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ABSTRACT
 

High water table levels presenting hazards to crop growth were
 

measured at field sites in upper, middle, and lower Egypt. WPater
 

table contribution to evapotranspiration was significant at each
 

site. A water balance model of the water table aquifer was used to
 

predict the effect of various interventions on water table levels.
 

Desirable lower water table levels could not be maintained through
 

on-farm irrigation efficiency improvement including lining of
 

on-farm channels while using surface irrigation methods. Branch,
 

Jistributary, and private canal lining would have negligible effect
 

on water table levels. Increasing drainage outflows could maintain
 

desirable water table levels. Corresponding increases in required
 

water deliveries would be expected.
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INTRODUCTION
 

High water table levels have been observed at Egypt Water Use and
 

Management Project (EWUP) sites in the old lands of Egypt. Measurements
 

at Abyuha, Beni Magdul, and Abu Raya have revealed that average water
 

table levels vary between 0.2 and 2.0 m below the ground surface on a
 

monthly basis (Helal et al., 1984). High water tables present hazards of
 

water logging, salinity, and restricted crop root zone depth. As part of
 

an effort to improve irrigation water management at the farm level, EWUP
 

has conducted a study to describe the relation between 'rrigation water
 

management and high water tables. Such a description would aid in
 

understanding how a high water table affects the way water is managed and
 

used on the farm. Also, it would aid in evaluating how improvements in
 

irrigation water management might alter the high water table condition.
 

At Project sites in Abyuha, Beni Magdul, and Abu Raya, the water
 

tdble is supportc-d by a heterogeneous soil profile containing layers of
 

clays, silts, and to a lesser extent, sands. This heterogeneous profile,
 

referred to in this study as the clay-silt layer, forms a semi-confining
 

cap over a lower aquifer of sand and gravel (Warner et al., 1984; Barber
 

and Carr, 1981; Ministry of Irrigation, 1981).
 

At present, average water table levels at Project sites appear to be
 

stable from year to year, neither rising nor falling on an annual basis.
 

Storage change in the clay-silt layer containing the water table is
 

negligible with inflow essentially equal to outflow (Helal et al.,
 

1984). Lowering the water table requires a reduction in storage in the
 

clay-silt layer or a condition where outflow exceeds inflow. If inflow
 

is reduced or outflow increased for a sufficient period of time then the
 

water table will be lowered. In order for a stable lower water table
 

level to be maintained, a new equilibrium of inflow and outflow must be
 

obtained which provides adequate water to meet crop consumptive use
 

requirements. Interventions with potential for providing stable lower
 

water table levels include improving on-farm irrigation efficiency and
 

lining canals to reduce inflow to the water table as well as providing
 

artificial drainage to increase outflow.
 

To describe the relation between irrigation water management and high
 

water tables In Egypt, EWUP conducted a study with the following
 

objectives:
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1. 	 Develop a conceptual water balance model of the water table in
 

the 	 clay-silt layer to include all components of inflow,
 

outflow, and stor3ge change and to describe the components in
 

relation to parameters associated with irriqation water
 

management,
 

2. 	 Quantify the terms of the water balance model using data
 

collected from Project field sites, and
 

3. 	 Employ the model to investigate alternatives for establishing
 

stable lower water table levels including improving on-farm
 

irrigation efficiency, lining canals, and installing artificial
 

drainage.
 

LITERATURE REVTEW
 

Moustafa, et al. (1977) conducted lysimeter experiments in which 

maize was grown on an Egyptian clay loam soil with various constant 

depths between 0.4 and 1.60 m to a saline water table (10,000 ppm NaCl+ 

CaCl 
2 

4:1). For water table depths of less than 1.30 m, significant 

yield decreases were observed. There was no sigluificant difference in 

evapotranspiration for the various treatments. Water table contributions 

to evapotranspiration were 26.5%, 16.7%, 10.0%, 7.4%, and 4.8% for water 

table depths of 0.4, 0.7, 1.0, 1.3, and 1.6 m, respectively. 

Similar experiments were conducted for cotton by Moustafa, et al.
 

(1975). Yield increased with increasing water table depth. As compared
 

to the yield with a water table depth of 1.6 m, yield reductions were
 

11%, 18%, 30%, and 54% for water table depths of 1.3, 1.0, 0.7, and 0.4
 

m, respectively. Water table contribution to evapotranspiration was
 

30.7%, 21.4%, 18.7%, 15.1% and 8.8% for water table depths of U.4, 0.7,
 

1.0, 1.3, and 1.6 m, respectively.
 

A shallow water table can serve the useful purpose of supplying water
 

to the crop root zone. However, in general, yield reductions increase as
 

water table levels rise and simultaneously water table contribution to
 

evapotranspiration increases. The above experimental results suggest
 

that for clay loam soils in Egypt, average saline water table levels
 

should be held below 1.3 m in order to avoid yield reductions. That is,
 

water table levels should be maintained for which water table
 

contribution to evapotranspiration is low.
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Data on the quality of the shallow wuter table at Project sites
 

indicates that salinity is typically moderate but occasionally severe (El
 

Falaky et al., 1984). Measurements in the shallow water table at Abyuha
 

showed a range of about 300 to about 1,700 ppm total dissolved salts. At
 

Beni Magdul, the range was about 250 to about 4,000 ppm. At Abu Raya,
 

the salinity problem was most severe with measurements of total dissolved
 

salts ranging from about 300 to about 14,50V ppm.
 

Lowering the water table can reduce upward water movement to
 

negligible levels. The optimal depth at which water levels should be
 

maintained can be determined by considering such factors as the cost of
 

artificial drainage (Hillel, 1971). in the present study the desired
 

water table depth is assumed to be that for which upward flow contributes
 

less than 5% of evapotranspiration.
 

SITE DESCRIPTION
 

The study was conducted in three small irrigated regions (Figure 1):
 

Abyuh , near El Minya in Middle Egypt; Beni Magdul, near Cairo; and Abu
 

Raya, near Kafr El-Sheikh in the northern Nile Delta. At each site
 

on-farm and delivery system improvements were tested within an area
 

served by a distributary canal and its mesuas (private canals) which
 

deliver water to farms. These sites were selected by the Project as
 

representative of irrigated agriculture in Egypt and because their
 

features allowed relatively well-defined system boundaries: canals,
 

drains and roads. Irrigation and drainage conditions throughout each
 

distributary canal command area had to be considered when quantifying
 

inflow and outflow components to the water table subsystem and
 

identifying interventions with potential for lowering average water table
 

levels.
 

The surface soils at each of the three sites are clays of the
 

Vertisol soil order (Dotzenko, et al., 1979; Selim, et al., 1983a; Selim,
 

et al., 1983b). These soils expand under wetting and crack upon drying
 

on-farm conveyance losses and large water application
leading to large 


depths (Litwiller, et al., 1984; Ley, 1983). The clay-silt layer which
 

supports the water table aquifer varies in thickness, composition, and
 

hydraulic conductivity from site to site (Warner, et al., 1984). The
 

monthly average depth to the water table for each site is shown in
 

Figure 2.
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Abyuha Site
 

Located in Middle Egypt about 17 km south of El Minya, the Abyuha
 

site (Figure 3) encompasses a total area of approximately 1213 feddans
 

(5604 hectares). Clover, beans, and wheat are the major crops grown in
 

the winter season. In the summer, primary crops are maize, cotton, and
 

soybeans. Sugar cane is grown throughout the year. The region is served
 

by the Abyuha distributary canal which takes water from the Ibrahlmiya
 

branch canal and distributes it to the region's 30 mesuas. The clay-silt
 

layer at Abyuha is about 12 m thick and consists of the following soils:
 

clay, silty, clay loam, sandy loam, silt loam, and sandy clay loam.
 

Horizontal saturated hydraulic conductivity was estimated to be about
 

1.10 m/day from 26 auger-hole tests. Data from 41 observation wells
 

distributed throughout the region showed that over a period of two years
 

the monthly average water table depth fluctuated between 1.20 m and 1.92
 

m below ground surface (Figure 2).
 

Beni Magdul Site
 

The Beni Magdul site (Figure 4) is located in the southern portion of
 

El-Mansuriya Irrigation District of the Giza Governorate about 20 km west
 

of Cairo. The site is comprised of apDroximately 842 feddans (354
 

hecteres) of which about 810 feddans (340 hectares) are under
 

cultivation. Clover wheat, and vegetables are the major corps grown in
 

the winter seazon. Maize and vegetables are ma.or summer crops. *he
 

Beni Magdul distributary canal, a branch of El-Mansuriya canal, supplies
 

water to the region's 16 mesqas. A small amount of additional water is
 

supplied by flow from adjacent regions, from deep aquifer pumping, and
 

from pumping out of surface drains. The clay-silt layer at Beni Magdul
 

(thickness, 14 m) consists of clay, sandy clay, clayey sand, and fine
 

sand. Horizontal saturated hydraulic conductivity of the clay-silt layer
 

was about 0.20 m/day (8 auger-hole tests). Observations from 30 wells
 

over the past four years showed that the monthly average depth to water
 

table ranged from about 0.65 m to 0.90 m (Figure 2).
 

Abu Raya Site
 

The Abu Raya site (Figure 5) is located near Abu Raya village, about
 

35 km northeast of the city of Kafr El-Sheikh. The site it comprised of
 

a total of about 6,300 feddans (2,646 hectares). In the winter season,
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clover, wheat, and sugar beets are the primary crops grown. The major 

summer crops are rice, cotton and maize. The Oaqalt distributary canal 
takes its water from the Mett Yazeed branch canal and distributes it to 
the region's 23 mesqas. Most of the Project's work in the area was 
concentrated along the third reach of the Daqalt on command areas served 

by three mssqas which consisted of a total of about 700 feddans (294 

hectares). Data collected from 35 observation wells over a period of two 

years in an area of 246 feddans (102 hectares) served by one of these 

mesgas showed that the monthly average depth to the water table was 0.20 

m to 0.80 m (Figure 2), The clay-silt layer at Abu Raya extends to a 

depth of about 35 m (Ministry of Irrigation, 1981). The saturated 

horizontal hydraulic conductivity was about 0.10 m/day (10 auger-hole 

tests). 

Rice cultivation represents 2 specific condition with direct impact 

on water table levels in Abu Raya. During rice cultivation, water is 

ponded continuously above the ground surface representing a water table 

level above the mean field elevation. The specific conditions of rice 

cultivation were not considered in the present study. 

The 	Irrigation System
 

The irrigation system studied at each of the sites consisted of the
 

irrigated land served by a distributary canal, the canal itself, and the
 

network of private canals (mesgas) delivering water to the land. The
 

system was defined by the following boundaries:
 

1. 	The inlet from the branch canal tc the distributary canal,
 

2. 	The interface between the cropped area and the branch canal,
 

3. 	The interface between the cropped are and the surface drains
 

within and surrounding the region,
 

4. 	The vertical extension of boundaries which define the horizontal
 

extent of the irrigation system, tiat is, canals and/or drains
 

surrounding the region,
 

5. 	The interface between the bottom of the clay-silt layer
 

containing the water table aquifer and the underlying sands, and
 

6. 	The interface between the atmosphere and soil, plant, or water
 

surfaces within the system.
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Figure 5 shows an example of the first three boundaries for the 

Daqalt distributary canal system at Abu Raya. Public drains enclose
 

the area. Private drains which parallel private canals (mesqas) are
 

not Illustrated.
 

The irrigation system was divided into the following subsystems
 

for purpose of analysis: the water delivery subsystem which includes
 

the distributary canal and mesqas (Figure Al of Appendix A), the on­
farm conveyance subsystem which includes all on-farm channels (namas) 

used for distribution of water to fields (Figure Al).; the field sur­

face wates' subsystem which contains the crop stand above the ground 

surface (Figure A2 of Appendix A), the soil water subsystem which con­

tains the soil profile down to the water table and includes the crop 

root zone (Figure A2), and the water table subsystem which contains 

the soil profile from the water table to the bottom of the clay-silt 

layer (Figure 6). The various subsystems interact by means of water 

that flows across the boundaries of one subsystem into another. The 

water table subsystem, which is the focus of this report, is described 

below. The functions and boundaries of the other subsystems are 

described in detail In Appendix A. 

WATER BALANCE MODEL 

The water table subsystem of the irrigation system is defined by 

the following boundaries (Figure 6): 

1. The water table (which fluctuates with time),
 

2. The bottom of the clay-silt layer,
 

3. Interfaces with canals or drains intersecting the water table, and
 

4. 	The vertical extension of canals and/or drains surrounding the 

region. 

A water balance aquation for the water table subsystem was Aeve­

loped from the general principle of continuity for a fluid. This 

principle states -0at for a specific period of time the total inflow 

to a system minus the total outflow irom the system is equal to the 

change in storage within the system. The total inflow to the water 

table subsystem is composed of water tkhat enters as lateral drainage 

and as deep percolation which includes downward drainage f'om the soil 

water subs,-stem and percolation from canals or drains intersecting the 
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water table. Total outflow is composed of vertical leakage to the
 

lower aquifer, upward flow to the soil water subsystem, and lateral
 

drainage outflow. Changes in water stored in the subsystem occur ai
 

the water table rises and falls. Thus, for a specific period of time
 

the following equation de 3es the water balance in the water table
 

subsystem [terms are expressed in units of volume rates per unit land
 

area, or depth per time [(mm3/day)/mm 2 = mm/day]:
 

(ddp + dldi) - ,duf + dld o + dvl) = Swt()
 

Where: ddp = inflow as deep percolation (mm/day),
 

dldi = inflow as lateral drainage (mm/day),
 

duf = outflow as upward flow from the water table (mm/day),
 

dldo = outflow as lateral drainage (mm/day),
 

dvl = .)utflow as vertical leakage (mm/day), and
 

Swt = storage change within the water table subsystem
 

(m/day).
 

A condition of water table equilibrium, or no seasonal storage 

change within the subsystem was considered. The components of 

Equation (1) were expressed in terms of components of water balance 

equations for other subsystems and in terms of several irrigation 

water management evaluation parameters resulting in the following 

balance equation for the water tablj subsystem: 

(1/ea - 1) (det - duf)a + (1/ecf - 1) (det - duf) (1/ea)
 

+ ddpwd = duf + dldo + dvl (2) 

Where ea application efficiency (decimal),
 

ecf = on-farm conveyance efficiency (decimal), 

det outflow from the soil water subsystem as evapotranspira­

tion (mm/day),
 

ddpwd = Outflow from the water delivery subsystem as deep per­

colation (mm/day), and
 

a = the fraction of loss of applied water that occurs as
 

deep percolation losses from the soil water subsystem to
 

the water table subsystem (decimal).
 

The detailed development of Equation (2) is presented in Appendix
 

A (Equation (A21)).
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For given soil profile characteristics and soil water content in
 

the root zone, upward flow can be expressed as a function of the depth
 

to the water table [i.e., duf = f (Ywt) where Ywt is the depth to the 
water table] (Doorenbos and Pruitt, 1977). When the relation between
 

water table depth and upward flow is known, Equation (2)may be used
 

as a water balance model to describe the relation between commonly 
used parameters associated with irrigation water management and the
 

depth to the water table. For a known or assumed set of irrigation
 

water management conditions, Equation (2) may be used to compute the 
resulting stable water table depth. Equation (2)may also be used to
 

investigate the combinations of irrigation water management conditions
 

required to produce a desired stable depth to water table. 

DATA COLLECTION AND DISCUSSION
 

Data were collected at each of the Project sites for use in 

enploying the model of Equation (2). Water budget studies at the 
regional level and studies of on-farm irrigation supplied data on the 

existIng and potential values of the parameters e_, ecf, and a and of 

the flow and storage components of the various subsystems. Studies of 

water table fluctuation at the sites and a review of the literature 
provided estimated relations between depth to water table and upward 

flow. 

Parameters and Subsystem Components 

The flow components det, ddpwd , dido, duf, and dvl and the para­

meters ea, ecf, and a of Equation (2) were quantified from data 
collected in the field. The flow components det, ddpwd, dido, and dvl
 

of Equation (2) were estimated by means of water budget studies con­
ducted for several agricultural seasons at each of the Project sites 

(Helal, et al., 1984). The parameters ea, ecf, and a were estimated
 

from studies of on-farm irrigation under conventional practices and 

under improved practices introduced by EWUP (Ley, 1983; Ley, et al., 

1984). The flow component, duf, was determined as a function of depth 

to the water table, ywt, for existing soil conditions from field data 

on water table decline during summer and winter cropping seasons. 

For Beni Magdul and Abu Raya, complete climatic data were 
collected from Project weather stations and crop surveys were con­
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ducted for 	use in computing det by means of the FAO modified form of 

the Blaney-Criddle equation (Doorenbos ana Pruitt, 1977; Helal, et 

al., 1984). For Abyuha, det was calculated using values of eva­

potranspiration for Middle Egypt reported in Nabawy (1981) and crop 

surveys in the region. Average summer season and winter season values 

of det for each of the sites are summarized in Table 1. 

The components ddpwd and dldo were calculated from the Darcy 

equation for groundwater flow using measured values of water table 

surface elevation from boundary observation wells and average measured 

values of saturated horizontal hydraulic conductivity (Mc Whorter and 

Sunada, 1977; Warner, et al., 1984). A more detailed description of 

the method used is given in Appendix B. Vertical leakage, dvl, at 

Project sites was determined by a combination of methods (Warner, et 

al., 1984). A summary of the estimated values for ddpwd, dido, and 

dvl for each of the sites is given in Table 2. 

Data were collected by EWUP on selected farms at each of the 

Project sites to characterize conventional irrigation water management
 

practices and to evaluate improved methods introduced by the Project.
 

Application efficiency, ea, was calculated for conventional and 

improved practices by measuring the amount of water applied to fields 

with small flumes and the amount stored in the soil profile by soil 

sampling. Seepage tests by the inflow-outflow and ponding methods 

were conducted for calculating the on-farm conveyance efficiency, ecf. 

The fraction of loss of applied water occurring as deep percolation 

from the soil water subsystem, a, was computed as follows:
 

a = (da - d - drowd - drod)/(da - ds) 	 (3)s 


Where da 	 = the amount applied to the field (m/nday), 

= the amount stored in the soil water subsystem (mm/day),ds 


drowd = the amount of runoff from the field that re-entered the 

water delivery channels (mm/day), 

drod = the amount of runoff from the field that entered surface 

drains (mm/day). 

The components drowd and drod were usually negligible in Abyuha 

and Beni Magdul since there was seldom surface runoff from fields, 

even under conventional practices. Consequently, the value of a was 
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Table 1.	Average evapotranspira­
tion at Project sites 
for summer and winter 
seasons (from Helal, 
et al., 1984). 

det (mw/day)
 
Site 

Summer Winter
 

Abyuha 4.5 2.2
 

Beni Magdul 3.9 2.3
 

Abu Raya 3.8 1.9
 



Table 2. 	Water delivery deep percolation losses, lateral drainage outflow,
 
and vertical leakage at Project sites.
 

Inflow or Description 	 Estimated Value (mm/day)
 
Outflow
 
Components
 

Abyuha Beni Magdul Abu Raya
 

ddpwd deep percolation losses 0.058 0.038 0.020
from branch canals, dis­

tributary canals and
 
private canals (mesqas).
 

dldo lateral subsurface drainage 0.001 0.002 0.001
 
outflow from the area to 
public and private drains.
 

dvl Vertical leakage from the 0.60 0.60 0.50 
clay-silt 	layer to the 
underlying sands.
 

14 
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estimated as 1.0 for Abyjha and Beni Magdul. In Abu Raya, surface 

runoff from fields to caniAls and/or drains under conventional prac­

tices was significant. The fraction a was estimated to be 0.75 for 

conventional layouts. For improved practices little or no runoff 

occurred and a was taken as 1.0. The estimates of ea, ecf, arid a for 

both conventional and improved practices at each site are summarized 

in Table 3. Higher values of ea and ecf represent water savings, 

reduced irrigation time, and reduced labor and water lifting costs 

(Ley et al., 1984). 

Dependence of Mass Balance Components on Water Table Level 

In defining the conditions required to maintain the water table 

at a desired level, the dependence of inflow and outflow components on 

water table level must be known. Warner, et al. (1984) presented data 

indicating that in the old lands of Egypt, the vertical leakage rate 

from the water table aquifer in the clay-silt layer to the lower sands
 

is relatively independent of water table level. Darcy's Law predicts
 

that lateral drainage inflow or outflow is directly proportional to 

the differential head between the water table and the source (canal) 

or sink (drain). Deep percolation losses are primarily dependent on 

irrigation practices, not water table depth. Upward flow from the 

water table due to capillary forces is dependent on water table 

depth. The relation is complex and some background information is 

useful in predicting the significance of upward flow under irrigated 

conditions in the old lands of Egypt.
 

Relation Between Depth to Water Table and Upward Flow
 

Water is held in the soil above the water table at negative 

pressure due to capillary forces. An increment of soil above the 

water table is practically saturated and is referred to as the 

capillary fringe. The capillary fringe may have a thickness as great
 

as one meter in clay soils. Far above the water table, gravitational 

water drains until the moictare content approaches field capacity. 

The pressure corresponding to this moisture content is about - 1/3 bar 

(McWhorter and Sunada, 1977). The pressure continues to decrease as
 

plants extract water from the soil for evapotranspiration. 
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Table 3. 	On-farm efficiency parameters under conventional and
 
improved water management practices.
 

Site Conditions/Practices 
.. . ...........	 ___ ___ __ ecf ea elf a
 

Field
 
Conveyance
PLL-

Channels Basins
 

Abyuha 	 No None Conventional 1.00 0.65 0.65 1.0
 
Yes None Redesigned 1.00 0.80 0.80 1.0
 

Beni No Uninproved Conventional 0.80 0.65 0.52 1.0
 
Magdul Yes Reshaped Redesigned 0.90 0.80 0.72 1.0
 

Yes Lined Redesigned 1.00 0.80 0.80 1.0
 

Abu No Unimproved Conventionall 0.60 0.65 0.39 0.75
 
Raya Yes Reshaped Redesigned 0.80 0.80 0.64 1.0
 

Yes Lined Redesigned 1.00 0.80 0.80 1.0
 

1/ PLL -	 Precision land leveling of fields. 
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Plants are also able to use water at pressures above that 

corresponding to field capacity due t'. high water table conditions. 

Non-agricultural plants known as phreatophytes take water directly 

from tht' -.iturated zone represented by the capillary fringe and water 

table. These plants can cause dramatic day/night water table fluc­

tuations (Bouwer, 1978; McWhorter and Sunada, 1977). Agricultural 

pressure gradient resulting in upward 

crops can take water from the unsaturated zone above the capillary 

fringe (Manor, 1974). Removal of this water by plant roots creates a 

head flow from the water table. 

Subject to the effect of other inflow and outflow components from the 

water table subsystem, upward flow from the water table would result 

in a lowering of the water table. Conversely, a lowering of the water
 

table could be used to estimate the amount of upward flow if all other
 

inflow and outflow components are known.
 

When the water table is close to a bare soil surface, the unsa­

turated hydraulic conductivity of the soil may be sufficient to allow 

upward flow due to an evaporative demand at the surface. The maximum
 

upward flow rate cannot exceed the potential evaporative demand due to
 

meteorogical conditions (Bouwer, 1978). Similarly, when agricultural
 

crops are cultivated above a high water table, the upward flow would 

be limited by the total demand represented by evapotrans 'iration 

(Manor, 1974). As water table levels decline, potential upward move­

ment also decreases until a water table level is reached where poten­

tial evaporative flow can no longer be sustained (Bouwer, 1978). For 

water table depths below this particular level, upward water movement 

from the water table will be less than evaporative demand. Figure 7 

shows a graphical representation of the above discussion.
 

The 	 rate of upward water movement from the water table is pri­

marily dependent on the following:
 

1. 	Water table depth below the ground surface,
 

2. Capillary and conductive soil properties (a function of soil tex­

ture and structure), and
 

3. 	Soil water content in the root zone or upper soil layers
 

(Doorenbos and Pruitt, 1977; Manor, 1974).
 

Doorenbos and Pruitt (1977) presented various data on water table
 

contribution to the root zone (Figure 8). Soil water pressure in the
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root zone was assumed to be about -0.5 bar. For clay soils, water
 

table contribution to the root zone can be significant for water table
 

depths below the root zone of less than one meter.
 

in shallow
Continuous water level recorders were installed 


observation wells at Beni Magdul and Abu Raya to monitor water table
 

fluctuation. Water table levels rose sharply immediately following
 

irrigation and fell gradually between irrigations (see Figure Cl in
 

Appendix C). A marked difference was observed between water table
 

decline during daylight hours and nighttime hours. An example of the
 

pattern of water table decline is shown in Figure 9 for the drying out
 

period following the last irrigation of cotton in Abu Raya. The
 

occur during the night and the steeper
flatter portions of the curve 


portions occur during the day. The difference between the rate of
 

decline during the day and at night was considered to be due to upward
 

flow of water from the water table contributing to evapotranspiration
 

during the day. The decline at night was considered to represent the
 

combination of vertical leakage, dv1 9 and local lateral drainage
 

outflow to adjacent fields with upward flow being negligible. At lower
 

water table levels the rate of decline during day and night became
 

equal. It was assumed that at this level upward flow during the day
 

had become negligible and the entire decline was Oue to vertical
 

leakage and lateral drainage outflow.
 

Records of water table decline were analyzed to deteraine the
 

the water table, ywt.
relation between upward flow, duf, and depth to 


This method of analysis used is described in Appendix C. Resulting
 

data of upward flow versus depth to the water table are plotted in
 

Figures C2a, C2b, C3a, and C3b of Appendix C for Abu Raya and Beni
 

Magdul. Curves were drawn by hand based on expected shape for upward
 

flow versus water table depth curves (Doorenbos and Pruitt, 1977).
 

From these plots the relation between duf and ywt may be determined for
 

summer and winter conditions. Upward flow during the winter season
 

when the evapotranspiration rate is low is considerably less than
 

durirbg summer season. The data are compared with those from the
 

literature in Figure 10. At Abyuha, the evanotranspiration rate i
 

greater and the soils are more permeable than at Beni Magdul or Abu
 

Raya (Warner et al., 1984). The upward flow versus water table depth
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Upward flow, mm/day 
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Figure 10 Upward flow for clay soils at Project Sites 
and from the literature. 
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curves for Abyuha would thus be expected to lie below those for Beni
 

Magdul and Abu Raya.
 

ANALYSIS AND RESULTS
 

Interventions in the irrigation system have potential for
 

maintaining stable lower water tables. When left for a short period of
 

time without irrigation (such as during the period of canal closure in
 

the winter), water table levels in Egypt fall rather rapidly due to
 

upward flow and natural drainage. (Warner et al, 1984). Maintaining a
 

lower water table level throughout the year requires changes in
 

irrigation and drainage practices to produce a new system equilibrium.
 

The water table level could theoretically be maintained at a lower
 

level by increasing vertical leakage or lateral drainage outflow to the
 

drain. Alternatively, net surface recharge could be decreased by
 

decreasing deep percolation losses from fields, on-farm channels, and
 

canals. Deep percolation losses from on-farm channels and fields could
 

be decreased by improving on-farm water management. Losses from canals
 

could be reduced by lining.
 

Rice cultivation at Abu Raya represents a special case where water
 

levels must be maintained above the ground surface during an entire
 

summer season. The interventions chosen for lowering the water table
 

for other summer crops in adjacent fields must allow for ponded water
 

in rice paddies. In addition, conditions must exist for lowering the
 

water table to desired levels following rice cultivation.
 

The data collected from the field sites were used to employ the
 

model of Equation (2) to predict the depth to water table for
 

traditional and improved practices of irrigation water management on
 

the farm. The model was then used to predict what conditions of
 

irrigation water management would have to be present in order to
 

maintain the water table at a depth where upward flow would not exceed
 

5% of evapotranspiration. Alternatives of improve on-farm irrigation
 

efficiency, canal lining, and artificial drainage were considered
 

separately. Water table levels for which upward flow contributes 5% of
 

at or
evapotranspiration are shown in Table 4. Water table levels 
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Table 4. 	Water table levels for which upward flow contributes five 
percent of evapotranspiration at Project sites for summer 
and winter seasons. 

Site Summer 	 Winter
 

det 0.05 det Ywt det 0.05 det Ywt 

(m/day) (mm/day) (m) (mm/day) (mm/day) (m) 

Abyuha 4.5 0.23 >1.50 2.2 0.11 >1.70
 

Beni Magdul 3.9 0.20 1.15 2.3 0.12 0.95
 

Abu Raya 3.8 0.19 1.45 1.9 0.10 1.15
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below those shown in Table 4 were considered desirable in this 

study. 

Conventional Practices and Water Table Depth 

The values of parameters and components characterizing conven­

tional irrigation practices are summarized in Tables 5, 6, and 7 for 

Abyuha, Beni Magdul, and Abu Raya, respectively. These values were 

entered in Equation (2) to calculate values of upward flow, duf, and 

fraction of evapotranspiration contributed by upward flow, duf/det. 

Corresponding values of ywt were then determined from Figure lO for the 

given values of det. The resulting solution (summarized in Tables 5, 

6, and 7) showed that the percent of evapotranspiratlon contributed by 

upward flow was 274, 40%, and 53% for the summer season and 19%, 35%, 

and 48% for the winter season for Abyuha, Beni Magdul, and Abu Raya, 

respectively. For Abu Raya, the water table fluctuation study 

revealed that water table contribution to evapotranspiration may range 

between 3M, to 41% (Table C2 of Appendix C). The corresponding 

average depth to water table predicted by the analysis was 0.70 m and
 

0.75 m for the summer season and 0.60 m and 0.75 m for the winter 

season for Beni Magdul and Abu Raya, respectively. These results
 

compare well with the range of measured water table depths at the 

three sites as summarized in Table 8.
 

EWUP Improved Practices and Water Table Depth
 

A similar analysis was conducted to predict what effect the large
 

scale adoption of improved irrigation practices would have on water 

table depth and upward flow at Project sites. Two conditions of 

improved practices were considered: (1) improvement of application 

efficiency alone and (2) improvement of application efficiency along 

with improvement of on-farm conveyance efficiency achieved by lining 

on-farm channels (marjaa). A summary of values of parameters and com­

ponents associated with these two conditions is given in Tables 5, 6, 

and 7 along with the resulting solutions for duf and ywt. 

At Abyuha, on-farm improvements such as those tested by EWUP 

could lower the water table and reduce water table contribution to 

evapotranspiration. Upward flow could be reduced to lO%evapotrans­

piration during summer season. During winter season upward flow could 

be eliminated (Table 5). 
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Table 5. 	 Upward flow from the water table and stable water
 
table depths for conventional and improved on-farm
 
irrigation systems at Abyuha.
 

[ Component Conventional On-Farm Improved On-Farm 
System System 

Summer Winter Suffimer Winter
 

det (mm/day) 4.5 2.2 4.5 2.2
 

ddpwd (mm/day) 0.058 0.058 0.058 0.058
 

1 dldo (mm/day) 0.001 0.001 0,001 0.001
 

dvl (mm/day) 0.6 0.6 0.6 0.6
 

ecf (decimal) 1.0 1.0 1.0 1.0
 

ea (decimal) 0.65 0.65 0.80 0.80
 

(decimal) 1.0 1.0 1.0 1.0
 

duf (mm/day) 1.22 0.42 0.47 0.01
 

df/d (decimal)- / 0.27 0.19 0.10 0
duf/et
 

Water table depth,
 

Ywt (M) >1.00 >1.30 >1.30 >1.70
 

l_/ Fraction of evapotranspiration that is contributed by upward
 
flow.
 



Table 6. Upward flow from the water table and stable water table depths for
 
conventional and improved on-farm irrigation systems at Beni Magdul.
 

Component 


det (mm/day) 

ddpwd (mm/day) 

dlp o (mm/day) 
dvl (mm/day) 

ecf (decimal) 

ea (decimal) 

(decimal) 

duf (mm/day) 

duf/det (decimal)!/; 

Water table depth,
 

Ywt (M) 


Conventional On-Farm 

System 


Summer Winter 


3.9 2.3 


0.038 0.038 


0.002 0.002 

0.6 0.6 
0.80 0.80 

0.65 0.65 

1.0 1.0 


1.58 0.81 


0.40 0.35 

0.70 0.60 


Improved On-Farm 

System (no lining) 


Summer Winter 


3.9 2.3 


0.038 0.038 


0.002 0.002 

0.6 0.6 
0.90 0.90 

0.80 0.80 

1.0 1.0 


0.69 0.24 


0.18 0.10 

0.85 0.90 


Improved On-Farm
 
System (Marwa lining)
 

Summer Winter
 

3.9 2.3
 

0.038 0.038
 

0.002 0.002
 
0.6 0.6 
1.00 1.00 

0.80 0.80 

1.0 1.0
 

0.33 0.01
 

0.08 0 

1.10 >0.90
 

1/ Fraction of evapotranspiration that is contributed by upward flow.
 



Table 7. Upward flow from the water table and stable water table depths for 
conventional and improved on-farm irrigation systems at Abu Raya.
 

II 
Component Conventional On-Farm Improved On-Farm Improved On-Farm
 

System Syster, (no lining) System (Marwa lining)
 

Summer Winter Sumer Winter Sun,.-:r Winter
 

det (mm/day) 3.8 1.9 3.8 1.9 3.8 1.9 
ddpwd (mm/dav) 0.020 0.020 0.020 0.020 0.020 0.020 

dlp o (mm/day) 0.001 0.001 0.001 0.001 0.001 0.001 

dV1 (mm/day) 0.50 0.50 0.50 0.50 0.50 0.50 
ecf (decimal) 0.65 0.65 0.80 0.80 1.00 1.00 

ea (decimpl) 0.60 0.60 0.80 0.80 0.80 0.80 

CL (decimal) 0.75 0.75 1.00 1.00 1.00 1.00 

duf (am/day) 2.01 0.91 1.06 0.38 0.38 0 

duf/det (dec mal) l/  0.53 0.48 0.28 0.20 0.10 0 

Water table depth,
 

Ywt (M) 0.75 0.75 1.00 1.05 1 25 >1.25
 

1/ Fraction of evapotranspiration that is contributed by upward flow.
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Table 8. 	Monthly average depth to water table measured
 
at Project sites.
 

MontHy Average Depth to 
Water Table (m) 

Site 


Summer Season Winter Season
 

Range Mean Range Mean
 

Abyuha 1.20-1.79 1.56 1.25-1.91 1.65
 

Berl Magdul 0.77-0.91 0.82 0.77-0.91 0.76
 

Abu Raya * * 0.50-0.92 0.69 

* 	 Summer season values for Abu Raya are not reported due 

to the influence of rice cultivation in the area. 

http:0.50-0.92
http:0.77-0.91
http:0.77-0.91
http:1.25-1.91
http:1.20-1.79
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At Beni Magdul, improvement in on-farm water management without
 

marwa lining could reduce upward flow to 10-18% of evapotranspiration.
 

With marwa lining upward flow from the water table could be reduced to
 

0--8% of evapotranspiration. (Table 6)
 

At Abu Raya, area-wide improved on-farm water management without
 

marwa lining would result in a decrease in water table contribution to
 

evapotranspiration to 20-28%. The water table level would be lowered
 

by about 0.25 m. Area-wide on-farm water management improvements with
 

marwa lining would have a greater impact on lowering the water table
 

contribution to evapotranspiration to 0-10% and the water table level
 

to about 1.25 m below the ground surface. (Table 7)
 

On-Farm Irrigation Efficiency for Stable Low Water Table
 

The model of Equation (2) was used to calculate the application
 

efficiency, ea that would be required to maintain the water table at a
 , 


depth for which upward flow contributed less than 5% of
 

evapotranspiration (duf/def 0.05) < 0.05) for various conditions of
 

improved on-farm conveyance efficiency, ecf. Results are presented in
 

Table 9.
 

At Abyuha, application efficiency would need to exceed 85% to
 

maintain a desirable water table level. It would be difficult to
 

obtain this efficiency with prevailing surface irrigation methods.
 

At Beni Magdul, it is infeasible to lower the water table to
 

desired levels through improving application efficiency with
 

conventional unlined channels. For improved but unlined channels,
 

application efficiency would need to exceed 90%. For lined marwas, an
 

application efficiency of about 85% would be required. These
 

application efficiencies cannot practically be attained with surface
 

irrigation methods under conditions of cracking clay soils.
 

At Abu Raya, for conventional on-farm channels and reshaped on-fam
 

channels without lining, it is not possible to reduce water table
 

upward flow to desired rates through application efficiency
 

improvements alone. For lined on-farm channels, an application
 

efficiency exceeding 80% would be required. It would be very difficult
 

to sustain this high application efficiency with cracking clay soils
 

and surface irrigation methods.
 



Table 9. 	Upward flow as a fraction of evapotranspiration for various values
 
of on-farm efficiencies.
 

duf/det 

ea Abyuha l/  Beni Magdul12 Abu Raya-/ 

cf~l .0 ecf=0.8 ecf=0.9 ecf 1.0 ecf=06 ecf=0.8 ecf=l.0 

50 	 0.44 0.54 0.48 0.43 0.63 0.50 0.36
 
60 	 0.33 0.45 0.38 0.31 0.57 0.41 0.25
 
70 	 0.22 0.36 0.28 0.20 0.50 0.33 0.15
 
80 	 0.10 0.27 0.18 0.08 0.44 0.25 0.35
 
85 0.05 0.22 0.12 0.03 0.41 0.21 0.01 
90 0 0.18 0.07 - 0.38 0.17 ­
95 - 0.13 0.02 - 0.35 0.14 
100 	 0.08 - - 0.32 0.10
 

For Abyuha 	 de. = 4.5 mm/day, ddpwd = 0.058 mm/day, dldo = 0.001 mm/day, and 

dvi = 0.60 mm/day, a = 1.0 

2/ For Beni Magdul det = 3.9 m/day, ddpwd = 0.038 mm/day, dldo = 0.002 mn/day, and
 

dvi = 0.60 mm/day. a = 1.0 

3 For Abu Raya det = 3.8 mm/day, ddpwd = 0.020 mm/day, dldo = 0.001 mm/day, and
 

d vi =0.50 mm/day. a = 0.75 
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Canal Improvements for Stable Low Water Table
 

Deep percolation due to seepage from branch canals, distributary
 

_egs, ddpwd, was found to be quite small at Project
canals, and 


sites, ranging from 0.02 m/day to 0.06 m/day on an area wide basis
 

(Table 2). The model was employed to investigate what effect canal
 

improvements such as lining or use of buried pipelines alone would have
 

on water table depth and upward flow. The results shown in Table 10
 

indicated that the effect would be negligible. Canal percolation
 

losses at the three EWUP sites are negligible due to:
 

1. Clay soils which are kept wet so cracks do not develop
 

(Litwiller et al., 1984),
 

2. Lift irrigation systems, and
 

3. The present high water table levels.
 

Canal percolation losses could be significant in other areas with
 

sandy soils, elevated channels, and/or low water table levels. In such
 

cases, canal improvements could have an effect on water table levels.
 

Artificial Drainage for Stable Low Water Table
 

The water table level could be lowered by increasing the outflow
 

from the water table subsystem, that is, by increasing the outflow 

components of lateral drainage outflow and vertical leakage (dldo f 

dvl) Methods for increasing these outflows include installation of 
. 


gravel aquifer.
artificial drains znd pumping from the lower sand and 


leakage from the water table subsystem
Increasing drainage and ve.4 ical 


may result in increases in the required amount of water to be delivered
 

to an irrigated region.
 

Upward water movement would be decreased by lowering the water
 

table through increases in lateral drainage and vertical leakage. With
 

a constant evapotranspiration rate and a lower water table, the rate of
 

storing water in the soil profile, ds , would need to increase (Equation
 

A14). Rate of storing water could be increased by storing more water
 

during each irrigation or by shortening the interval between irrigation
 

events in order to compensate for the reduction in upward flow from the
 

lower water table.
 



Table 10. 	Upward flow from the water table and stable water table depths
 
for existing and lined canals at Project sites, summer season.
 

Abyuha 	 Beni Magdul Abu Raya
I 
Component Existing Lined Existing Lined Existing Lined
 

System Canals System Canals System Canals
 

det (am/day) 4.5 4.5 3.9 3.9 3.8 3.8
 

ddpwd (mm/day) 0.058 0.00 0.038 0.0 0.020 0.0
 

dldo (mm/day) 0.001 0.001 0.002 0.002 0.001 0.001
 

dvl (mm/day) 0.6 0.6 0.6 0.6 0.5 0.5
 

ecf (decimal) 1.00 1.00 0.80 0.80 0.60 0.60 

ea (decimal) 0.65 0.65 0.65 0.65 0.65 0.65 

a (decimal) 1.0 1.0 1.0 1.0 0.75 0.75 

duf (mm/day) 1.22 1.18 1.58 1.58 2.04 2.03
 

duf/det (decimal) - / 0.27 0.26 0.40 0.40 0.54 0.53
 

Water table depth, 
Ywt (M) 	 >1.00 >1.00 0.70 0.70 0.75 0.75
 

1/ Fraction of evapotranspiration that is contributed by upward flow. 
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Rooting depths at Abyuha, Beni Magdul, and Abu Raya are about the
 

same although water table depth varies considerably (Moustafa and
 

Tinsley, 1984). Depletions in soil water below the root zone are small
 

and the soil remains near saturation between irrigations (Litwiller et
 

al., 1984). Due to the large capillary fringe for clay soils, lowering
 

of the water table in the range expected from artificial drainage would
 

not significantly change the present soil moisture regime. Upward flow
 

from the water table would decrease however due to increased distance
 

from water table to root zone and decreased capillary pressure in the
 

root zone. It is therefore expected that root zone depth and soil
 

moisture conditions at the time of irrigation would not be influenced
 

significantly by water table depth. Consequently, for each irrigation,
 

on-farm efficiencies using conventional methods would be expected to be
 

independent of water table depth since field conditions would not
 

change significantly with small changes in water table depth.
 

Decreasing upward flow rate with constant on-farm efficiencies and
 

evapotranspiration rate would result in a larger required rate of water
 

diversion to the farm, dd (Equation A16). With lower water tables,
 

lower upward flow rates, and constant root zone size, rate of storage
 

of water in the root zone, ds, would need to be increased by decreasing
 

the interval between irrigations. With constant on-farm efficiency
 

values, ea and ecf, the rate of applying and diverting water, da and
 

dd, would also need to be increased (Equations A8 and A9). Water
 

deliveries to farms on an area-wide basis would alsc need to be
 

increased as a result of increasing subsurface outflows to drains.
 

Following the above discussion, the on-farm efficiencies, ea and
 

ecf, were assumed to be independent of water table depth for the
 

expected ranges of depth achievable by artificial drainage. Using
 

conditions representative of the summer season at Project sites, Table
 

11 was developed to demonstrate the effect of increasing outflow
 

parameters on upward flow from the water table and water delivery
 

requirements to farms. The means and feasibility of providing the
 

indicated drainage outflow rates were not considered.
 



Table 11 	 Upward flow as a fraction of evapotranspiration and required
 
water delivery rate to farms in Project arcas for various values
 
of drainage, summer season.
 

duf/det 	 dd
 

(am/day) 

dldo+dvl Abyuha1 /  Beni Magdul -/ Abu Raya-/ Abyuha Beni Magdul Abu Raya
¢mm/day) 

0.0 	 0.36 0.48 0.59 4.44 3.86 3.99
 
1.0 	 0.22 0.35 0.49 5.40 4.88 4.97 O
 

2.0 	 0.07 0.22 0.37 6.44 5.85 6.14
 
-2.5 0.00 - - 6.92 	 ­

3.0 	 0.08 0.27 - 6.90 7.11 
3.5 	 0.02 - - 7.35 ­
4.0 	 0.16 - - 8.16 
5.0 	 0.05 - 9.26 

1/ For Abuyha 	 det 4.5 mm/day, ddpwd = 0.058 mm/day, ecf = 1.0, ea = 0.65, and 

a = 1.0 

2/ For Beni Ragdul 	 det = 3.9 mm/day, ddpd- 0.038 mm/day, ecf 0.8, ea = 0.65, and 

a = 1.0 

3/ For Abu Raya 	 det = 3.8 mm/day, ddpwd 0.020 mm/day, ecf 0.6, ea = 0.65, and 
a = 0.75 
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At all three sites, the water table could be maintained at 

desired levels by increasing lateral drainage outflow and/or vertical 

leakage. Outflows required would be 2.5, 3.5, and 5.0 rm/day for 

Abyuha, Reni Magdul, and Abu Raya, respectively. Respective water 

delivery requirements to farms would be 6.92, 7.35, and 9.26 m/day. 

Given existing levels of on-farm efficiencies, lowering the water 

table through artificial drainage or pumping could result in large 

increases in water delivery requirements. Conversely, present water 

delivery volumes are adequate due to significant upward flow from the 

water table at Project sites. Further research should be conducted 

concerning the relation between increased drainage outflows and
 

required water deliveries.
 

SUMMARY AND CONCLUSIONS
 

High water table levels measured at EWUP sites represent hazards
 

to crop growth. For ideal crop environment and salinity control, 

water table levels need to be maintained at or below a level where 

water table contribution to the root zone is less than 5% of 

evapotranspi ration. 

A study was conducted to describe the relationship between irri­

gation water management and high water tables. A water balance model 

was developed for the water table in the clay-silt layer including all 

components of inlflow, autflow, and storage change. The components 

were then quantified using data collected from Project sites. Finally 

the model was employed to investigate alternatives for establishing 
lower water table levels at Abyuha, Beni Magdul, and Abu Raya. 

Alternatives considered included improving on-farm water management, 

improving canals (lining or replacement with pipelines), and 

installing artificial drainage. 

From 	the study the following conclusions were drawn:
 

1. 	Water table contribution to evapotranspiration is significant at
 

Project sites. Estimates of percentage of evapotranpiration
 

which is supplied by the water table are 19-27% at Abyuha, 35-40%
 

at Beni Magdul, and 48-53% at Abu Raya.
 

2. 	For the existing irrigation and drainage systems at the three 

sites, lateral drainage outflow and vertical leakage from the 
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clay-silt layer is very small. Deep percolation losses from
 

on-farm channels (marwas) and fields are large due to prevailing
 

surface irrigation methods. Existing water table levels are
 

maintained through a balance of inflow and outflow. The largest
 

component of inflow to the water table is deep percolation. Upward
 

flow is the largest componefit of outflow from the water table.
 

3. 	On-farm irrigation improvements have been tested at the three
 

Project sites in order to improve on-farm water management.
 

Results from this study indicated that widespread adoption of these
 

improvements (including marwa lining in Beni Magdul and Abu Raya)
 

would allow water table levels to be maintained at desirable lower
 

levels during the winter season. However, during summer, water
 

table levels would still be too high.
 

4. On-farm efficiencies would need to be very high in order to lower
 

water tables to a level where upward flow from the water table
 

would contribute less than 5% of evapotranspiration.
 

At Abyuha, application efficiencies of greater than 85% would
 

maintain water table levels for which upward flow of water would
 

not be expected to exceed 5% of evapotranspiration.
 

At Beni Magdul, for conventional on-farm channels (marwas),
 

desirable water table levels could not be obtained through
 

improvements in application efficiency. For improved but unlined
 

channels, application efficiency would need to exceed 90%. With
 

lined on-farm channels, application efficiency would need to be
 

about 85% to achieve desirable water table levels. If. is
 

infeasible to sustain these high application efficiencies over
 

widespread areas with surface irrigation methods.
 

At Abu Raya, with unimproved on-farm channels (marwas) or
 

reshaped channels it is impossible to achieve desirable water table
 

levels through improvements in application efficiency alone. For
 

lined on-farm channels application efficiencies would need to be
 

greater than 80% to achieve desirable water table levels. It is
 

practically impossible to sustain this application efficiency
 

through use of surface irrigation methods on cracking clay soils.
 

The results from Abyuha, Beni Magdul, and Abu Raya indicate
 

that in general desirable water table levels cannot be obtained
 

through improvements in on-farm water management using surface
 

irrigation methods.
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5. 	Deep percolation losses to the water table subsystem from branch,
 

distributary, and private (mnesqa) canals is insignificant at
 

Abyuha, Beni Magdul, and Abu Raya. Canal lining would have
 

negligible effect on water table levels.
 

6. 	At all three Project sites water table levels could theoretically
 

be lowered by increasing a combination of lateral drainage outflow
 

and vertical leakage through artificial drainage and/or pumping
 

from the lower sand and gravel aquifer. R;quired outflow from the
 

water table subsystem through lateral drainage and vertical leakage
 

to maintain the water table at desirable levels would be 2.5 mm/day
 

at Abyuha, 3.5 mm/day at Beni Magdul, and 5.0 mr/day at Abu Raya.
 

Appropriate methods for achieving these flow rates would need to be
 

identified.
 

Increases in outflow by lateral drainage and vertical leakage
 

would lead to corresponding increases in the required water
 

delivery inflow rate to farms from canals. Further study is
 

required to define the relation between drainage outflow and water
 

delivery requirements.
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APPENDIX A: SUBSYSTEM DESCRIPTION
 

AND DEVELOPMENT OF WATER BALANCE MODEL FOR WATER TABLE SUBSYSTEM
 

In order to develop a water balance model for the water table, 

subsystems of the irrigation system were defined with relevant inflow,
 

outflow, and storage change components. Mass balance equations, effi­

ciency parameters, and assumptions concerning the magnitude and
 

interrelation of various flow and storage components were used to 

derive the final model.
 

Subsystens of the Irrigation System 
The irrigation system under study was divided into the following 

subsystems: 

1. 	Water Delivery Subsystem,
 

2. 	On-farm Conveyance Subsystem,
 

3. 	Field Surface Water Subsystem, 

4. 	 Soil Water Subsystem, and
 

5. 	Water Table Subsystem
 

The water delivery and on-farm conveyance subsystems are shown in
 

Figure AI. Components of inflow and outflow are indicated by arrows.
 

The 	 water delivery subystem includes the section of the branch 

canal which faces the irrigated region, the distributary canal, and
 

all private canals (meeqas) served by the distributary canal.
 

Subsystem boundaries include:
 

1. 	The inlet to the distributary canal from the branch canal,
 

2. 	The soil which forms the cross-section of the distributary canal, 

3. 	The soil which forms the bank of that part of the branch canal
 

which faces the irrigated region,
 

4. 	The soil which forms the cross-section of mesqae,
 

5. 	Diversion points to on-farm channels (eaqiae, tmnbours, pumps, 
bankcuts, etc.), 

6. 	Outlets to drains feom both the distributary canal and meaqas, and
 

7. 	The interface between free water surfaces and the atmosphere.
 

The on-farm water conveyance subsystem includes all on-fdrm chan­

nels (mrzwae) designed exclusively for water delivery to fields. 

Boundaries include:
 



-- --

Diversion 	 ON FARM WATER I SurfaceFrom Canala To Form a 	 CONVEYANCE Application 
SUBSYSTEM 

Flow.Through if 
DrainliJTo EWater Delivery 

WATER DELIVERYSUBSYSTEM 	 'K7 

Lateral \ 	 /lateraloutfo \ 	 , Outflow Laerl atra 	 woer 
OutfDlow 	 Outflow Table 

Deep Percolation 

Deep Percolation 

Figure A1 Water delivery and on-farm conveyance subsystems. 
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1. 	Outlets from the diversion points from the water delivery sub­

system to on-farm channels (mavae), 

2. 	Soil that forms channel cross-sections,
 

3. 	Outlets to fields or drains, and
 

4. 	 The interface between free water surfaces and the atmosphere.
 

Within-field channels and furrows used primarily for water 

infiltration into the soil profile are oot part of the subsystem. 

Water delivered by the on-farm conveyance subsystem to fields 

enters the field surface water subsystem. Some of this water then 

enters the soil water subsystem through infiltration. 

The field surface water and soil water subsystems with relevant 

inflow and outflow components are shown in Figure A2. Field surface 

water subsystem boundaries include: 

1. 	Outlets from the on-farm water conveyance subsystem,
 

2. 	The field soil surface,
 

3. 	The atmosphere, and
 

4. 	Outlets to surface drains. 

rnflow and outflow occur primarily during irrigation and rainfall 

events.
 

Soil water subsystem boundaries include:
 

1. 	The ground surface,
 

2. 	Interfaces with the water delivery or on-farm conveyance sub­

systems and with drains, and
 

3. 	The water table. 

The thickness of the soil water subsystem varies as the water 

table fluctuates. The soil water subsystem is generally greater in 

thickness than the crop root zone.
 

The saturated zone of the clay-silt layer in which the pressure 

is positive is defined as the water table subsystem (Figure 6) which 

Is the focus of this paper. Boundaries include:
 

1. 	The water table, 
2. 	The bottom of the clay-silt layer, 

3. 	 Interfaces with the water delivery and/or on-farm water convey­

ance systems, and
 

4. 	 Drains.
 

The thickness of the water table subsystem also changes with 

water table fluctuations. Detailed description of the clay-silt layer 
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Figure A2 Field surface water and soil water subsystems. 
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and underlying sands is given inWarner, et al. (1984).
 

To develop a water balance model for each subsystem the mass 

balance equation is applied: 

Inflow - Outflow = Storage Change (Al) 

Inflow, outflow, and storage change components are expressed as 

rates of depth over the entire irrigation system surface area per time 

(m/day). Symbols for the various inflow, outflow, and storage change 

components are defined in Table Al. These components correspond 

directly to the arrows shown in Figures Al, A2, and 6. Outflow from 

one subsystem may represent inflow to another subsystem. Mass balance 

equations for each subsystem are as follows: 

i. Water Delivery Subsystem 

(dsj + drowd) - (dd + dft + ddpwd + dlowd) = Swd (A2) 

ii. On-Farm Conveyance Subsystem
 

(dd ) -	 (da + ddpfc + dlofc) = Sfc (A3) 

iii. 	 Field Surface Water Subsystem 

(da + dr) - (dinf + drod + drowd) = Ssf (A4) 

iv. 	Soil Water Subsystem
 

(dinf 	+ duf + dli) - (det + ddp + dlo) = Ssw (AS) 

v. Water Table Subsystem 

(ddp + dldi) - (duf + dldo + dvl) = Swt (A6) 

All components of the above mass balance equations have units of 

mm/day and take on positive values when water movement is in the 

direction shown in Figures Al, A2, and 6. A schematic of interactions 

between the various subsystems is shown in Figure A3. 

Efficiency Parameters
 

A number of efficiency parameters have been used inEWUP work for 

evaluation of the irrigation system. Each can be defined in terms of 

the inflow, outflow, and storage components shown in Table Al with the 

addition of the depth stored in the soil profile during irrigation, ds 
(rm/day), defined as follows: 
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Table Al. Water mass balance components (all units are mm/day) 

Symbol Definition 

dst Surface Inflow to Water Delivery Subsystem 

dd Diversion to On-Farm Conveyance Subsystem 

ddpwd Deep Percolation from Water Delivery Subsystem 

dlowd Lateral Seepage Outflow from 
Water Delivery Subsystem 

dft Flow-Through to Drain 

drowd Runoff to Water Delivery Subsystem 

da Surface Application 

ddpfc Deep Percolation from On-Farm Channels 

dlofc Lateral Seepage Outflow from On-Farm Channels 

drod Runoff to Drain 

dr Rainfall 

dinf Infiltration 

ddp Deep Percolation 

duf Upward Flow From Water Table Subsystem 

det Evapotranspiration 

dli Lateral Seepage Inflow 

dlo0Lateral Seepage Outflow 

dldi Lateral Drainage Inflow 

dldo Lateral Drainage Outflow 

dvl Vertical Leakage 

Swd Storage Change in Water Delivery Subsystem 

Sfc Storage Change inOn-Farm Conveyance Subsystem 
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Table Al. 

Symbol 


Swt 


Ssf 


Ssw 

ds 


Water mass balance components (all units are m/day)
 
(continued)
 

Definition
 

Storage Change in Water Table Subsystem
 

Storage Change in Field Surface Water Subsystem
 

Storage Change in Soil Water Subsystem
 

Depth Stored in Soil Water Subsystem
 
During Irrigation
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Figure A3 Flow component interaction between various subsystems. 



53
 

ds = da - (ddp + drowd + drod) (A) 

Stored water is held in the soil at negative pressures lower than 

field capacity. Gravity water is included in deep percolation water 

for purposes of this equation. Gravity water used for consumptive use 

by crops is included in water table upward flow, duf, under this 

definition.
 

The following efficiency parameters are used in this paper (all
 

have decimal units):
 

i. On-Farm Conveyance Efficiency
 

ecf = da/dd (A8) 

ii. Application Efficiency
 

ea = ds/da = [da - (ddp + drowd + drod)]/da (A9) 

iii. On-Farm Irrigation Efficiency
 

elf = ecf ea = ds/d (AIO) 

The application efficiency, ea , and the on-farm irrigation effi­

ciency, eif, were calculated by using the water stored in the soil 

profile during irrigation. Evapotranspiration can be significantly 

different than water stored in cases where water table contribution to
 

evapotranspiration is substantial. Efficiency parameters based on 

evapotranspiration rather than water stored can take on substantially 

different values especially under conditions of significant water 

table c3ntribution to evapotranspiration. 

A summary of methods used to measure or estimate mass balance 

components is given in Table A2. Assumptions concerning mass balance 

component estimation are shown in Table A3. 

Mass Balance Model for Water Table Subsystem 

The mass balance equation for the water table subsystem is:
 

(ddp + dldi) - (duf + dldo + dvl) = Swt (A6) 

A model was developed to estimate the magnitude of the inflow and 

outflow components for different water table levels. At each water 

table level the system was considered to be in equilibriumand storage 

change was assumed negligible. That is,
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Table A2. Mass balance component estimation. 

Component Study 	 Method
 

dsW Water Budget Flume, Water level recorders
 

ddda,ddpfc On-farm Flume
 

ddpwd Water Budget Ponding tests, observation wells
 

dlowd Water Budget Observation
 

dft Water Budget Water level recorders
 

drowd,drod On-farm Observation
 

dlofc On-farm 	 Observation 

dr On-farm Rain gauge
 

dinf On-farm Equation (A4)
 

ddp On-farm Equation (A)
 

duf Water Table Fluctuation Continuous Water table recorders
 

det Water Budget Climatic data
 

dli , d1o On-farm Observation
 

dldodldi Water Budget Observation wells
 

dvl Water Budget 	 Consolidation tests, piezometers,
 
Observation wells
 

Swd, Swt Water Budget 	 Coptinuouf water Level recorders, obser­
va ion we ls 

SsfSfcSsw On-farm Observation 

ds On-farm 	 Soil sampling 
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Table A3. Assumptions concerning mass balance component estimation. 

Component 	 Assumption
 

dlowd,dlidlofc 	 Negligible (low unsaturated hydraulic conductivities); 
dl1= dlowd + dlofc 

ddpwd 	 All goes to water table 

ddpfc 	 All goes to water table 

dlo 	 Negligible (low unsaturated hydraulic conductivities) 

dldi 	 dldi = ddpwd + ddpfc 

Swd,SwtSfcSsw 	 Negligible
 

dr 	 Does not contribute to ddp; rainfall occuring between soil
 
sampling dates for a given irrigation is included inda.
 
Contribution of rainfall to subsystems other than the
 
field surface water subsystem is negligible.
 

ds 	 Soil sampling to determine d always occurs above the water
 
table and represents water stored during irrigation in the
 
entire soil water profile above the water table.
 

dldo 	 Represents a net outflow crossing system boundaries; local 
drainage between adjacent fields in an area is not included. 
Shallow, within field drains do not drain the water table.
 

duf 	 A known function of water table depth (ywt) for an 
irrigation season. 

det 	 Occurs as outflow from the soil water subsystem only;
 
evaporation from free water surfaces in the total
 
irrigation system is negligible.
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Swt = 0 (All) 

and 

ddp + dldi = duf + dido + dvl (A12) 

The amount of deep percolation, ddp, was assumed to be a known 

fraction, a, of the losses of applied water, da - ds: 

ddp= (da - ds)a (A13) 

The entire amount of evapotranspiration is met by a combination 

of water table contribution and water stored above the water table: 

det = duf + ds (A14) 

Combining equations A9 and A14, 

da = (det - duf)/ea (A15) 

Similarly, combining Equations A8 and A15, 

dd = (det - duf)/(ea ecf) (A16) 

The lateral drainage inflow to the water table subsystem is 

assumed to be a combination of on-farm channel (ma'wa) and water deli­

very deep percolation losses: 

dldi = ddpfc + ddpwd (A17) 

On-farin channel losses can be computed as 

ddpfc = dd - da (A18) 

by using equation A3 and assuming that dlofc and Sfc are negligible. 

Combining Equations A15, A16, and A18 gives 

ddpfc = (det - duf)/(ea ecf) - (det - duf)/ea (A19) 

Similarly, combining Equations A13, A14, and A15 gives 

ddp = [(det - duf)/ea - (det - duf)]a (A20) 

Finally, combining Equations A12, A17, A19, and A20 gives 

(1/ea - 1)(det - duf)a + (1/ecf - l)(det - duf)(1/ea) 

+ ddpwd = duf + dldo + dvl (A21) 
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which is the general water table balance equation for Project sites. 

Results and conclusions obtained in this report are based on the use 

of Equation (A21) as a water balance model for the water table.
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APPENDIX B: DATA ON PARAMETERS AND SUBSYSTEM COMPONENTS
 

Estimation of Horizontal Subsurface Flow Near Canals and Drains 

The Darcy equation written for flow in a water table aquifer 

(McWhorter and Sunada, 1977) is as follows:
 

Q =- Kh(dh/dx) (Bi) 

Where K = hydraulic conductivity (m/day), 

h = the flow depth (m), 

dh/dx = the water table slope (m/m), and 

Q = flow rate (m3/day/m of flow width). 

For estimating flow between two observation wells spaced at S 

meters apart, as shown in Figure Bla and Blb, the slope, dh/dx, and 

the flow depth, h, can be approximate4 by the average slope, (h2 ­

hl)/S, and the average flow depth, (hl + h2)/2, respectively. 

Substituting these approximations into equation B1 yield;: 

Q = -K(h2 + hi)(h2 - hl)/(2S) (B2)
 

If the difference in flow depth between the two wells, h2 - hl, 

is small compared to the flow depth , h2 or hl, then (h2 + h1)/2 can 

be approximated by either h2 or hl and 

Q = -K(h2 - hl)hl/S (B3) 

A general groundwater flow pattern near to an open drain is shown
 

in Figure B2. The lower boundary of flow is not easy to determine for
 

an unconfined aquifer. The difference, h2 - hl, is a constant 

regardless of the lower boundary of flow cho!( i. If the hydraulic 

conductivity is assumed to be independent of flow deptl then the flow 

rate, Q, is directly related to the depth of flow, h, which in turn is
 

determined directly from the assumed elevation of the lower flow 

boundary.
 

Two conditions were considered in estimating horizontal flow 

rates at Project sites; 

Condition A: Lower flow boundary at bed level of drain or canal and 

Condition B: Lower flow boundary at bottom of the clay-silt layer. 

The clay-silt layer thickness is about 12 m at Abyuha, 14 m at Beni 

Magdul, and 35 m at Daqalt (Helal et al., 1984). Values of flow 
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Figure BI Estimation of aturated horizontal flow rates 
near canals and drains by using observation wells. 
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depth determined at Project sites based on the two conditions are 

shown in Table B1. The ratio of flow depths from the two conditions 

approximates the ratio of estimated flow rates which would be calcu­

lated in each case. Pairs of observation wells were installed near 

various canals and drains at Project sites. Estimates for lateral 

flow rates computed from well data and the Darcy equation are shown in 

Table B2. Condition A is assumed to be most applicable to Project 

sites.
 

The lateral flow rate in an irrigated region expressed as depth 

per time is: 

dlat = 1O00qlat/(A/L) (B4) 

Where qlat = lateral flow rate per length of channel (m3/day/m), 

A = horizontal area of irrigated region (in) 

L = length of channel facing the area (m), and 

dlat = lateral flow rate for region (mn/day). 

Regional lateral flow rates calculated for Project sites are 

shown in Table B3 for various types of channels. 

Estimates for deep percolation losses from the water delivery 

system, ddpwd, are taken to be the sum of lateral flow rates from 

branch canals, distributary canals, and private canals (mesqas). 

Lateral drainage outflow (dldo) estimates are the sum of lateral flow
 

towards public and private drains. Lateral flow rates were assumed to
 

be independent of water table depth.
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Table B1. Avetage saturated flow depth under two assumed
 

1/
conditions'-/ at Project sites. 

Abyuha Beni Abu Raya
 
Magdul
 

Flow Depth for Condition A, hA (m) 3.5 1.3 1.4
 

Flow Depth for Condition B, hB (m) 12 14 35 

Ratio, hA/hB 3.4 11 25
 

1/ Condition A assumes lower boundary of flow at channel invert 
- level; Condition B assumes lower boundary of flow at bottom of 

clay-silt layer. 



Table B2. Estimation of lateral flow rates for various types of channels in Project areas 

Type ofChannel 
Location Period of

Record 
Lateral Flow Rate, 

___________ 

Condition A 

(x10 - 3 ) m3 /day/m) 
_____ ______ 

Condition B 

Range Mean Range Mean 

Private 
Drain 

Gadalla (Daqalt) 
Omsen (Daqalt) 

Apr-Dec 1981 
Apr-Dec 1981 

.104 to 1.25 
-1.81 to .374 

.428 
-. 397 

2.60 
-45.2 

to 31.2 
to 9.3 

10.7 
- 9.3 

Public 

Drain 

Drain No. 7 (Dacqalt) 

Nahia (Beni Magdul) 

Mean 
-

Apr 1981 

. 

-

1.69 to 2.26 

..._._. 1 

0.9 

2.04 18.6 

-

to 25.9 

_ .35 

9.9 

22.4 

Mean 1.47 16.0 

Distrib
Canal 

Daqalt Apr-Dec 1981 -2.60 to 4.0P 0.14 -65 to 102 3.5 

Private 
Canal 
(mesqa) 

Hamad (Daqalt) Apr-Dec 1981 2.47 to 8.33 4.75 61.7 to 208.2 118.7 

Branch 
Canal 

Ibrahimiya (Abyuha) Aug 1981 to 
Oct 1982 

3.5 to 6.65 4.04 11.9 to 22.6 13.7 



Table B3. Regional lateral flow rates for canals and drains at three Project sites.
 

Project Site Channel Length 

Within 
Area (m) 

Sides 

Facing 
Area 

Effect 

Length 
(m) 

Area per 

eff. fnth. 
(m2 /m) 

Lateral Flow Rate1/ 

(mm/day x 10-3) 

Condition A Condition B 

Abyuha 
(1213 fed.) 

Ibrahimiya branch canal 
Abuyha distributary canal 
30 private canals (mesqas) 

3400 
4000 

29609 

1 
1 
2 

3400 
4000 

59218 

1500 
1274 

86 

2.693 
0.110 

55.233 

9.16 
0.37 

188.0 

2 public drains 
1 private drain 

2300 
1155 

1 
1 

2300 
1155 

2215 
4411 

0.664 
0.004 

2.26 
0.01 

Beni Magdul 
(840 fed.) 

Mansuriya branch canal 
Beni Magdul distributary canal 
18 private canals (mesqas) 

700 
2900 

13500 

1 
2 
2 

700 
5800 

27000 

5040 
609 
130 

0.802 
0.230 

36.538 

8.82 
2.53 

401.92 

2 public drains 5200 1 5200 680 2.162 23.78 

Abu Raya 
(Area Served 
630G fed.) 

Meet Yazeed branch canal 
Daqalt distributary canal 
24 private canals (masqas) 

2000 
11400 
54060 

1 
2 
2 

2000 
22800 

108120 

13230 
1160 
245 

0.305 
0.121 
19.388 

7.63 
3.03 

484.7 

3 public drains 
Private drains 

24120 
54060 

1 
2 

24120 
108120 

1100 
245 

1.336 
0.065 

33.4 
1.63 

1/ Positive flow rate values mean flow away from canals and toward drains.
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APPENDIX C: DETERMINATION OF RELATION BETWEEN
 

DEPTH TO WATER TABLE AND UPWARD FLOW
 

Introduction and Objectives
 

Water table fluctuation studies were conducted at Abu Raya and 

Beni Magdul in order to determine the relation between water table 

depth and rate of upward water movement from the water table. Data 

collection and analysis procedures for the Abu Raya study are pre­

sented here (unpublished data, A. Ismail, K. Litwiller, and A. F. 

Metawie). Similar procedures were used for the Beni Magdul study. 

In the Abu Raya area of Kafr El-Sheikh crops are grown under the 

dual constraints of e cracking/swelling clay soil and a high, fluc­

tuating water table. The water table rises to near the soil surface 

following irrigation and declines again until the following irrigation 

or rainfall event. The contribution of the water table to eva­

potranspiration is not known. In this study water table levels were 

observed under crops of cotton and wheat for an entire year. The 

objective of the study was to investigate the relation between depth 

to water table and upward flow from the water table. 

Data Collection Procedure
 

A continuous water level recorder was installed in a field 

bounded by Hamad mesqa and Drain No. 7. The drain and canal were con­

sidered to be at sufficient distance from the recorder box to have 

negligible effect on water table level.
 

Water table levels were measured continuously for an entire year 

with charts changed every week and checked twice weekly. Two cropping
 

seasons were included: summer 1981 (cotton crop) and winter 1981-1982
 

(wheat crop). Results of water table fluctuation were compared with 

evapotranspiration estimates for the area to arrive at conclusions 

concerning water table contribution to evapotranspiration.
 

Cotton planting at Abu Raya occurs in late April. The last irri­

gation is generally in August and harvest takes place in October. 

Wheat is planted in late November or early December and harvested in 

May or June. In this study the summer season (cotton crop) extended 



68
 

from May 18 to September 23, 1981. The following winter season
 

(wheat crop) extended from November 22, 1981 through May 3, 1982.
 

Data Analysis and Results
 

The variation of mean daily water table level with time is shown
 

in Figure Cl. The water table level increased sharply following an
 

irrigation or rainfall event and fell gradually between
 

irrigations. Water table depth ranged between 0.8 to 1.0 m below
 

the ground surface immediately preceding irrigation during both
 

winter and summer seasons. Water table level immediately following
 

irrigation averaged between 0.1 and 0.5 m with the water table
 

tending to rise higher during the winter. During rice cultivation
 

following wheat, the water table rose to above the soil surface and
 

was maintained there throughout the season. During the summer
 

season approximately 65% of the total area is planted to rice at Abu
 

Raya (unpublished data, M. Meleha, 1983).
 

One cycle was chosen for closer analysis. Figure 9 shows the
 

fall of the water table following the last irrigation of cotton on
 

August 19. A distinct ditference between daytime (6 a.m. to 6 p.m.)
 

and nighttime (6 p.m. to 6 a.m.) water table can be observed with
 

the rate of decline being greater during daylight hours. The
 

daytime decline, the nighttime decline and the difference between
 

the two were observed to diminish with depth. Water table decline
 

was assumed to occur due primarily to the factors of drainage
 

(lateral and downward) and upward flow due to capillary forces.
 

Upward flow in turn was assumed to contribute entirely t
 

evapotranspiration. The magnitudes of each factor were estimated by
 

the following procedure.
 

The water table levels at 6 a.m. and 6 p.m. were read from the
 

recorder charts for the entire year. The daytime water tahle
 

decline was taken to be the difference between the 6 a.m. value and
 

the 6 p.m. value for a given day. The nighttime decline was
 

computed as the difference between 6 p.m. level and the 6 a.m. value
 

for the following day. For each daytime decline, a corresponding
 

nighttime decline was determined by taking the average between the
 

previous night nd the following night.
 

The nighttime water table decline was assumed to be entirely due
 

to drainage. The daytime decline was considered due to both drainage
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and upward flow. In addition daytime drainage rate was assumed to be
 

equal to nighttime drainage rate.
 

The difference between the daytime decline and the nighttime 

decline represents upward flow. The amount of drainage in a 24 hour
 

period is estimated by doubling the nighttime decline. The sum of the
 

drainage and the upward flow during a 24 hour period is equal to the
 

total water table decline during that period. The water table decline
 

can be expressed as an equivalent depth of water by multiplying by the
 

drainable porosity. A drainable porosity of 0.041 was obtained by 

El-Mowelhi and Van Schilfgaarde (1982) from field measurements in a 

nearby region using covered drains and observation wells. The values 

for water table decline calculated above were multiplied by 0.041 to 

obtain estimates for daily water table drainage and contribution to 

evapotranspiration. A sample of the data obtained by the above analy­

sis is shown in Table C1 for the drying out period of cotton in August
 

and September 1981. The bottom of the root zone was assumed to be at
 

0.3 m depth below the ground surface based on root penetration tests
 

(Moustafa and Tinsley, 1984).
 

Graphs were prepared relating upward flow to water table depth 

for the summer season and the winter season. The data for upward flow
 

versus water table depth for the summer season (May 18 to September 

22, cotton crop)are plottedin Figure C2a. Upward water movement can
 

exceed 4 mm/day when the water table is within 0.4 m of the soil sur­

face. Upward flow rates decrease with increasing water table depth.
 

For water table depths exceeding 1.3 m, upward flow does not exceed
 

0.5 	mm/day. 

The relation between water table depth and upward flow during 

winter season (wheat) for Abu Raya conditions is s:,nwn in Figure C2b.
 

In general, upward flow is not as great as for summer conditions. 

This result could be expected since evapotranspiration rates are 

greater in summer than winter. For water table depths between 1.0 and
 

1.4 m, upward flow rates averaged about 1 mm/day. Data were not 

available for depchs greater than 1.4 m. It is proposed that upward 

flow rates for lower depths during winter would be similar to summer 

rates. Table C2 presents the estimated percentage of water table 

contribution to evapotranspiration throughout a year at Abu Raya. 



Table C1. Estimation of water table upward flow and drainage by using water table fluctuation data.
 

Date Water Table Level 
Above Sea Level 

(cm) 

6 a.m. 6 p.m. 

Aug 19 146 

20 133 119 

21 116 101 

22 98 88 

23 86 76 

24 75 67 

25 65 59 

26 58 53 

27 52 48 

28 47 43 

29 43 38 

30 38 

Water Table 

Decline 

(cm) 


Day Night 


13
 
14 


3 
15 


3 
10 


2 
10 


1 
8 

2 
6 

1 
5 


1 
4 

1 
4 


0 
5 


0 

Interpolated 

Night Decline 


(cm) 


8 


3 


2.5 


1.5 


1.5 

1.5 

1 


1 

0.5 


0 


Difference 
Between Day 
and Night
 
Decline
 

(cm) 


6 


12 


7.5 


8.5 


6.5 

4.5 

4 


3 

3.5 


5 


Upward Flow 

(m/day) 


2.46 


4.92 


3.07 


3.48 


2.66 

1.84 

1.64 


1.23 

1.43 


2.05 


Water Table
 
Drainage
 

(mm/day)
 

6.56
 

2.46
 

2.05
 

1.23
 

1.23 

1.23 

0.82
 

0.82 

0.41
 

0
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Table C2. Water table contribution to evapotranspiration, Abu Raya, 1981-1982.
 

Time Period Estimated Upward Flow Estimated Actual Percentage of Water 
From Water Table Evapotranspiration Table Contribution
 

to Evapotrarispiration
 
(m) (mn/day) [mm/day (mm)] % 

-/
Peak Mean A A B 

May 18 to 31 22.14 2.46 1.58 4.0( 56) 3.4 (47.6) 40 46
 
(14 days) 

June (30) 60.17 3.485 2.01 5.1(153) 6.2 (186) 39 32 
July (31) 70.52 4.1 2.27 5.7(177) 7.3 (226) 40 31 
Aug. (31) 50.12 4.92 1.62 3.0 (93) 4.2 (130) 54 39 
Sep. 1 to 23 7.38 1.23 0.32 1.7 (39) 1.9 (44) 19 17 
(23 days)
 

Total Summer 210.33 (518) (634) 41 33
 
(cotton crop)
 

Nov. 22 to 30 2.87 1.025 0.32 1.3 (12) 2.80 (25) 25 11
 
(9 days)
 

Dec. (31) 0.92 0.32 0.003 1.4 (44) 2.10 (65) 0 0
 
Jan. (31) 15.48 0.82 0.50 1.4 (43) 2.30 (71) 36 22
 
Feb. (28) 15.58 4.51 0.56 2.0 (56) 2.40 (67) 28 23
 
Mar. (31) 36.80 2.665 1.19 3.1 (96) 2.80 (86) 38 43
 
Apr. (30) 49.76 3.485 1.66 3.5(105) 5.80(174) 47 29
 

Total Winter 152.4 356 488 43 31
 
(wheat crop) 

-Total Yearly 362 874 1122 41 

1/ Nabawy, 1981. 
T/ Soil moisture depletion data, summer 1981, winter 81-82, Abu Raya.
 

32 
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Water table contribution was approximately 38% during the summer, 37%
 

during the winter, and 37% as an overall average for the entire 

year. 

A similar study and data analysis procedure was conducted at Beni 

Magdul. The resulting upward flow versus water table depth plots for 

summer and winter are shown in Figures C3a and C3b. 
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AMERICAN EQUIVALENTS OF EGYPTIAN ARABIC
 
TERMS AND MEASURES COMMONLY USED
 

IN IRRIGATION WORK
 
LAND AREA IN SO METERS IN ACRES IN FEDDANS IN HECTARES 
1 acre 4,046.856 1.000 0.963 0.405 
1 feddan 4,200.833 1.038 1.000 0.420 
1 hectare (ha) 10,000.000 2.471 2.380 1.000 

1 sq. kilometer 100 x lO, 247.105 238.048 100.000 

1 so. mile 259 x 10' 640.000 616.400 259.000 

WATER MEASUREMENTS FEDDAN-CM ACRE-FEET ACRE-INCHES
 

1 billion m 923,809,000.000 810,710.000
 

1,000 m 3 23.809 0.811 9.728
 
1,000 m a /Feddan 23.809 0.181 9.372
 
(= 238 mm rainfall) 

420 m 3 /Feddan 10.00 0.328 3.936 
(= 100 mm raTnfall) 

OTHER CONVERSION METRIC U.S. 
1 ardab - 198 liters 5.62 bushels 
1 ardab/feddan 5.41 bushels/acre 
1 kg/feddan 2.12 lb/acre 
1 donkey load - 100 kg 
1 camel load = 250 kg 

1 donkey load of manure 0.1 ma 

1 camel load of manure 0.25 m' 

EGYPTIAN UNITS OF FIELD CROPS
 
CROP EG. UNIT IN KG IN LBS IN BUSHELS
 

Lentils ardeb 160.0 352.42 5.87
 
Clover ardeb 157.0 345.81 5.76
 
Broadbeans ardeb 155.0 341.41 6.10
 
Wheat ardeb 150.0 330.40 5.51
 
Maize, Sorghum ardeb 140.0 308.37 5.51
 
Barley ardeb 120.0 264.31 5.51
 
Cottonseed ardeb 120.0 264.32 8.26
 
Sesame ardeb 120.0 264.32
 
Groundnut ardeb 75.0 165.20 7.51
 
Rice dariba 945.0 2081.50 46.26
 
Chick-peas ardeb 150.0 330.40
 
Lupine ardeb 150.0 330.40
 
Linseed ardeb 122.0 268.72
 
Fenugrcek ardeb 155.0 341.41
 
Cotton (unginned) metric qintar 157.5 346.92
 
Cotton (lint or ginned) metric qintar 50.0 110.13
 

EGYPTIAN FARMING AND IRRIGATION TERMS 
fara = branch 
marwa = small distributer, irrigation ditch 
masraf = field drain 
mesaa = small canal feeding from 10 to 40 farms 

= cf. English 'karat', A land measure of 1/24 feddan, 175.03 m
2 

ara = village
 

sahm = 1/24th of a qirat, 7.29 m2 

= animal powered water wheel 
sarf = drain (vb.), or drainage. See also masraf, (n.) 
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EGYPT WATER USE AND MANAGEMENT PROJECT
 

PROJECT TECHNICAL REPORTS
 

NO. 	 TITLE 

PTR#1 	 Problem Identification Report 
for Mansuriya Study Area, 
10/77 to 10/78. 

PTR#2 	 Preliminary Soil Survey Report 
for the Beni Magdul and 
EI-Hammami Areas. 

PTR#3 	 Preliminary Evaluation of 
Mansuriya Canal System, 
Giza Governorate, Egypt. 

PTR#4 	 On-farm Irrigation Practices in 
Mansuriya District, Egypt. 

PTR#5 	 Economic Costs of Water Shortage 
Along Branch Canals. 

PTR#6 	 Problem Identification Report For 
Kafr El-Sheikh Study Area. 

PTR#7 	 A Procedure for Evaluating the 
Cost of Lifting Water for Irrigation 
in Egypt. 

PTR#8 	 Farm Record Summary and Analysis 
for Study Cases at Abu Raya and 
Mansuriya Sites, 1978/1979. 

PTR#9 	 Irrigation & Production 
of Rice in Abu Raya, 
Kafr EI-Sheikh Governorate. 

PTR#i0 	 Soil Fertility Survey in 
Kafir EI-Sheikh, El Mansuriya 
and EI-Minya Sites. 

PTR# 1I 	 Kafr EI-Sheikh Farm Management 
Survey Crop Enterprise Budgets 
and Profitability Analysis. 

PTR#12 	 Use of Feasibility Studies 
and Evaluation of Irrigation Projects: 
Procedures for Analysing Alternative 
Water Distribution System 
in Egypt. 

AUTHOR 

Egyptian and American 
Field Teams. 

A. 0. Dotzenko, 
M. Zanati, A. A. Abdel 
Wahed, & A. M. Keleg. 

American and 
Egyptian Field Teams. 

M. EI-Kady, W. Clyma 
& M. Abu-Zeid 

A. El Shinnawi 
(A. Skold & M. Nasr 

Egyptian and American 
Field Teams. 

H. Wahby, G. Quenemoen 
& M. Helal 

F. Abdel Al & M. Skold 

Kafr EI-Sheikh Team 
as Compiled by T. W. Ley 
& R. L. Tinsley 

M. Zanati, P. N. Soltanpour, 
A.T.A. Mostafa, & A. Keleg. 

M. Haider & 
F. Abdel Al 

R. J. McConnen, 
F. Abdel Al, 
M. Skold, G. 	Ayad & 
E. Sorial 
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NO. TITLE 

PTR#13 	 The Role of Rural Sociologists 
in an Interdisciplinary, 
Action-Oriented Project: 
An Egyp-ian Case Study. 

PTR#14 	 Administering an Interdisciplinary
Project: Some Fundamental Assumptions 
Upon Which to Build. 

PTR#15 	 Village Bank Loans to Egyptian 
Farmers. 

PTR# 16A 	 Irrigation System Improvement
By Simulation and Optimization: 
I. Theory. 

PTR#16B 	 Irrigation System Improvement
By Simulation and Optimization: 
1. Application. 

PTR# 17 	 Optimal Design of Border ;rrigaLlon 
System 

PTR#18 	 Population Growth and Development 
in Egypt: Farmers' and Rural 
Development Officials' 
Perspectives. 

PTR#19 	 Rural Development and Effective 
Extension Strategies: Farmers' aP.-
Officials' Views. 

PTR#20 	 The Rotation Water Distribution 
System vs. The Continual Flow 
Water Distribution System. 

PTR#21 	 EI-Hammami Pipeline Design. 

PTR#22 	 The Hydraulic Design of Mesga 10, 
An Egyptian Irrigation Canal. 

PTR#23 	 Farm Record Summary and Analysis 
for Study Cases at Abyuha, 
Mansuriya and Abu Raya Sites, 
79/80. 

PTR#24 	 Agricultural Pests and Their 
Control: General Concepts. 

PTR#25 	 Problem Identification Report 
for EI-Minya 

AUTHOR 

3. Layton and 
M. Sallam 

3. B. Mayfield & 
M. Naguib 

G. Ayad, M. Skold, 
& M. Quenemoen. 

3. Mohan Reddy & 
W. Clyma 

J. Mohan Reddy & 
W. Clyma 

3. Mohan Reddy & 
W. Clyma 

M. Sallam, 
E.C. Knop, & 
S.A. Knop 

M. S. Sallam, 
E. C. Knop, 	& 
5. A. Knop 

M. EI-Kady, 
3. Wolfe, & 
H. Wahby 

Fort Collins Staff 
Team 

W.O. Ree, 
M. EI-Kady, 
3. Wolfe, & 
W. Fahim 

F. Abdel Al, 
& M. Skold 

E. Attalla 

R. Brooks 
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NO. TITLE AUTHOR 

PTRtt26 Social Dimensions of Egyptian 
Irrigation Patterns. 

E.C. Knop, 
M. Sallam, S.A. Knop 
& M. EI-Kady 

PTR#27 Alternative Approaches in Extension 
and Rural Development Work: 
An Analysis of Differing Perspective 
In Egypt. 

M. Sallam & 
E. C. Knop 

PTR#28 Economic Evaluation of Wheat 
Trials at Abyi ha, El-Minya 
Governorate ,9/80-80/81. 

N. K. Farag, 
E. Sorial, & 
M. Awad 

PTR#29 Irrigation Practices Reported 
by EWUP Farm Record Keepers. 

F. Abdel Al, 
M. Skold & 
D. Martella 

PTR#30 The Role of Farm Records in 
the EWUP Project. 

F. Abdel Al 
& D. Martella. 

PTR#31 Analysis of Farm Management 
Data From Abyuha Project Site. 

E. Sorial, M. Skold, 
R. Rehnbarg & F. Abdel Al 

PTR#32 Accessibility of EWUP Pilot Sites. A. EI-Kayal, 
S. Saleh, A. Bayoumi 
& R. L. Tinsley 

PTR#33 Soil Survey Report for Abyuha Area 
Minya Governorate. 

A. A. Selim, M. A. EI-Nahal, 
& M. H. Assal 

PTR#34 Soil Survey Report for Abu Raya 
Area, Kafr El-Sheikh Governorate 

A. A. Selim, M. A. EI-Nahal, 
M. A. Assal & F. Hawela. 

PTR#35 Farm Irrigation Sys,,m Design, 
Kafr EI-Sheikh, Eqypt. 

Kafr El-Sheikh Team as 
compiled by T. W. Ley 

PTR#36 Discharge and Mechanical 
Efficiency of Egyptian 
Water-Lifting Wheels. 

R. Slack, 
H. Wahby, 
W. Clyma, & D. K. Sunada 

PTR#37 Allocative Efficiency and 
Equity of Alternative Methods 
of Charging for Irrigation 
Water: A Case Study in 
Egypt. 

R. Bowen and 
R. A. Young 

PTR#38 Precision Land Leveling On Abu Raya 
Farms, Kafr El-Sheikh Governorate, 
Egypt. 

EWUP Kafr El-Sheikh 
Team, as compiled by 
T. W. Ley 

PTR#39* On-Far.m Irrigation Practices for Winter 
Crops at Abu Raya. 

A. F. Metawie. N. L. Adams, 
& T. A. Tawfic 
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NO. TITLE AUTHOR 

PTR#40 A Procedure For Evaluation 
Crop Growth Environments For 
Optimal Drain Design. 

D. S. Durnford, E. V. 
Richardson & T. H. Podmore 

PTR#41 The Influence of Farm Irrigation 
System Design and Precision Land 
Leveling on Irritation Efficiency and 
Irrigation Water Management. 

T. W. Ley, M. EI-Kady 
K. Litwiller, E. Hanson 
W. S. Braunworth, 
A. EI-Falaky & E. Wafik 

PTR#42 Mesca Renovation Report. N. Illsley & A. Bayoumi 

PTR#43 Planning Irrigation Improvements 
in Egypt: The Impact of Policies 
and Prices on Farm Income and 
Resource Use. 

M. Haider & M. Skold 

PTR#44* Conjunctive Water Use - The State 
of the Art and Potential for Egypt. 

V. H. Scott & A. E,-Falaky 

PTR#45* Irrigation Practices of EWUP Study 
Abyuha and Abu Raya Sites for 
1979-1980, 1980-1981, 1981-1982. 

F. Abdel Al, D. Martella, 
& R. L. Tinsley 

PTR#46 Hydraulic Design of a Canal System 
For Gravity Irrigation. 

T. K. Gates, W. 0. Ree 
M. Helal & A. Nasr 

PTR#47 Water Budgets for Irrigated Regions 
in Egypt 

M. Helal, A Nasr, 
M. Ibrahim, T. K. Gates, 
W. 0. Ree & M. Semaika 

PTR#48* A Method for Evaluating and Revising 
Irrigation Rotations. 

R. L. Tinsley, A. Ismail 
& M. EI-Kady 

PTR#49 * Farming System of Egypt: With Special 
Reference to EWUP Project Sites. 

G. Fawzy, M. Skold & 
F. Abdel Al. 

PTR#50 Farming System Economic Analysis 
of EWUP Study Cases. 

F. Abdel Al, D. Martella, 
& D. W. Lybecker 

PTR#51 Structural Specifications and 
Construction of a Canal System for 
Gravity Irrigation. 

W. R. Gwinn, T. K. Gates, 
A. Raouf, E. Waf ik & 
E. N~eisen 

PTR#52* Status of Zinc in the Soils of Project 
Sites. 

M. Abdel Naim 

PTR#53* Crop Management Studies by EWUP. M. Abdel Naim 

PTR#54* Criteria for Determining Desirable 
Irrigation Frequencies and Requirements 
and Comparisons with Conventional 
Frequencies and Amounts Measured in 
EWUP. 

M. EI-Kady, J. Wolfe & 
M. Semaika 
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NO. TITLE AUTHOR 

PTR#55* Design and Evaluation of Water Delivery 
System Improvement Alternatives. 

T. K. Gates, 3. Andrew, 
J. Ruff, D. Martella, 
J. Layton, M. Helal & 
A. Nasr. 

PTR#56 Egyptian Canal Lining Techniques and 
Economic Analysis 

M. EI-Kady, H. Wahby, 
3. Andrew 

PTR#57 Infiitration Studies on Egyptian 
Vertisols. 

K. Litwiller, R. L. Tinsley 
H. Deweeb, & T. W. Ley 

PTR#58 * Cotton Field Trials, Summer, 1980 
Abu Raya. 

Kafr EI-Sheikh Team as 
compiled by M. Awad & 
A. El-Kayal 

PTR#59* ManrA ement Plan for a Distributary 
Canl System 

A. Saber, E. Wafik, 
T. K. Gates, & 3. Layton 

PTR#60 Hydraulic Conductivity and Vertical 
Leakage in the Clay-Silt Layer of the 
Nile Alluvium in Egypt. 

3. W. Warner, T. K. Gates, 
W. Fahim, M. Ibrahim, 
M. Awad, & T. W. Ley. 

PTR#61 The Relation Between Irrigation Water 
Management and High Water Tables in 
Egypt. 

K. Litwiller, M. EI-Kady 
T. K. Gates & E. Hanson 

PTR#62* Water Quality of Irrigation Canals, 
Drains and Groundwater in Mensuriya, 
Kafr EI-Sheikh and EI-Minya Project 
Sites. 

A. El-Falaky & V. H. Scott 

PTR#63 Watercourse Improvement Evaluation 
(Mesca #26 and M # 10) 

R. McConnen, E. Sorial, 
G. Fawzy 

PTR#64* Influence of Soil Properties on Irrigation 
Management 1i Egypt. 

A.T.A. Moustafa & 
R. L. Tinsley 

PTR#65 Experiences in Developing Water Users' 
Associations. 

3. Layton and Sociology 
Team 

PTR#66* The Irrigation Advisory Service: A 
Proposed Organization for Improving 
On-Farm Irrigation Management in 
Egypt. 

J. Layton and Sociology 
Team 

PTR#67* Sociological Evaluation of the On-Farm 
Irrigation Practices Introduced in Kafr 
El-Sheikh. 

3. Layton, A. EI-Attar 
H. Hussein, S. Kamal & 
A. EI-Masry 

PTR#68* Developing Local Farmer Organizations: 
A Theoretical Procedure. 

3. B. Mayfield & M. Naguib 

PTR#69* The Administrative and Social 
Environmentof th! Farmers in an 
Egyptian Village. 

3. B. Mayfield & M. Naguib 
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NO. TIrLE AUTHOR 

PTR#-O* Fa,:ors Affecting the Ability of Farmers 
to Effectively Irrigate: A Case Study 
o,: the Manshiya Mesca, Kafr EI-Sheikh. 

M. Naguib & J. Layton 

PTR#71* Impact of Turnout Size and Condition 
on Water Management on Farms. 

E. Hanson, M. Ei-Kady & 
K. Litwiller 

PTR#72* Baseline Data for Improvement of a 
Distributary Canal System. 

K. Ezz El-Din, K. Litwiller, 
& Kafr El-Sheikh Team 

PTR#73 Considerations of Various Soil 
Properties For The Irrigation 
Management of Vertisols 

C. W. Honeycutt & 
R. D.Heil 

PTR#74* 

PTR#75 

Farmers's Irrigation Practices in 
El-Hammami Sands 

Abyuha Farm Record Summary 

T. A. Tawfic, & 
R. J. Tinsley 

EWUP Field Team 

1979-1983 

PTRtt76 Kafr El Sheikh Farm Record Summary EWUP Field Team 

PTR#77W El Hammami Farm Record Summary & 
Analysis 

M. Haider & 
M. Skold 

PTR#78 Beni Magdul Farm Record Summary EWUP Field Team 

PTR#79 Analysis of Low Lift Irrigation 
Pumping 

H. R. Horsey, E. V. 
Richardson 
M. Skold & D. K. Sunada 
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EGYPT WATER USE AND MANAGEMENT PROJECT 
MANUALS 

NO. TITLE AUTHOR 

MAN.#1 Trapezoidal Flumes for the By: A. R. Robinson. 
Egypt Water Use Project. 

MAN.#2 Programs for the HP Computer 
Model 9825 for EWUP Operations. 

By: M. Helal, 
D. Sunada, 
3. Loftis, 
M. Quenemoen, 
W. Ree, R. McConnen, 
R. King, A. Nazr 
and R. Stalford. 

MAN.#5 Precison Land Leveling Data T. W. Lev 
Analysis Program for HP9825 Desktop 
Calculator 

MAN.#8 Thirty Steps to Precison Land Leveling A. Bayoumi, S. Boctor & 
N. Dimick 

MAN.#9 Alphabetical List of Some Crops and 
Plants with Their English, Egyptian, 

G. Ayad 

Botanical & Arabic Names and 
Vocabulary of Agricultural and other 
Terms Commonly Used. 

MAN.#10 EWUP Farm Record System Farouk Abdel Al, David 
R. Martella, and Gamal Ayad 

TO ACQUIRE REPORTS LISTED IN THE ATTACHED
 
PLEASE WRITE TO:
 

EGYPT WATER USE AND MANAGEMENT PROJECT
 
COLORADO STATE UNIVERSITY
 

ENGINEERING RESEARCH CENTER
 
FORT COL-LINS, COLORADO 80523
 

Reports available at nominal cost, plus postage and handling.
 

*In Progress 


