 

such that: 

l=CS a (3.4) 

Values ranging between 0.0 and 0.3 were reported for the coefficient, C, in 3.4 in 
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a number of studies at various geographical locations in the United States and 

other countries. Examples of these studies are Springer et al 1980, and Cazier and 

Hawkins 1984. A standard value for C=0.2 was adopted as the best 

approximation. With C=0.2 in 3.4, equation 3.3 becomes: 

Q = (P- 0.2S)
2 

P +0.8S 

subject to P>0.2 S, and Q=O otherwise. 

(3.5) 

For convenience and standardized application of equation 3.5, the potential 

retention, S, is expressed in the form of dimensionless parameter CN, the Curve 

Number, which varies from 0 to 100 according to: 

CN = 1000 
s +10 (3 .6) 

where CN of 100 represents a condition of zero potential retention (S=O), that 

is, the case of impermeable watershed. Conversely, A CN of zero represents an 

infinitely abstracting watershed. 

Eliminating S from equation 3.5 and 3.6 gives equation 3.7 for estimating 

runoff depth, Q, in inches from rainfall depth, P, in inches and CN as shown in 

figure (3 .1 ). 

[CN(P+2)-200]2 

Q= CN[CN(P-8)+800] 

subject to P>(200/CN)-2; Q=O otherwise. 

(3.7) 
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Equations 3.5,and 3.7 can be applied in the metric system after carrying out 

the required unit conversions in equation 3.6. If Sin mm equation 3.6 becomes: 

C N = 

and equation 3. 7 becomes: 

1000 

-
5
-+10 

2 5.4 

[ CN ( P + 50.8) - 5080]2 

Q = CN[CN(P-203.2) + 20320] 

(3.8) 

(3 .9) 

subject to P>(5080/CN)-50.8; Q=O otherwise; Q and Pare both in mm. 

where P, Q, and S in mm; CN is dimensionless coefficient and the 10 and 1000 

carry the mm dimensions as the case in equation 3.6. Equation 3. 9 is represented 

in figure (3 .2). 

The value of CN depends on the soil cover, the land use, the hydrologic 

conditions of the land surface, and the antecedent moisture conditions of the 

watershed. The soil cover is divided into four classes A, B, C, and D depending 

on the permeability of the soil where the ability of the soil to absorb storm rainfall 

decreases through its classes from class A to class D. 

The antecedent moisture content (AMC) is also reflecting the ability of a 

given site to abstract and retain storm rainfall through its three classes which are 

defined as; dry (AMC I) , average (AMC II), and wet (AMC III). The CN 

standard values given in the SCS for average runoff potential (AMC II) are listed 

in table (3.1) with the equivelant CN values of AMCI and AMCIII conditions. 
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Table 3.1 . Curve numbers (CN) and the corresponding AMC values. 

(1) (2) (3) (4) (5) (1) (2) (3) (4) (5) 

CN for CN for conditions S values Curve starts CN for CN for conditions S values Curve starts 

condition (inches) where P= condition (inches) where P= 

II I III (inch~s) II I III (inches) 

100 100 100 0.000 0 60 40 78 6.67 1.33 

99 97 100 0.101 0.02 59 39 77 6.95 1.39 

98 94 99 0.204 0.04 58 38 76 7.24 1.45 

97 91 99 0.309 0.06 57 37 75 7.54 1.51 

96 89 99 0.417 0.08 56 36 75 7.86 1.57 

95 87 98 0.526 0.11 55 35 74 8.18 1.64 

94 85 98 0.638 0.13 54 34 73 8.52 1.70 

93 83 98 0.753 0.15 53 33 72 8.87 1.77 

92 81 97 0.870 0.17 52 32 71 9.23 1.85 

91 80 97 0.989 0.20 51 31 70 9.61 1.92 

90 78 96 1.110 0.22 50 31 70 10.00 2.00 

89 76 96 1.240 0.25 49 30 69 10.41 2.08 

88 75 95 1.360 0.27 48 29 68 10.83 2.17 

87 73 95 1.490 0.30 47 28 67 11 .28 2.26 

86 72 94 1.630 0.33 46 27 66 11.74 2.35 

85 70 94 1.760 0.35 45 26 65 12.22 2.44 

84 68 93 1.900 0.38 44 25 64 12.73 2.55 

83 67 -93 2.050 0.41 43 25 63 13.26 2.65 

82 66 92 2.200 0.44 42 24 62 13.81 2.76 

81 64 92 2.340 0.47 41 23 61 14.39 2.88 

80 63 91 2.500 0.50 40 22 60 15.00 3.00 

79 62 91 2.660 0.53 39 21 59 15.64 3.13 

78 60 90 2.820 0.56 38 21 58 16.32 3.26 

77 59 89 2.990 0.60 37 20 57 17.03 3.41 

76 58 89 3.160 0.63 36 19 56 17.78 3.56 

75 57 88 3.330 0.67 35 18 55 18.57 3.71 

74 55 88 3.510 0.70 34 18 54 19.41 3.88 

73 54 87 3.700 0.74 33 17 53 20.30 4.06 

72 53 86 3.890 0.78 32 16 52 21.25 4.25 

71 52 86 4.080 0.82 31 16 51 22.26 4.45 

70 51 85 4.280 0.86 30 15 50 23.33 4.67 

69 50 84 4.490 0.90 

68 48 84 4.700 0.94 

67 47 83 4.920 0.98 25 12 43 30.00 6.00 

66 46 82 5.150 1.03 20 9 37 40.00 8.00 

65 45 82 5.380 1.08 15 6 30 56.67 11.33 

64 44 81 5.620 1.12 10 4 22 90.00 18.00 

63 43 80 5.870 1.1 7 5 2 13 190.00 38.00 

62 42 79 6.130 1.23 0 0 0 infinity infinity 

61 41 78 6.390 1.26 

from U.S Soil Conservation, NEH-4 
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Equation 3.7 can be used after estimating P and CN. Hawkins (1975) 

pointed that calculations in equation 3.7 are much more sensitive to the CN 

chosen than it is to rainfall depth. CN estimates are usually made by field surveys, 

handbook tables, and field P-Q data. But the selecting of accurate CN values 

from the available handbook tables is difficult. It is most successful for traditional 

agricultural watersheds and less successful for semi-arid and forest watersheds 

(Hawkins 1993). For determination of the CN from the recorded storm rainfall

runoff data, the potential retention S is needed to be calculated for every P and Q 

pairs using equation 3.14 (Hawkins 1973) and the corresponding CN is then 

calculated using equation 3.6. 

S =~ P+ 2Q-(4Q2 +5PQ) 0
·
5

] 
(3.14) 

The P and Q pairs can be selected in several ways. Among these ways are the 

standard method (the annual flood series) and the frequency matching method 

(Hjelmfelt 1980). In the first one the daily rainfall Pis selected with its 

corresponding runoff Q (both in inches) while in the later one, the rainfall and 

runoff data depths are sorted separately in descending order. Then P-Q pairs are 

plotted accordingly. 
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3.3. Multiple regression analysis concepts 

The rainfall runoff relationship is a mathematical operation that relates the 

storm runoff to a set of independent variables. The set of independent variables is 

composed of selected climatic and physiographic characteristic of a watershed 

such as rainfall, evaporation, infiltration, drainage basin size, and topography. 

Mays and Tung (1992) expressed this relationship mathematically in the following 

general form: 

Q = f (X. ,X2, ... , Xn) + E (3 .15) 

where f is the function of independent variables X1 ,X2, ... ' Xn and E ts a 

stochastic error (random variable) representing the joint effect on Q of the factors 

that were not considered by the independent variables. The function/can be 

determined using multiple regression analysis for measured data of Q with the 

basin characteristic as the independent variables. In fact, regression analysis 

assumes a linear relationship between these different variables, so equation 3.14 

can be written in a linear form depending on the proposed model as: 

(3.16) 

or as: 
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in which i=1,2, ... ,n, Qi is the i th observation ofthe dependent variable, Xik is the i 

th observation of the k th independent variable, b is the regression coefficients, Ei is 

the corresponding error which represents the departure of the observed points of 

the dependent and independent variables from the proposed model. This error is 

assumed to be a random variable distributed normally with mean zero and 

unknown variance ( cr2
) that is: 

i = 1,2, ... , n 

i = 1 ,2, ... , n 

In actual practices, however, the regression coefficients b are not known and must 

be estimated based on observed data using the least square method. In this method 

the sum of squares of differences (D) between the observed and the computed 

dependent variable Q is tninimized. This can be expressed as: 

n 

minD= LCEJ2 = LCQ;- QJ2 
i=l 

n 

= L [Q;- (bo + btXn +· ··+bkXik )] 2 
(3 .18) 

i=l 

in which Qi is the observed value of the discharge runoff, and the Q of the i th 

response associated with the particular values of the computed regression 

coefficients. 

Mathematically, the value ofD can be minimized by taking the first 
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derivative of equation 3.18 with respect to each regression coefficient and giving 

the value of zero for that derivative. The resulted equations are called the normal 

equations. These normal equations can be solved simultaneously to yield the 

numerical values for the regression coefficients. 
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Much sediments, eroded and transported from upland areas, are deposited 

in rivers and reservoirs causing serious damages. The volume of the eroded 

sediments are therefore necessary to be estimated for the effective design of water 

control structures and for effective evaluation of land management. The total 

amount of eroded sediments in a watershed is known as the gross erosion. 

However, not all of the gross erosion reaches the outlet of the watershed. 

Sediments are often trapped in vegetated areas or deposited in channels. The 

amount of sediments delivered to the outlet of the watershed is known as the 

sediment yield. Sediment yield has been defined by ASCE ( 197 5) as "the 

approximate amount of sediment passing a station for the period of record for 

which observations are available." Sediment yield was divided by Bennett (1974) 

into upland phase and lowland phase. Upland phase include sediments detached 

and transported by individual storms, gully and sheet erosion, land slides and 

construction sites. In lowland phase, sediment transportation and deposition 

processes and channel transportation capacity become significant. Number of 

factors affect the rate of transportation and deposition of the sediments. They 



include factors related to the sediment characteristics and others related to the 

watershed characteristics as shown in the following sections. 

4.1.1. Sediment characteristics factors 
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Sediment characteristics factors influence the resistance of soil to be 

detached and transported by erosion agents. The detachment and transportation of 

sediment particles depends on the source of the sediment material (parent 

material) and its physical properties such as size and shape. The erodibility of 

parent rocks depends upon the hardness of their mineral composition. Thus, the 

acidic rocks, mainly composed of acidic minerals such as feldspars and 

plagoclase, are usually more erodible than the basic rocks that are mainly 

composed of ferric minerals as basalt. Jansen and Painter ( 197 4) in table 4.1. 

related the erodibility to rock hardness and rock age. The order of erodibility in 

this table is inversely related to rock type and age. 

Physical properties of the grain sediment such as the shape and size 

distribution may influence both erosion and transportation processes. In the 

erosion process, splash erosion increases with the percentage of sand in soil and 

decreases with increases of water stable aggregates (Linsley, Kohler, and Paulhus, 

1958). In the transportation process, the needed energy to transfer the grains 

decreases with decreasing the particle size. Generally, the sand-sized particles 



Table 4.1. Relative erodibility as a function of rock age and rock hardness . 

Age Approximate years before the Order of Order of 
present (mi llion years) Rock Erodib ility 

Hardness 

Paleozoic 600 to 230 4 2 
Mesozoic 230 to 63 3 3 

Cenozoic: 
Tertiary 63 to 2 2 4 

Quaternary 2 to present 1 1* 

* Quaternary rocks erode least because of their frequent location in low flat 
alluvial plains where denudation rates are low (Jansen and Painter, 1974). 
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(>0.062 mm) are transported as bed load in channels and deposited near erosion sites 

while the silt and clay particles are transported to a further distance (Onstad, 1984). 

4.1.2. Source of sedimented materials 

Sediment sources include upland sheet-rill erosion, gullies, stream banks, 

channels, and urban areas. Sediment yields from sheet rill sources are usually 

greater than yields from other sources (Glymph, 1951). Piest et al (1975) reported 

that about 20o/o of the total sediment yield from a field size watershed resulted 

from gully erosion. The erosion magnitude of these sources depends on factors 

that include slope steepness and length, stream flow magnitude, rainfall 

characteristics, soil type, land use, and watershed size. 

The Slope length and slope gradient effect in soil loss is due to their 

influence on runoff velocity. The steeper the slope, the higher the runoff velocity. 
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Consequently, the detachment capacity and transport capacity of runoff increase 

geometrically with increasing velocity. Both the slope gradient and the size of the 

eroded area change with changes in the slope length. The soil loss per unit area 

increases as the slope length increases (Beasley, 1972). The velocity, in long and 

low gradient slopes, increases due to the accumulation of runoff. Musgrave 

( 194 7) and Wischmeier and Smith ( 1965) included both slopes steepness and 

slope length in their soil loss equations. 

The sediment discharge is directly proportional to the magnitude of the 

streamflow discharge. Anderson ( 1954) studied this relationship in 29 watersheds 

of western Oregon. He found that the watersheds with the greatest annual 

streamflow would expect to have a sediment discharge 11.6 times that of the 

watersheds with least the flow. Similarly the watersheds of high flood peaks 

would have a sediment discharge 3.7 times that of low flood peaks. The sediment 

discharge at a given point is given by: 

(4.1) 

where Qs is the daily sediment discharge in metric tons per day; Qw is the daily 

water discharge in cubic meters per second; Cs is the sediment concentration in 

milligrams per liter which is often observed to be related to flow rate Qw by a 

power function of the form Cs =a (Qw)b. The coeffecients a and bin this function 

are obtained by local regression analysis. 



The influence of rainfall on erosion is due to the impact of rain drops on 

the soil surface which causes detachment of soil particles. This effect is 

represented by the amount of kinetic energy resulting from that impact. The 

rainfall factor is usually expressed in units of rainfall erosivity index, EI, and 

evaluated from iso-erodent maps or from rainfall records. 

The effect of the soil type and land use in erosion depends upon different 

combinations. Soil type is determined by the soil grain size distribution, 

permeability, texture, and organic content, while land use is determined by 

cropping and land management practices. 
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Watershed size affects the erosion by affecting the influence of the above 

factors. Comparing sediment yields from basins of various sizes, McGunness et 

al (1971) found that sediment yield from small basins in Ohio correlated well with 

rainfall characteristics and vegetation cover factors, whereas yields from large 

basins correlated well with river flows. Sediment yields per unit area fro1n large 

drainage basins are usually less than those from small basins (Dunne, 1977). 

4.2. Erosion models 

Many sediment erosion models are available to give a quantitative 

assessment of erosion and sediment yield. These models can be grouped in two 

categories: models dealing with hydraulic mechanisms of flowing water to 
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transport sediment and bed load, and models relating sediment yield to a variety of 

basin characteristics and conditions (Paskett, 197 4 ). Considering the sediment 

yield prediction models, most of them use lumped data of precipitation, 

antecedent moisture, cover, slope, soil types, etc. Musgrave (1947) and 

Wischmeier and Smith ( 1965) used methods of estimating soil loss from 

physically based models. They related the soil loss to vegetative cover, slope 

characteristics, rainfall intensity and land management. 

Other models such as ACTMO (Agricultural Chemical Transport Model) 

(Ferere et al, 1975) and the Reich model (1962) are also physically based models. 

In ACTMO, the watershed is subdivided into several zones representing the 

elevation sequence of uplands, hillsides, and bottom lands. The zones are 

transformed to rectangular planes of equivalent areas, each plain in turn is divided 

into flow tubes representing the area that drains to streams. In the second model, 

Reich conducted a statistical analysis of 4 7 small agricultural watersheds to 

correlate 36 descriptive variables describing land use, topography and rainfall 

with runoff volume. However, using the technique of statistical analysis in 

developing a relationship between many interrelated variables is restricted by the 

quality and quantity of data. Weber, Kisiel and Duckstein (1973) discuss the 

problems related to quantity of data such as measurement errors and missing data. 

Sediment yield also can be predicted using: (1) sediment rating curves 
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(Campbell and Baudes, 1940) which relate the magnitude of water discharge to 

sediment discharge. They are constructed by sampling streamflow. Sediment 

yield frequency distribution can be established by using these rating curves with 

the flow frequency distribution; (2) sediment delivery ratio method (SDR) which 

is defined as the ratio between the sediment yield (SY), and the gross erosion 

(EROS). 

SDR = SY/EROS (4.2) 

many methods are available to compute the gross erosion resulted from sheet-rill 

erosion, gully and channel erosions such as the soil loss equation (USLE). This 

equation is currently the most accepted method for predicting soil loss from sheet 

rill erosion. Thus, this equation will be considered in more details in the 

following section. 

4.3. The Universal Soil Loss Equation (USLE) 

The USLE equation is the most widely used equation for estimating gross 

erosion from sheet - rill erosion. The equation has been developed in 1965 by 

Weischmeier and Smith and then modified in 1975 by Williams. The USLE as a 

parametric model uses six parameters in estimating the soil loss at a given site. 

This equation can be expressed as: 

A=RKLSCP (4.3) 
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where A is the computed soil loss in dimensions selected for K and for the time 

period selected for R; R is the rainfall factor, usually expressed in units of rainfall 

index, EI; K is the soil-erodibility factor expressed in tons per acre per EI unit; L 

is a dimensionless slope length factor; S is the slope steepness factor; C is the 

cropping and management factor; P is the erosion control practice factor. In 

general terms, the first four factors have fixed values at a given site, for the 

normal period of record, while the last two are varied according to land use and 

management decisions. For a better understanding of these factors in both 

standard and metric units, each factor will be considered in more details. 

4.3.1. The rainfall Factor, R 

The factor R is an index of the erosive potential of rainfall and a function 

of kinetic energy of storm rainfall volume and rainfall intensity. It is expressed in 

most cases by the total of the storm erosion index (EI) values. EI is the product of 

the storm's kinetic energy, KE, (ft-tons per acre-in) and the maximum 30 minute 

intensity (inches per hour) times 1 o-2, or 

R = L EI = L KE * 130 

100 100 
For P> 0.5 in (4.4) 

The relationship between kinetic energy, KE, and intensity, I, for non-orographic 

storms is derived by Wischemeier and Smith and expressed by: 
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KE = 916 + 331 log 10I (4.5) 

where KE in ft-tons/acr-in and I in in/hr. The KE of storm rainfall is performed 

over the time increment of the storm. The KE is expressed in metric units 

(Joules/m2
- em) by: 

KE = 210.2 + 89log r' (4.6) 

In addition to that, tables have been developed using equations 4.5 and 4.6 by 

Wischmeir and smith (1958) from which KE can be read (table 4.2). 

Table 4.2. Kinetic energy of natural rainfall (foot tons per acre inch). 

Intensity 
(inlhr) 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 

0 0 254 354 412 453 485 512 534 553 570 
0.1 585 599 611 623 633 643 653 661 669 6n 
0.2 685 692 698 705 711 717 722 728 733 738 
0.3 743 748 752 757 761 765 769 n3 m 781 
0.4 784 788 791 795 798 801 804 807 810 813 
0.5 816 819 822 825 827 830 833 835 838 840 
0.6 843 845 847 850 852 854 856 858 861 863 
0.7 865 867 869 871 873 875 an 878 880 882 
0.8 884 886 887 889 891 893 894 896 898 899 
0.9 901 902 904 906 907 909 910 912 913 915 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
1 916 930 942 916 964 974 984 992 1000 1008 
2 1016 1023 1029 1016 1042 1048 1053 1059 1064 1069 
3 1074 1079 1083 1074 1092 1096 1100 1104 1108 1112 
4 1115 1119 1122 1115 1129 1132 1135 1138 1141 1144 
5 1147 1150 1153 1147 1158 1161 1164 1166 1169 1171 
6 1174 1176 1178 1174 1183 1185 1187 1189 1192 1194 
7 1196 1198 1200 1196 1204 1206 1208 1209 1211 1213 
8 1215 1217 1218 1215 1222 1224 1225 1227 1229 1230 
9 1232 1233 1235 1232 1238 1240 1241 1243 1244 1246 

from 'Msctlmeier, 1972. 
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4.3.2. The soil erodibility factor (K) 

The soil erodibility factor, K describes the erodibility of the soils according 

to their characteristics such as grain size distribution, texture, permeability and 

organic content. It is defined as the average increase in soil loss for each 

additional EI when L, S, C, and P equal 1.0 and it is usually expressed in tons per 

acre per EI 

unit (Wischmeier, 1972). Values forK have been observed between 0.02 to 0.69 

(Olson and Wischmeier, 1963). Graphically, K values based on the soil 

characteristics are obtained from a nomograph proposed by Wischmeier and Smith 

(1978) (Fig. 4.1). The conversion factor of the K values obtained from this 

nomograph into metric tons per hectare per EI units is 0.2572 Approximate 

values of this factor, based on the triangular soil classification in figure 4.2, are 

shown in table 4.3. 

4.3.3. The slope length factor, L 

The slope length factor is a dimensionless and defined as the ratio of soil 

loss from a particular slope length to that from a 72.6 feet (22.1 meters) length 

when all of the other conditions are the same. Therefore, L can be expressed as: 

L = ( A./72.6 )m ( 4.7a ) 

if A is in feet. Or as: 
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Figure 4.2. Triangular soil classification (from Shen and Julien, 1993) 
,• 

Table 4.3. Soil erodibility factor, K, in tons/acre 

Textural class Organic matter content % 
0.5 2 

Fine Sand 0.16 0.14 
Very fme Sand 0.42 0.36 
Loamy Sand 0.12 0.10 
Loamy Very fme sand 0.44 0.38 
Sand loam 0.27 0.24 
Very fme sandy loam 0.47 0.41 
Silt loam 0.48 0.42 
Clay loam 0.28 0.25 
Silty clay loam 0.37 0.32 
Silty clay 0.25 0.23 

•From Shen and Julien, 1993 
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L = ( A/22.1 )m ( 4.7b) 

if A is in meters. 

A is the field slope length represented by the distance from the point of origin of 

overland flow to the point where either the slope decreases to the extend that 

deposition begins, or the runoff water enters a well defined channel (Smith and 

Wischmeier, 1957) and m is the length exponent which is related to slope 

steepness, particle size, storm characteristics and management. The exponent value 

ranges from 0.3 for long slopes with less than 0.5% gradient to 0.6 for steeper 

slopes. For general use the recommended average value is 0.5. 

4.3.4. The slope steepness factor, S 

This factor accounts for increase in soil loss due to the increase in slope 

gradient. This factor is defined as the ratio of soil loss from a given slope to that 

from a 9% slope when all other factors are the same. The soil loss, A, from the 9% 

slope is : 

Thus, 

A= 0.043 s2 + 0.3 s + 0.43 = 6.613 

S _ 0.43 + 0.3s + 0.043 s2 

6.613 

where: s = slope gradient in %. 

(4.8) 

(4.9) 
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The combination of equation ( 4.7 and 4.9) accounts for the combined effect 

of slope length and slope gradient. This can be read from figure 4.3 or calculated 

by: 

LS = ( A )0
·
5 * ( 0.00076s2 + 0.0053s + 0.0076 ) (4.10a) 

If A in meters 

LS = (A )0
·
5 * ( 0.00138s2 + 0.00965s + 0.0138) (4.10b) 

for slopes from 0 up to 20% and 350 feet long. For slopes higher than that (slopes 

up to 50% and 800 feet) LS effect is read from figure 4.4. which has been 

calculated by Arnoldus ( 1977) using: 

LS = (A/72.6)0·6 • (S/9)1.4 (4.11a) 

if A in meters 

LS = (A/22.1 )0·6 • (S/9)1.4 (4.11b) 

4.3.5. The cropping management factor, C 

The C factor is the ratio of soil loss from land cropped under specified 

condition to the corresponding loss from tilled, conditions fallow. Values of C 

range from near zero to 1.0 depending upon the combined effect of all interrelated 

cover and management variables such as vegetation type, canopy during growth 

stage before and after harvesting, fertilizing, and crop sequence. 
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Average annual values of C are given in table 4.4 for permanent pasture, range 

lands and idle lands and for woodlands. 

4.3.6. The erosion control practice factor, P 
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This factor accounts for practices that reduce the erosion potential of runoff 

by their influence on drainage pattern, runoff concentration and velocity. Such 

practices are related to the slope steepness. Values of P for these practices, are 

listed in table 4.5. 

4.4. The modified USLE (MUSLE) 

Sediment Yield in most watersheds is limited by sediment deposition along 

the flow path. The deposition process occurs when the sediment supply exceeds 

runoff transporting capacity. Therefore, sediment yields are strongly related to the 

flow characteristics more so than to rainfall characteristics. Williams (1975) 

developed the modified USLE using data from 18 small watersheds. This 

modification is carried out by replacing the rainfall energy factor R by a runoff 

factor. Thus, the need for a delivery ratio is eliminated. The MUSLE increases 

the accuracy of the USLE by predicting sediment yield from individual storms 

rather than on an annual basis. The MUSLE is expressed as: 

A= 95 (Qqp)0
·
56 K LS C P ( 4.12) 



Table 4.4. Cropping management factor, C. for Permanent Pausture, Rangland, and Idle land<•> 

Vegetal canopy Cover that contacts the surface 

Type and Hight of Canopy type(dl I Percent Ground Cover 
Raised Canopy(b> Cover (c) I 0 20 40 60 80 
column No 2 3 4 5 6 7 8 

No appreciable canopy G 0.45 0.20 0.100 0.042 0.013 
w 0.45 0.24 0.150 0.090 0.043 

Canopy of tall weeds or 25 G 0.36 0.17 0.090 0.038 0.012 
short brush w 0.36 0.20 0.130 0.082 0.041 
(0.5 m fall ht.} 50 G 0.26 0.13 0.070 0.035 0.012 

w 0.26 0.16 . 0.110 0.075 0.039 
75 G 0.17 0.10 0.060 0.031 0.011 

w 0.17 0.12 0.090 0.067 0.038 

Appreciable brush or 25 G 0.40 0.18 0.090 0.040 0.013 
bushes w 0.40 0.22 0.140 0.085 0.042 
{2m fall ht.} 50 G 0.34 0.16 0.085 0.038 0.012 

w 0.34 0.19 0.130 0.081 0.041 
75 G 0.28 0.14 0.080 0.036 0.012 

w 0.28 0.17 0.120 o.on 0.040 

Trees but no appreciable 25 G 0.42 0.19 0.100 0.041 0.013 
low brush w 0.42 0.23 0.140 0.087 0.042 
(4m fall ht.} 50 G 0.39 0.18 0.090 0.040 0.013 

w 0.39 0.21 0.140 0.085 0.042 
75 G 0.36 0.17 0.090 0.039 0.012 

w 0.36 0.20 0.130 0.083 0.041 

a} All values shown assume: {1) random distribution of mulch or vegitation, and (2) mulch of 
appreciable depth where it exists. 

b) Average fall height ofwaterdrops from canopy to soil surface: m =meters. 
c) Portion of total-area surface that would be hidden from view by canopy iin a vertical 

projection, (a bird's s-eye view) 
d) G: Cover at surface is grass, grasslike plants, decaying compaded duff, or litter 

at least 5 em (2 inches) deep 

W: cover at surface is mostly broadleaf herbaceous plants {as weeds) with little lateral-root 
network near the surface, and/or undecayed residue. . from Amoldus, 1977 . 

Table 4.5. Conservation practice factor, P, for Contouring, contour 
stripcropping and Terracing. 

Land Slope % P Values 
Contouring Contour 

Stripcropping 
2.0 to 7 0.50 0.25 
8.0 to 12 0.60 0.30 

13.0 to 18 0.80 0.40 
19.0 to 24 0.90 0.45 

a) For erosion-control planing on farmland. 

b) For prediction of contribution to off-field sediment load . 
• trom 'Machmei«, 1972. 

Terracing 
a b 

0.50 0.10 
0.60 0.12 
0.80 0.16 
0.90 0.18 
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95- 100 
9 

0.003 
0.011 

0.003 
0.011 
0.003 
0.011 
0.003 
0.011 

0.003 
0.011 
0.003 
0.011 
0.003 
0.011 

0.003 
0.011 
0.003 
0.011 
0.003 
0.011 
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where:A is storm sediment yield in tons; Q is the storm runoff volume in acre-feet, 

computed by equation 3. 7; qp is the peak flow rate in cubic feet per second. For 

ungaged watersheds, qp of the individual storms can be approximated using the 

relationships developed by the triangular hydrograph concept that are documented 

in SCS National Engineering Handbook section 4 (Fogel, Hekman and 

Duckstein,1976). Therefore, the peak flow is computed by: 

(4.13) 

where: A is the watershed area in square miles; Q is the runoff depth in inches; TP 

is the time to peak in hours, TP is evaluated as 0.7 Tc or as [ (D/2) + 0.6 Tc ]. Tc is 

the time of concentration in hours. Many equations are available to compute Tc 

such as Kent's equation will be used in this project. 

Tc = 0.000879 ( L 0·8 ) • [(1 000/CN) -9]0·7 • (S -0·385) (4.14) 

where L is the watershed length (in feets) from the furthest divide to its mouth, and 

s is the land slope in percentage. 

In SI metric units Q can be computed by equation 3.9 and qp by equation 

4.15 which represents the metric equivalent equation for 3.13: 

_ 0.2081Q A 
qP- T 

p 

(4.15) 

where A is the watershed area in square kilometers; T P is the time to peak in 



hours. The units of Q and qp are nun and m3/sec. respectively. The time of 

concentration, Tc is computed by: 

Tc = 0.002274( L0
·
8

) • [(1000/CN) -9]0
·
7 

• (S -0·
385

) ( 4.16) 
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Where L is the watershed length on meters, and S is the land slope in percentage. 
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CHPTER5 

CASE STUDY: WADI SURDUD CATCHMENT AREA 

5.1. Background 

Surface water is used to supply the agricultural demands in Wadi Surdud 

on a run of the river basis. However, the amount of surface water is not sufficient 

due to the shortcoming of the traditional spate irrigation system and the absence 

of water storage facilities (e.g. dams). This deficiency of surface water is covered 

by withdrawing groundwater, especially in the coastal plain zone of the wadi. 

Groundwater abstraction has increased very rapidly during the recent decades and 

has exceeded the safe yield. Continuous abstraction of groundwater expands salt 

intrusions and depletes the groundwater reservoir system, depriving the coastal 

zone from this source for water. 

Scarcity of water and increasing demand for water motivates the need for 

analyzing the surface water resources of the Wadi Surdud area. This analysis may 

maximize the benefits obtained from surface water and reduce or prevent current 

water use problems. 

5.2. Physiography 

Wadi Surdud is one of the five major wadis in the Western Escarpment. It 
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lies bet\veen longitude 42°30' and 44°00' East and latitude 15n 00' and 15° 35' 

North and covers an area of about 4050 km2 (Fig. 5.1). This area is composed of 
I 

t\vo distinct parts: an upper part which covers about 2340 km2 and forms the 

catchment zone and a lovver part which covers the rest of the area representing 

Tihama Plain (Fig. 5.2). 

The catchment zone is composed of rugged, strongly, dissected mountains. 

The upper stream of this zone is covered by Yemen Volcanics and Tawila 

sandstone and t.'le downstream is covered by Tertiary granitic intrusions (Fig. 5.3). 

\ 
0 

ESCA~;:::MENT 

Figure 5.1. Wadi Surdud Location. (From Mahyoub and Kamphuis, 1991) 
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5.3. Hydroclimatology 

Variations in climate are monitored by two meteorological stations. Ad 

Dahi located 70 m above mean sea level (operated by Water Resources 

Assessment Project, Republic of Yemen) and Manakha located 2,300m above 

mean sea level (operated by Haraz Project). The climate in the Wadi Surdud area 

is controlled by the topographic elevation and distance from the Red Sea. The 

climate on the coastal plain is hot with an average annual temperature of 30°C. 

The peak and mountain slopes in the eastern part of the area have a cooler climate 

with an average temperature of l8°C typically found at elevations around 2,000 m 

above mean sea level. 

The rainfall distribution in Wadi Surdud area is monitored by 10 automatic 

rainfall stations distributed over the catchment area (Fig. 5.4; Table 5.1). 

Convective rain storms may occur during any season, but they tend to occur 

heavily during the spring and the summer seasons. The spatial distribution of the 

rainfall for the period of 1984 to 1989 is shown by the isohyetal map (Fig. 5.5). 

The map shows that rainfall is very low near the Red Sea (0 to 200m), but 

progressively inland (200 to 500 m). This spatial distribution may be attributed to 

the orographic rise of air masses. Rainfall in the mountainous area increases in 

the north-western direction due to the effect of mountainous ridges which run 
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Table 51 Waid Surdud network 0 0 
Location instalation average 

Location map-shee coordinates date rainfall 
(data base UTM north UTM east elevation (1984-1990) 

identification) (m) (m) 

Ad Oahi 
(AOOAHI) 1543-C3 106820330 2900820 70 20-03-1984 13408 
(AOOAHI-A) 1543-C3 106820331 2900820 70 25-03-1987 

Khamis Bani Saad 
(KHAMIS-A) 1543-03 106790280 3400240 520 26-03-1987 36408 

Mathq 
(MAFHAG-A) 1543-04 106700260 3820810 1620 24-03-1987 26802 

Suq Assalf 
(ASSALF-A) 1543-04 10683.400 3850800 2920 25-03-1987 46401 

AI Mayan'an 'o 

(MAYAN-A) 1543-02 1.709.120 381.500 2250 23-03-1987 234.9 
AI Khamlu 

(KHAMLU-A) 1543-C4 1.679.491 330.321 364 19-03-1987 315.4 
Bani Azuhaif 

(ZUHAIF-A) '1543-C2 1.692.340 329.440 1284 21-07-f987 507.2 
AI-Qadam 

(QAOAM-A) 1543-03 1.671.861 351.970 924 19-07-1987 426.2 
AI Ghamer 

(GHAMER-A) 1543-01 1.695.351 344.621 924 20-07-1987 380.9 
Ar Rujum 

(RUJUM-A) 1543-01 1.709.590 353.320 1974 31-03-1987 597 
Bani Ysuf 

(YUSUF-A} 1543-04 1.685.400 373.350 1484 01-04-1987 517.8 

Faj AI Hussein 1543-C4 1.680.100 330.400 340 Jan. 1984 stream 
gauge 

Adopted~ Mahyoub and Kamphuis, 1991. 
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south east near Al Mafhag and north east near Al Mayan receives lower rainfall 

amounts as a result of rain shadow effects from the mountains. 
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Potential evaporatranspiration (ET) rates are much higher than the monthly 

and annual rainfall rates. Rainfall rates represent just minor fractions of ET rates. 

Penman potential ET rates of 1,825 mm/year and 1,500 mm/year were calculated 

for the Ad Dahi and Manakha stations, respectively (Vander Gun,1991). 

5.4. Surface Water Hydrology 

About 50 to 100 milliom cubic meters (Mm3
) of direct flow volumes in 

Wadi Surdud are collected and conveyed annually by the channel network fro1n 

approximately 2,340 Km2 of mountainous catchment area (Fig. 5.6). However, 

Wadi Surdud's channel network is dry for most of the year, the hydrograph 

characterizing these channels has a variable regime with high extreme, and 

quickly rising peaks of intermediate magnitude,( e.g. 85m3/sin figure 2.7) . 

During floods, the discharge magnitude may rise to several hundreds cubic meters 

per second. The water levels usually achieve their maximum within 15 minutes 

and then recede quickly. 

Base flow , originated from springs in the North-East part, is also observed 

over a limited distance in Wadi Surdud's main channel, just upstream of the 

coastal zone. Base flow rates measured at Faj Al Hussein are typically on the 

order of 0.5- 1.0 m3/sec, averaging 0.8 m3/sec (Fig. 5.7). Base flow constitutes 
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one third to half of Wadi Surdud's total volume of flow (Vander Gun,1986). 

Sediment transport tends to be extreme during high flows. Consequently it 

is evident that the wadi bed is likely to change considerably during every major 

flood (Van der Gun, 1991). 

5.5. Surface water use 

As mentioned previousely, surface water is used for irrigation, especially in 

the foothill area where the main wadi branches carry the base flow. Depending on 

the frequency and magnitude of the Wadi Surdud' s flows , the extent of irrigated 

land varies from year to year. The traditionally spate irrigated area encompasses 

15,000 ha, but only half of it is irrigated during a typical year, and it may as low as 

one-third during dry years. The water is distributed by earthen diversions(Aqms). 

Twelve earthen diversion structures exist in various parts of the wadi. 

Improvements for the irrigated system in the area commanded by the first eight 

diversions (Fig 5.6) were recommended by Halcrow at 1978. These 

improvements consist of replacing the existing diversions by permanent diversions 

and extending the distribution network. 

5.6. Wadi Surdud rainfall - runoff models 

A rainfall runoff model for the area was developed in 1991 by Gun and 
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Wesseling in cooperation \Vith the General Department of Water Resources 

Studies. This n1odel \vas developed as one of four modules. They are a surface 

\Vater allocation model (W AT AL); a two-fluid ground\vater model (BADON); an 

agrohydrological model (AGRIMOD); and a cost-benefit model (ECOBEN). The 

objective of the rainfall runoff model was to reproduce runoff records and to 

extend the data series ofFaj Al Hussein. The schematic representation for the 

model is presented in figure 5.8. It is based on the follo\ving assumptions: 

1- The average areal rainfall calculated from the ten rainfall stations is 

representative over the area; 

· Station rainfan"P 1, P2 , ..... , p n 

tThl~ 

baseyflow 
stream flow a 

1. From station rainfall to daily 
average areal figures 

2. From average rainfall to 
components of excess rainfall 

3. Routing through parallel linear 
reservoirs 

4. Total stream flow= base flow+ direct flow 

Figure 5.8 Schematic representation for the rainfall-runoff model. 
(From Van durGun, 1991) 



2- The daily average runoff at Faj al Hussein can be estimated with sufficient 

accuracy on the basis of daily average areal rainfall figures (lumped model 

approach); 

3- The response of catchment to rainfall can be described as the sum of two 

components: quickly reacting component (direct flow) and slowly reacting 

component (base flow); 

4- Each of the runoff components receives a predictable fraction of the average 

areal precipitation( f 1and f2). These fractions constitute a time series of excess 

rainfall that is transformed into a time series of runoff by routing it through 

parallel linear reservoirs. 
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The average daily stream flow at Faj al Hussein is obtained by summation 

of the simulated time series of base flow ( Qb), and direct flow (Qct) where Qb and 

Qct are computed after computing the values of (f1) and (f2). A fixed value for the 

base flow fraction (f1) was chosen as the basis for calibration. The direct flow 

fraction (f2) was calculated according to: 

(5.1) 

where the constants 0.81 and 2 are determined by trial and error; fa is a constant 

value chosen by calibration representing the average value for the rainfall fraction 

that produce the direct flow; API is an antecedent precipitation index used to take 

into account the moisture conditions due to the previous rainy days. 

In accordance with the objective of this paper, a rainfall runoff model was 
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developed using the CN method, which has been \videly used in the Southvvest of 

the United States. This model is based on the following assumptions: 

1- Like the previous model, the average areal distribution of the rainfall can be 

satisfied by the records of the ten rainfall stations that are distributed over the 

catchment area. 

2- The catchment area can be subdivided into sub-basins with estimated 

boundaries as shown in figure 5.9. The runoff produced by these basins is 

considered as a fraction of the average total runoff produced by the whole 

watershed. These fraction coefficients are shown below: 

--
Figure 5.9. Wadi Surdud catchment area sub-basins. 



Basin# 
1 
2 
3 

Coefficients 
0.2798 
0.3137 
0.4065 
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3- The base flow average is taken as 0.5 m3/sec for the dry periods and 1.0 m3/sec 

for the wet periods (Fig. 5.7). These values were subtracted from the observed 

records of runoff to obtain the direct runoff. 

4- A weighted average of curve number was estimated for each basin using CN 

values obtained by trail and error for the single storms that produced a significant 

direct runoff in the observed rainfall and runoff records. 

5-The average antecedent moisture condition (AMCII) has been assumed for this 

model. 

According to the above assumptions the daily average areal rainfall (P a) for 

each basin were obtained from the rainfall measured at each individual station (PJ 

by constructing a Thiessen Polygon network, where the area of each polygon in 

the network is expressed as a fraction of the total area. This method does not 

account for orographic influences but it accounts for the nonuniform distribution 

of rainfall at the different gages by providing a weighting factor (C) for each gage 

(Fig. 5.10 Tables 5.2 and 5.3); thus: 

(5 .2) 

where I. Ci = 1. 

The Thiessen method was applied to the study area after estimating the 
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Figure 5.10. Thiessen polygon network of wadi Surdud. 



Table 5.2. Thiessen coefficients for Wadi Surdud 

Rainfall stations network. 

No. Station Area 

I Assalf 153 
2 Ghamr 288 
3 Khamis 198 
4 Khamlu 36 
5 Mafbaq 324 
6 Mayan 306 
7 Qadam 342 
8 Rujum 207 
9 Yusuf 459 

10 Zuhaif 27 

·: .,• 

Table 5.3. Thiessen coefficients for Wadi Surdud rainfall 
stations network over the three basins. 

Basin 1 Basin 2 
stations area coeff. stations area coeff. 
Mayan 306 0.4674 Assalf 132.75 0.1809 
Assalf 20.25 0.0309 Mafhag 324 0.4414 
Yusuf 207 0.3162 Qadam 48.6 0.0662 
Rujum 121.5 0.1856 Yusuf 228.6 0.3115 

sum 654.75 1 733.95 1 

coeff. (Ci) 

0.0654 
0.1231 
0.0846 
0.0154 
0.1385 
0.1308 
0.1462 
0.0885 
0.1962 
0.0115 

Basin 3 
stations area 
Qadam 293.4 
Khamis 198 
Khamlu 36 
Zuhaif 27 
Ghamr 288 
Rujum 85.5 
Yusuf 23.4 

951.3 

coeff. 
0.3084 
0.2081 
0.0378 
0.0284 
0.3027 
0.0899 ., 
0.0246 

1 
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missing records at any station. The missing data for any station were estimated by 

relating that station to the other stations that surround it, and have rainfall records 

for the period of interest. This relationship can be expressed mathematically in 

equation (20) below: 

(5.3) 

where P m is the estimated missing rainfall depth at station (m); P0 ,2, ... ,n) is the 

rainfall at the surrounding stations; L0 ,2, .. . ,n) is the distance between the station (m) 

and the other stations. Table (5.4) shows in column 3 the values ofL that are 

relating the stations of missing records ( column 1) with their sourrounding 

stations ( column 2) 

The curve numbers, needed to apply equation (3.9), were estimated 

according to the fourth assumption by picking the storms that produces runoff 

from the observed records of streamflow at Faj Al Hussein and rainfall depths at 

different stations. The potential retention (S) values for these storms were 

calculated using equation 3 .14 and the corresponding values of CN were then 

calculated by equation 3.8. The resulted average values are 85.4, 85, and 77.8 

for basin 1, 2, and 3 respectively. These values are affected mainly by the 

topographic changes and the soil cover. Thus these values are relatively high 



Table 5.4: The distances between the stations of missing records 
and the surrounding stations. 

miss. rec. surround distance 1/L miss. rec. surround distance 
station stations ( L) station stations ( L) 
Kamlu Zuhaif 11.765 0.085 Mafhaq Assalf 12.353 

Khamis 9.7059 0.10303 Yusuf 17.059 
Ghamr 20.882 0.04789 Qadam 30.882 

Yusuf Assalf 11.765 0.085 Khamis Qadam 12.647 
Mafhaq 17.059 0.05862 Khamlu 9.7059 
Mayan 24.706 0.04048 Zuhaif 16.176 
Rujum 31 .176 0.03208 Ghamr 15.882 
Qadam 24.706 0.04048 Yusuf 32.941 
Khamis 32.941 0.03036 
Ghamr 29.706 0.03366 

Qadam Mafhaq 30.882 
Assalf Mafhaq 12.353 0.08095 Yusuf 24.706 

Yusuf 11 .765 0.085 Ghamr 23.529 
Mayan 25.294 0.03953 Khamis 12.647 

Rujum Ghamr 29.706 0.03366 Mayan Yusuf 24.706 
Yusuf 31.176 0.03208 Assalf 25.294 

· Mayan 29.412 0.034 Rujum 29.412 

1/L 

0.081 
0.0586 
0.0324 

0.0791 
0.103 

0.0618 
0.063 

0.0304 

0.0324 
0.0405 
0.0425 
0.0791 

0.0405 
0.0395 

0.034 

in both basin 1 and basin 2 where significant changes in elevation are found 

(Fig.5.2). 

5. 7 Rainfall-runoff model results and discussion 

For each basin in the Wadi Surdud catchment area, daily runoff estimates 

were computed for the period of 1988-1992 using equation 3.9. The estimated 

runoff depths have been converted into runoff volumes using the folowing 

equation: 
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Where D is the runoff depth in mm and A is the basin area in Km2
. The individual 

runoff flows were then added to compute the annual water yield for each year for 

each basin (table 5.5). These volumes were used to develop the flow duration 

Table 5.5. Average annual water yield of Wadi 
Surdud basins in Mm3

. 

Year Basin 1 Basin 2 Basin 3 Total 

1988 21.70 27.30 8.85 57.85 
1989 12.24 7.74 9.80 29.78 
1990 2.30 2.81 6.41 11.52 
1991 0.50 0.53 9.06 10.09 
1992 9.72 9.39 0.03 19.14 

average 9.292 9.554 6.830 25.68 

curves in figures 5.11, 5.12, and 5.13 for the basins 1, 2, and 3 respectively. 

For a water supply project, the amount of surface water that will be 

dependable at the given site along the stream at a certain level of the time is the 

amount which can be considered for the design and operation. This amount is 

called the firm yield or the safe yield. The firm yield of a reservoir was also 

defined by Chow et al (1988) as the mean annual withdrawl rate that would lower 

the reservoir to its minimum allowable level just once during the critical drought 

of record. Because the annual water yields for the three basins of Wadi Surdud 
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area are low and not enough to develop water storage projects within the range of 

· less than 50% of the time, the water yield at the 50% level is taken as the safe 

yield for this case. Safe yields for these three basins were obtained from the flow 

duration curves and shown below: 

· Basin# 

1 
2 
3 

Water yield (Mm3
) 

9.72 
7.74 
8.85 

The results of this model represent unreliable estimations of runoff and 

should not be considered as exact for several reasons. These reasons are: ( 1) soil 
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information was not available to estimate the CN according to the soil type and 

vegitation cover from the index tables which are provided in NEH-4; (2) the 

rainfall records were very short (5 years) and there was no information regarding 

the rainfall intensities and durations. (3) there was a shortage of stream flow 

records that could be used in calibrating and testing the model; ( 4) there were no 

topographic maps of the disposal of the author. However, this project was 

intended as a demonstration of a proposed methodology which can be refined and 

tested when access to more data is obtained. The applicability and usefulness of 

the method for conditions in Yemen can then be judged better. In the interim, the 

CN equation has been applied with a range of curve numbers on the observed 

daily rainfall records producing results for the different conditions. Based on 

Grunsky's quadratic rule (1908), these results were then used in developing a 

general equation for the rainfall - runoff relationship for each basin in Wadi 

Surdud in the form: 

Q=CP2 [mm] (5.5) 

Cis the rainfall- runoff coefficient is shown in table 5.6 and figure 5.14 and was 

determined by: 

(a) computing the mean annual runoff for each year by the SCS equation ( 

Equation 3.9) for different values of CN. 

(b) forming the ratio C=Q/p2
• 



(c) averaging the C values for the 5 years of data. 
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Table 5.6. Rainfall runoff coefficients (C) for 
Wadi Surdud basins. 

CN Basin 1 Basin 2 Basin 3 
c * 1 o-4

) c * 1 o-4
) ( * 10-4) 

95 5.56 5.06 6.92 
90 1.91 1.59 3.03 
85 1.00 0.53 1.56 
80 0.30 0.17 0.86 
75 0.10 0.05 0.48 
70 0.03 0.0087 0.26 
65 0.0038 0.0001 .0.12 
60 0.00 0.00 0.04 

Figure 5.14. CN - Basins Rainfall Runoff Coefficient 
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5.8. Sediment yield analysis 

The sediment accumulation in the proposed site of a water supply reservoir 

reduces the storage capacity and, thus the life of the project. Therefore, accurate 

estimations for sediment yield must be considered at the time of planing. In this 

study, sediment yield from basin 2 of Wadi Surdud was calculated using the 

modified USLE method (equation 4.12) to demonstrate the methodology. Due to 

the lack of information needed to evaluate each parameter of the equation, some 

assumptions were made representing average conditions for the basin. These 

assumptions are listed below: 

1- The rainfall runoff model estimations are acceptable and can be used for the 

parameters Q and qP. 

2- The parameters K, LS, C, and P of the different drainage areas in the basin can 

be weighted according to their drainage areas, so that the erosion can be computed 

for the entire basin in one solution of the equation (Williams, 1972). The general 

form of the weighting function is: 

Lx. DA. X= I I 

DA 
(5.6) 

where: i = 1, 2, . .. , n; 

X = weighted factor; 

xi= value of the factor covering drainage area DAi; 
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DA =total drainage area of the basin. 

3- The soil structure in the coastal plain areas of Wadi Surdud is a composite of 

sand, loamy sand, and loam (Vander Gun, 1991). The soil in 30% of basin 2 is 

assumed to be composed of these three types of soils. With these assumptions, the 

erosion factor K for the 30% soil cover is approximated to be 0.28 from table 4. 3 

and figure 4.2. The rest of the basin's area is assumed to be covered by the 

Quaternary volcanic mountains (Fig.5.3). These mountainous areas are 

charactrized by alluvial boulders, pebbles, sands, and clay cover. If the K value 

for these area is assumed to be 0.1, the wieghted average for the whole basin is 

going to be 0.154 ton per acre per EI units (0.0396 ton per hectar per EI units) . 

4- The combined effect of slope length and gradient was evaluated using equation 

4.1 Ob after approximating the slope length and slope gradient from figure 5.2 and 

5.9. The slope length, A, is approximated using the drainage density methods 

(Horton, 1945). Where : 

A= 0.5 DA 
LCH 

(5.7) 

where DA is the drainage area, LCH is the total length of channels in watershed. 

The basin was divided into three drainage areas A, B, and C (Fig 5.15). The 

approximated areas are 387, 238, and 119 square kilometers for area A, B, and C 

respectively. The slope lengths and gradients were approximated from the 
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Figure 5.15. Basin 2·drainage areas A, B, and C 
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imperfect maps in figures 5.2 and 5.15. The slope length in area A is 3 916 meters 

(m) with 15% gradient, in area B is 1808.5 m with 5% gradient, and in area Cis 

2890 m with 10% gradient. With these characteristics the combined effect ofLS is 

15.84. 

5- The cropping factor, C, was evaluated using table 4.4 from the general 

classification of the vegetative cover of the Yemeni areas by Grolier and Ibrahim 

( 1984 ). They grouped the vegetation cover according to the altitude into three 
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zones. The first zone between 200 - 1,250 m is characterized by myrrh, palm trees , 

and many cultivated plants. Higher up, the second zone between altitudes 1,250 -

2,000 m is an evergreen zone where euphrobia are dominant. Above 2,000 m the 

third zone grass land prevails. The vegetation characteristic of the first zone cover 

is 5o/o of the area with 25o/o canopy cover and 20% of ground cover. The second zone 

type vegetation covers 85% of the area with 25% canopy cover and 40o/o of ground 

cover, and the rest are covered by the third zone types with 25% canopy cover and 

40% of ground cover. With these characteristics, the C value is approximated from 

table 4.4 to be 0.19 for the first zone, 0.09 for the second zone, and 0.09 for the third 

zone. The weighted factor for these three zones is 0.091. 

6- The erosion control practice factor, Pis considered only for the cultivated areas 

(Williams, 1972). Thus, value of 0.1 was given for the 30o/o cultivated areas in the 

basin and value of 1.0 for the rest of the area. The value of Pin the cultivated 

area was approximated by assuming that the agricultural practices in the basin area 

are restricted to manmade terraces with slope ranges between zero and 1 Oo/o . The 

weighted average of P factor for the entire basin is 0.73. 

5.9. Sediment yield analysis results 

For basin 2 in the Wadi Surdud catchment area, soil loss estimations were 

developed for the period of 1988-1992 using the MUSLE defined in equation 
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( 4.12). Sediment losses predicted by this equation represent only the loss from 

sheet rill erosion sources. Thus, these estimations may not represent the total 

sediment yield of the basin. Glymph ( 1951) indicated that the sediment yield from 

the sheet rill sources are usually much greater than the other sources like gully 

erosions. Therefore, the resulting estimates for basin 2 from this method have 

been considered to adequately represent the sediment yield. The annual sediment 

yield estimations for the basin was computed by adding up the sediment yields of 

the events occurred during the period of the study. These estimations in million 

tons per year are: 

Year S.Y. 
1988 1.0302 
1989 0.2746 
1990 0.0884 
1991 0.0149 
1992 0.3368 

Average 0.3490 

The annual sediment yields and their average are represented graphically in the 

flow duration curve (Fig. 5 .16). The curve shows that the average of sediment 

yields occurs at 32.73% of the time or less. Having this amount at this percentage 

of the time means that there is a probability of 0.3273 to have this much sediment 

will be transported from the basin to a site of deposition. This site of deposition 

might be a reservoir, lake or any other water development structure. Therefore, 

this amount must be incorporated with the other parameters affecting the size of a 
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Figure 5.16. Annual Sediment Yield (S.Y) for Wadi Surdud (Basin 2) 

10 

c;;-
c: ..... 
0 
1-
c: 

~ 0.349 

I 
> 0.1 

....... 
- - -- -,- -- - --- - _......_ 

I -K 
I ............... 

1'-.... 
u) 

I 
I ....... I 
I "' I I 

""" I "'. 
0.01 32.73 

0 10 20 30 40 50 60 70 80 90 

Time{%) 

proposed project such as a storage capacity and reservoir area in determining the 

project life and the project economic return. The project life can be approximated 

. by comparing the volume of the sediment yield with the storage capacity. For the 

case of basin 2, the volume of the sediments that transported through the outlet of 

the basin is 2.048* 105 m3/year. So if for example a reservoir was built at the outlet 

with a design capacity of 10 million cubic meters, it would be last for about 50 

years if 2.048 * 105 m3 /year of sediments were transported every year into the 

reservoir. If the reservoir is not at the outlet, the catchment area behind reservoir 

is then considered for the sediment yiel~ calculations. For example if the area 

behind the reservoir is 500 K.m2, the sediment yield is going to be 0.2345 million 

tons/year (1.398* 105 m3/year) and a reservoir of 10 million cubic meters will last 
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for about 70 years long. 

The sediment yield volume of basin 2 was computed by considering the 

dry weight of the fine to medium grain sediments considered by the calculations of 

the MUSLE in the basin because: ( 1) In Yemen the very fine sediment were 

mostly washed out and trapped in the agricultural areas during the time of 

management practices; (2) the USLE as an emperical formula for the agricultural 

fields does not account for the transportation of boulders. This wight is 95 lb/ft3 

(approximately 1,600 Kg/ metric ton) as dray wight. 

Generally, the amount of sediment yield is sensitive for changes in 

management practices. These changes cause changes in the cropping management 

factor and in the curve numbers which in tum affect in both the runoff volumes 

and peak magnitudes. Thus, curves relating both the cropping factor and the peak 

discharge to the sediment yield were developed for the area ( Fig. 17) from which 

the value of the sediment yield can be read easily by knowing the peak flow. 

These curves were developed using the assumptions listed previously but they can 

be adopted to represent the actual situation for the area by introducing more 

accurate approximations for the parameters K, L, S, and P. 
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Fig. 5.17. Sediment yield in relation with peak discharge rate and 
cropping management factor for Wadi Surdud (Basin 2) 
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This project has described various methods of analyzing and approximating 

water yield and sediment yield with limited data for design purposes of water 

supply projects in small watersheds in Yemen. The methods discussed and 

applied herein to the case study have been successfully applied for small scale 

watersheds in the Southwestern of United States. For the case of Republic of 

Yemen (ROY) where the data are scarce in most of the regions, the lumped 

rainfall runoff models such as the SCS curve number method provides an 

estimation for runoff based on individual events of rainfall. The CN method was 

applied for the area of Wadi Surdud using a daily rainfall data for the period of 

1988-1992. 

The reliability of the resulting estimations of this model is not enough to 

put this model for use for design purposes of water supply projects for the 

different basins of Wadi Surdud because of: ( 1) soil information was not 

available to estimate the CN according to the soil type and vegetation cover from 

the index tables which are provided in NEH-4; (2) the rainfall records were very 

short (5 years) and there was no information regarding the rainfall intensities and 
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durations. (3) there was a shortage of stream flow records that could be used in 

calibrating and testing the model; ( 4) there were no topographic maps of the 

disposal of the author. Therefore, the general lines of the methodology and the 

applicable equations have been developed for use when more accurate data are 

available. In the SCS curve number technique, a good estimation of the CN is 

essential because of the high sensitivity of this method to CN parameter much 

more so than to the rainfall parameter. Values of CN not only affect the runoff 

estimations but also affect the sediment yield estimations. The sediment yield 

estimation for basin 2 in Wadi Surdud was established using the modified USLE. 

Using this method eliminated the need of using the sediment delivery ratio 

required by USLE in estimating the sediment yield. This method can be applied 

to most regions of ROY for predicting the sediment yield from individual runoff 

events. The effect of the CN values in this equation is represented by its effect in 

the equation's parameters Q, qP' and the cropping factor C. A seasonal change 

might occur in the value of CN due to the change in management practices. The 

variables K, L, S, and P in the equation are assumed to remain constant unless 

climatic changes occur. Thus, curves relating peak flow to different values of the 

factor C were developed for the study basin in Wadi Surdud. From these curves 

the value of the soil loss can be read for any combination values of both C and q
1 

• 
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6.2. Conclusion 

The combination of the SCS curve number model with the modified USLE 

model appears to be a viable methodology for determining water and sediment 

yield from small watersheds in Yemen. In modeling, quality of the output is 

affected by the quality of the input data. Thus, the results of the case study of 

watershed 2 in the Wadi Surdud should be regarded only as a demonstration of the 

methodology, since both the quantity and quality of the input data was not 

adequate. The combined model should be applied and tested with: 

1- Good topographic maps. 

2- Rainfall frequency duration figures of specific return periods. 

3- Rainfall intensity records or rainfall intensity frequency figures. 

4- Detailed information for the distribution of both soil and vegetative covers. 
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