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In the underlying report the simulation results of some alternative water management scenarios for the Eastern Nile Delta will be presented. Thereport also includes short descriptions of the SIWARE package, input data, and the calibration and
validation procedures applied More detailed information can be obtained from the
basic reports in the Reuse modelling series as enumerated on the next page.
Thisreport willbe preceded by an extensive summary and, whererelevant, conclusions drawn from the subjects as treated in the various chapters.
In chapter 1 an introduction to some of the current the water management problems in the Nile Delta in Egypt will be presented. The objectives and completed activities of the 'Reuse of Drainage Water Project', as well as the future
possible activities of this project will be discussed.
In chapter 2 a short explanation of the simulation model package 'SIWARE' will
be given. The majority of the relevant physical and functional relationships which
are combined in the model will be discussed.
In chapter 3 attention will be paid to the important required input data which have
been used for the simulation of the water management in the Eastern Nile Delta.
The accuracy andreliability of these data will be discussed, as well as the reasons
for calibration of some of these data.
In chapter 4 the simulation results for the year 1986,which has been used for the
model input parameter calibration, will be compared with the results of the monitoring network. The model performance will be further illustrated by confronting
the simulation results of the complete period 1984-1988 with the measured data.
Attention will be paid to the analysis of the water management system and its
performance during 1986. Furthermore, the crop response simulated by the model
will be compared with experimental data and results from both the international
and the Egyptian relevant literature.
In chapter 5 the simulation results for a number of alternative water management
scenarios will be discussed The scenarios considered take into account effects of
changes in the cropping pattern, changes in the crop water duty of rice, extension
of the agricultural area in the Eastern Nile Delta, and changes in the irrigation
behaviour of farmers.
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ABSTRACT
Abdel Gawad,ST., M.A. Abdel Khalek, D. Boels, D.E.El Quosy, C.WJ. Roest,P.E.Rijtema and
M.F.R. Smit, 1991.Analysis of Water Management in the Eastern Nile Delta. Final Report Reuse
Model, Report 30, Reuse of Drainage Water Project 245 pp., 100 figures, 44 tables, 28 ref.
Theregional water management in theEastern Nile Deltaof Egypt (756,000 ha) hasbeen analyzed
for theyears 1984 through 1988using theSIWAREmodel package.Thisversatile packagehasbeen
compiled for integrated agricultural water management under arid and semi-arid conditions. It
comprises 4 sub-models: DESIGN for dimensioning irrigation canals and allocating water to the
main intakes; WDUTY for calculating the farmers' water requirements; WATDIS for distributing
irrigation water; and REUSE for on-farm water and salt management, and reuse and disposal of
drainage water. The modelled processes in SIWARE warrant reliable simulations of irrigation and
drainage flows and salt loads, confirmed by the model calibration and validation. Three alternativewatermanagementscenarioshavebeenevaluated,leadingtothefollowing conclusions:reducing
the rice water allocation duty rather than reducing the rice acreage is a better proposition to save
onirrigation water;saved irrigation watercanbeusedprofitably inreclaimeddesertareas for winter
crops; and unofficial reuse of drainage water by farmers should not be prohibited.
Keywords: regional water management, Eastern Nile Delta, Egypt, SIWARE model package,
integrated agricultural water management under arid and semi-arid conditions, on-farm water and
saltmanagement,reuseof drainagewater,model calibration and validation, evaluation of alternative
water management scenarios.
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RECOMMENDATIONS
Irrigation water is becoming more and more a scarce commodity in Egypt with the
continuously increasing demand for food crops. Since the use of Nile water,
Egypt's main resource, is reaching its limits, a more efficient exploitation of this
water becomes imperative.
In order to provide the Ministry of Public Works and Water Resources with information regarding reusable drainage water in the Nile Delta, a monitoring network
and a mathematical simulation model have been developed simultaneously. The
monitoring programme includes drain discharges, salinities and the chemical composition of the drainage water at a comprehensive number of locations throughout the Nile Delta. All measured data have been reported in a series of yearbooks.
The SIWARE1 integrated water management model package provides a quantitative
estimation of alternative water management measures in irrigated agriculture under
arid and semi-arid conditions.
One of the merits of the SIWARE simulation model is its ability to provide intelligent estimates of the future conditions in the modelled system brought about by
changes in the system's input parameters. The real consequences of such changes
on the short and the long term, however, can only be verified through field surveys
and measurements.
1.It is therefore strongly recommended to maintain the present measurement network
along with its frequent data collection.
The application of the SIWARE model package on the Eastern Nile Delta has
proven its accuracy and validity. Further verification of the model approach can
only be obtained by simulations for other areas where different agricultural and
hydrological conditions prevail. Expanding the modelled area also contributes to a
more accurate prediction of the aggregated effects of alternative water management scenarios on a national scale.
2.It is therefore recommended to apply the SIWARE model package on the Middle
and Western Nile Delta.
The analysis of the water management during 1986 revealed a significant discrepancy between the calculated crop water requirements and the fixed crop allocation
duties used by the Ministry of Public Works and Water Resources. Investigations
into these deviations, which are mainly caused by the spatial variability of the
crop water requirements, may lead to a higher efficiency in the irrigation water
distribution and savings on irrigation water.
3. It is therefore recommended to analyze the spatial variability of the crop water requirements through literature and Field research in order to determine the validity
of the spatially distributed values simulated with the SIWARE model package.
Three clusters of different water management strategies have been simulated and
analyzed. All identified strategies were aimed at water savings, either through conversions in the cropping pattern, or through improvements in the irrigation water
distribution, or by resorting to reductions in the Nile water supply to the old lands.

1

SIWARE stands for Simulation of Water Management in the ArabRepublic of Egypt

All performed cropping pattern simulations, except those for extreme water savings,
indicated that reducing the allocation water duty of rice rather than substituting part
of the rice area with maize is a better proposition to save on irrigation water. This
finding was supported by a financial and an economical analysis using price levels
of 1979/1980.
4. It is therefore recommended, in case of water shortages, to consider a reduction in
the allocation water duty of rice rather than replacing rice by maize in the southern
part of the Nile Delta as was implemented in 1988.
5.It is also recommended to repeat the financial and economical evaluation of the
various cropping pattern strategies with more up-to-date price levels and figures concerning governmental pricing policy, and to include cash crops like vegetables and
trees in this evaluation.
The strategies handling the extension of the old lands with reclaimed desert areas
showed that water saved in the old lands can be profitably used in the new areas.
Despite a total Nile water supply limited to the very low amount of 1988, the simulated productivity of the winter crops was good. Summer crops performed less
well.
6.It is recommended to collect crop yield and price data for reclaimed areas on which
a sound cost-benefit analysis can be based,justifying the investments for such areas.
SIWARE model simulations indicated that banning small diesel pumps used by farmers for lifting water directly from the irrigation canals offers some relief with
respect to the irrigation water distribution. Major improvements, however, could not
be established because these effects will be primarily noticeable on a 3 times lower
scale as employed in the model simulations.
7.It is therefore recommended to apply the SIWARE model package on an equal scale
as currently used for the calculation units (approximately 15,000 feddan') in order to
determine the non-uniformity in the water distribution within these units.
The same strategy cluster also showed that banning these diesel pumps for the
unofficial reuse of drainage water will lead to negative effects on crop yields
caused by local and temporal water shortages.
8.It is therefore recommended not to prohibit the unofficial reuse of drainage water
by farmers under the presently prevailing conditions in the Eastern Nile Delta.
In none of the strategies studied, Nile water savings by extending the official reuse
of drainage water has been considered. The precarious situation of Egypt's water
resources requires the engagement of such a task with utmost priority.
9.It is therefore recommended to investigate the prospects of expanding the official
reuse of drainage water quantities and topredict the effects onthe water management
in the Delta.
10.It is also recommended to balance various water saving strategies against each other
to pinpoint the optimum strategy with the least adverse effects.

'or 6,300 hectares

The 'Reuse of Drainage Water Project' is a joint activity of the technical agencies:
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SUMMARY

THE PROJECT
The total acreage of Egypt amounts to roughly one million km2, but the majority
of the Egyptian inhabitants is concentrated on 4-5% of this area only. Expansion
of agriculture by reclaiming new lands will be the first priority measure in Egypt
to overcome the presently prevailing food balance crisis, caused by the rapidly
growing population.
Reuse of drainage water appears to beone of the most promising, fast, and economic means to increase the Egyptian water budget and to improve the efficiency of
water use.
In order to provide the Ministry of Public Works and Water Resources with the
necessary information regarding the available drainage water, which potentially can
be reused for irrigation purposes, the 'Reuse of Drainage Water Project' has been
initiated. The project consists of three main activities:
- to establish a monitoring network in the main drainage canal system in the Nile
Delta to provide information on drainage water with respect to quantity, quality
and location, for the present situation;
- to predict future changes of quantity and quality of the drainage water as a result
of changing water management through model simulations;
- to train Egyptian counterpart staff in the techniques to obtain the above mentioned information.
The monitoring network covers the complete Nile Delta. The accuracy of the measurement results of this monitoring network has improved steadily since the start
in 1980, and from 1984 onwards the results are reliable or fairly reliable.
At present an amount of about 14 billion1 m3 (1984) to 12 billion m3 (1988) of
drainage water flows annually to the Mediterranean Sea and coastal lakes. The
salinity ranges between 1,000 and 7,000 gm"3, but around 75% (1984) to 70%
(1988) of this quantity has a salinity of less than 3,000 g-m"3. An amount of 3
billion m3 (1984) to 2.4 billion m3 (1988) of drainage water is reused annually in
the southern part of the Nile Delta by mixing, in most cases,with fresh Nile water
in the larger irrigation canals.
So far, themodel simulations have been performed for theEastern NileDelta only.
Consequently, the analysis of the present water management, as well as the alternative water management scenarios discussed in this report, concern the Eastern
Nile Delta only. It has been envisaged that during the next phase of the project
model simulations will be carried out for the Middle and Western Nile Delta.

'onebillionm* equals 109 m'

THEMODEL
In order to predict future changes of drainage water quantity and salinity, as a
result ofchanged conditions in thewatermanagement,agronomic changes,orchanges in the hydraulic conditions, the SIWARE model has been developed. SIWARE
is the abbreviation of Simulation of Water management in the Arabic Republic of
Egypt. In this simulation model for the Nile Delta all relevant physical and other
functional relationships have been combined. This has been done in a simplified
and schematized way, which is inherent to regional modelling with the present
knowledge and technical facilities.
The following subsystems can be distinguished in the water management in the
Nile Delta, and consequently in the simulation model:
- the water allocation to the intakes of thehighest order irrigation command canals,
which is treated in the model 'DESIGN';
- the estimation of the water requirement at farm level, taking into account the
hydrological and climatic conditions and the soil moisture and salinity status of
the soil, which is treated in the model 'WDUTY';
- the water distribution from the intakes of the command canals to the agricultural
fields within the command areas, including the operational losses to drainage
canals and to the aquifer, which is treated in the model 'WATDIS';
- the water losses from the Nile Delta to the atmosphere through evaporation and
transpiration, to the aquifer through leakage and seepage, and to the Mediterranean Sea and Coastal Lakes through the drainage system, which is treated in
the model 'REUSE';
- the drainage water collecting and transporting system, which is the source for
reuse of drainage water either through reuse pump stations, orthrough abstraction
by farmers' pumps (unofficial reuse), is included in the model 'REUSE'.
Two types of processes are simulated in the SIWARE model:
- physical processes, such as: the water flow through the irrigation canals and
control structures; the flow of water and salt to the (sub)surface drains; the
évapotranspiration and related increase in soil salinity and osmotic pressure;
decrease in soil moisture, etc.;
- human behaviour processes, such as: decisions related to the allocation of irrigation water among the irrigation command areas and the determination of target
water levels at control structures in the irrigation system (decision maker); the
simulation of the height of the gate openings of control structures (gateoperator);
the abstraction pattern during the day for field irrigation of agricultural crops and
decisionsrelated tothedistribution of thelimited available irrigation wateramong
the fields crops (farmer), etc.
The water allocation to the main intake canals in the Nile Delta is based on the
official Ministry of Public Works and Water Resources water requirements of the
agricultural crops grown in the command area, the local groundwater use, the
intended official reuse of drainage water, the occurrence of rainfall (since 1988),
the industrial and domestic water requirements, and a percentage of the allocation
for conveyance and operational losses.

The hydraulics of each irrigation canal can be characterized by a stage-discharge
relation. Given the water requirement for each month, the target waterlevels in the
irrigation system can be determined for each point in the system where control
structures with movable gates or movable crests are situated.
The farmers' demand for irrigation water depends on the initial soil moisture
conditions in the field, on the local hydrological conditions, and on the local
climaticconditions (evaporative demand).Farmers willtry tomaximize thequantity
of irrigation water given to the crops in order to leach as much accumulated salts
from the crop root zone as possible. This intended irrigation quantity is limited, of
course, by the hazard of crop damage due to oxygen shortage in the root zone
under prolonged ponding.
In the water distribution model the water distribution, as intended by the Ministry
of Public Works and Water Resources, is confronted with the water needs of the
individual farmers. The realized water distribution within the Nile Delta depends
on the water allocation and distribution strategy of the Ministry of Public Works
and Water Resources and on the farmers' behaviour. Farmers may influence the
water distribution toacertain extent with respect to the total quantity they consider
necessary, and through their daily abstraction pattern (day versus night irrigation).
The actual water distribution is also influenced by the operation of the irrigation
system by gate operators, who act as an intermediary between the Ministry objectives (intended water distribution) and farmers' objectives (irrigation during day
time and farmers' water requirements).
Farmers use sakkias (water-wheels) and diesel pumps to lift the water from the
lowest order irrigation canals to irrigate their fields. Water supply to these lowest
orderirrigation canals normally takesplace through submerged movable gates.Two
times daily, during irrigation-on periods, the height of the gate openings are
adjusted according tothe target waterlevel downstream of thecanal inlet If farmers
withdraw more water than their official share, the gate opening is enlarged, thus
rewarding such behaviour. Obviously the reverse holds if farmers withdraw less
than their official share.
The main purpose of the regional drainage model REUSE is:
- organization of input and output for the module FAIDS, where theon-farm water
management is simulated;
- distribution of irrigation water supplied to the agricultural areas among the
different field crops;
- simulation of crop succession after the harvest, at the onset of the next growing
season;
- simulation of unofficial reuse of drainage water by farmers;
- simulation of the irrigation water salinity after mixing with drainage water by
reuse pump stations;
- taking care of the simulation sequence of the agricultural areas distinguished in
relation to official and unofficial reuse of drainage water,
- calculation of time-lags in the drainage system;
- preparation of output for presentation.

THE INPUTDATA
The data required for performing model simulations can be classified in four
categories:
- time invariant input data, also called modelparameters, such as soil permeability,
soil anisotropy factor, etc.;
- time dependent input data, such as total water supply, cropping pattern, meteorological data, etc.;
- model variables which have to be initialized, such as soil moisture contents, soil
salinity, groundwater depth,etc.;
- field measurements for the comparison of simulated model output in order to
calibrate some of the time invariant model parameters.
Any simulation model is a simplified reproduction of thecomplex reality. Although
it is the objective of the modeller to include all relevant relationships in the model,
implicit assumptions made during the modelling process will limit the equivalence
between the simulation model and reality. For the actual model simulations in a
certain defined study area, such as the Eastern Nile Delta, not only the processes
are schematized. Also the area itself and the associated relevant input data have
to be schematized. The reasons for subdividing the area into smaller units and
schematization of the input data are notonly related to limited computing facilities,
but frequently also with insufficient knowledge about the detailed spatial and temporal variability of the required input data.
For the subdivision of the Eastern Nile Delta into calculation units, the boundaries
of the administrative Irrigation Districts have been respected. Since the simulation
model follows both the hierarchy of the irrigation and drainage canal system,these
districts have been split upinto smaller units.Finally,the (schematized) calculation
units have been defined in such a way that its irrigation water originates exclusively from one canal, and its drainage water flows exclusively to one drainage
canal. The resulting number of calculation units in the Eastern Nile Delta is 88.
Correct cropping pattern data are of vital importance for the simulation of the
water management. Cropping pattern data are also important for the allocation of
the available irrigation water over the intakes of the main irrigation canals. In order
to reduce the amount of calculations required in the on-farm water management
model the number of crops considered has been reduced from the 28 crops distinguished by the Ministry of Public Works and Water Resources to the 9 major
field crops.
For thewater allocation model DESIGN theplanned croppingpartem,asnegotiated
between the Ministry of Agriculture and the Ministry of Public Works and Water
Resources, should have been used.Forthe crop waterrequirement modelWDUTY,
and for the regional agricultural and drainage model REUSE, the actual realized
cropping pattern, should have been used as input. This aspect has been neglected,
and the same cropping pattern has been used for the three models.
For the initial model soil moisture and salinity input data, equilibrium conditions
have been assumed. These initial conditions have been generated by running the
SIWARE model for a sufficiently long period with the same irrigation water allocation, climatic, and soil use input data. The year 1986 has been selected for

calculating the initial input data, because both the cropping pattern and the irrigation water supply are both more or less equal tothe long term historical average.
The same year has been used for the calibration of model input parameters.
For the simulations with the SIWARE model a number of simplifying assumptions
with respect to the subdivision of the study area into calculation units have been
made. The input data have been schematized with respect to spatial and temporal
variability. The most important simplifying assumptions are:
- rotation of irrigation water supply takesplace below the level of the distinguished
calculation units;
- the gate operation procedures are considered valid for all gates in the complete
study area;
- the irrigation water uptake pattern is considered uniform for the complete study
area;
- the irrigation intervals are considered identical for the complete study area;*
- the seasonal distribution of the groundwater abstraction in the calculation units
is assumed constant with time;
- the climatic input data are based on long term observations, and differences
between individual years are not considered;
- the same cropping pattern is used both for simulating the water allocation and for
the crop water requirement and regional drainage water simulations;
- only the nine major field crops are considered;
- uniformity is assumed within the schematizedcalculation unitswithrespect tosoil
and hydrological characteristics;
- uniformity is assumed with respect to growing period of the crops in the study
area;
- crop development input data, such as rooting depth, relative soil cover, crop
height, etc., are assumed uniform within the calculation unit;
- the feedback of saline soil conditions to cropdevelopment data is not considered;
- unofficial reuse of drainage water is applied uniformly within each calculation
unit.
THE MODEL CALIBRATION
The collection of sufficiently accurate and representative field data as model input
for the Eastern Nile Delta has proven to be a too large effort to be implemented
within the framework of the project. Instead, model input data calibration has been
used in order to improve the accuracy of the model results. During this procedure
the measured output has been used as a yardstick for changing the input data
between certain ranges. The input data values which gave the best results were
selected. Accurate modelresults for thecircumstances for which thedata havebeen
calibrated does not automatically mean that the simulation results are reliable.
Therefore it is always necessary to use an additional set of measured output data
for different circumstances in order toprove the validity of the used input data and
the model approach.
Model input parameter estimation (calibration) and checking (validation) has been
performed at the three levels for which measurement data are available:
- at canal command level for checking the water allocation procedures;
- at irrigation branch canal level for checking the water distribution within the

irrigation canal command;
- at drainage catchment level for checking the integrated result of irrigation water
supply, hydraulic and operational relations in the irrigation canal network, field
water distribution, évapotranspiration, drainage and salt accumulation relations,
and official and unofficial reuse of drainage water.
The input data which are required for performing model simulations with the
SIWARE model package can be subdivided intothree categories, which are fundamentally of a different nature:
- input data which define the water management strategy, such as cropping pattern,
water allocation duties, and water supply data (time dependent input data);
- model input parameters which determine the system's behaviour (time invariant
input data);
- initial input data for moisture and salinity conditions of each soil layer for each
crop in each calculation unit considered.
Of these input data, only the system behaviour model input data are subject tocalibration. For this model input data calibration one year (1986) of field observations
of drain discharge and salinity has been selected. For this selection the following
two considerations have played an important role:
- the drainage water discharge and salinity observations of 1986 are sufficiently
accurate;
- 1986is a more or less average hydrological year with respect to cropping pattern
and water supply.
Comparison of the water allocation and distribution simulated with the SIWARE
model with field observations can be done only for the main canal intakes and the
main side branches of the irrigation canals. Below the level of side branches in the
irrigation canal system no data are available for checking the model performance
with respect to the water distribution. The next level of comparison of model
results with field observations is the drainage catchment for which discharge and
salinity data have been collected by the Drainage Research Institute.
The accuracy of the model simulation results hasbeen determined for each location
in the Drainage Research Institute observation network by calculating the 'average
monthly deviation' parameter. This parameter has been defined as the average of
the absolute differences between the monthly simulated and observed values expressed as a percentage. Because deviations tend to average out when the results
of small individual catchments are combined, the 'average monthly deviation'
parameter should have lower values for composite catchments and for the complete
study area, compared to the individual drainage catchments.
THEMODEL VALIDATION
Accurate simulation results for 1986with modelparameter values,which havebeen
calibrated for the same period, does not prove that the simulation model represents
the complex reality sufficiently well. It also does not prove that the model parameter values used are representative for the actual values in the physical reality.
Since more parameters are calibrated simultaneously, it is very well conceivable
that a different combination of parameter values will produce a similar quality of

output data.
Although accurate model results are desirable, it is more important that the simulation model has a good predictive value. Determining the predicting capabilities
of a simulation model should always bedone for different circumstances than those
used for model parameter calibration. This procedure is called validation. The
drainage waterdischarge and salinity observation period from 1984till 1988covers
a substantial range of variation in water supply to the Eastern Nile Delta and has
been used for the validation of the input parameter values (in combination with the
SIWARE model of course).
A simulation model can be considered reliable if the predicted trend in drainage
water discharge and salinity complies with the observed trend. In order to judge
this reliability, the 'predictive value' parameter has been defined as the average
deviation of the simulated yearly totals from the observed trend, divided by the
range of the observations, expressed as a percentage. A high 'predictive value'
means that the simulated yearly change in discharge complies with the change in
the observed discharge.
The 'predictive value' of the SIWARE model, established in this way, should be
considered as a conservative estimate of the real predictive value of the model.In
some cases both theobserved and simulated values do not change much during the
validation period. Although the agreement between simulations and observations is
good in such cases, a low 'predictive value' is calculated.
A predictive value above 50% means that more than 50% of the observed variations are explained by the model simulations and that the SIWARE model can be
considered as reasonably validated. With a predictive value above 75% the model
can be considered as sufficiently validated.
THEANALYSISOF WATER MANAGEMENT IN1986
The average irrigation water supply to the Eastern Nile Delta in 1986 was around
6 mm-day*1. The drain discharges, measured by the Drainage Research Institute,
range from roughly 1 mm-day'1 in the southern part of the Eastern Nile Delta to
as high as 8 mm-day'1 in the north. The explanation of these differences in drain
discharges has always been difficult. The SIWARE model simulation results with
respect to drain discharges and salinities agree quite well with the observations.
Consequently, the simulation results may be used to explain the magnitude of the
different water and salt balance components as well as the regional differences
which have been observed in the monitoring programme.
The discharges and salinities of the drainage water are the composite result of the
processes taking place duringwater distribution, crop évapotranspiration, soilmoisture and salinity processes, etc. Given the fact that the magnitude of both discharges and salinities is simulated correctly, one can assume that also the cropreaction
to water supply and salinity conditions as simulated by the SIWARE model is
correct. The simulated crop response has been compared with data from the international literature on relationships between soil salinity and crop yield, as well as
with field research results from Egypt.

By the schematization of the study area into calculation units for the SIWARE
model simulations, about 80 artificial experimental fields have been created (for
each of the crops considered). The relative évapotranspiration (relative to the optimum), which is simulated by the SIWARE model, is generally accepted to be
correlated with total dry matter production, and thus with crop yield. Consequently,
the reduction of the actual évapotranspiration rate may be used as an indicator of
crop yield depression due to water stress conditions and/or high soil salinities.
Evapotranspiration is generally considered to be linearly correlated to the total dry
matter production of the agricultural crops. The crop yield, which is of course the
main interest to farmers, may react differently to water stress conditions than the
total dry matter production. Forcrops likeberseem for instance, soil moisture stress
conditions may promote additional root growth at theexpense of shoot production,
resulting in a larger crop yield decrease than the decrease in actual évapotranspiration. For some grain crops it is known that moisture stress conditions reduce
the straw production first, and that the grain yield is affected to a lesser extent. A
further complication of the relation between moisture stress and crop yield is the
occurrence of growth sensitive periods, such as the flowering period.
It has been assumed that the crop yield decrease caused by soil salinity, reported
in the international literature and the évapotranspiration reduction simulated by
SIWARE are consistent with each othersIt has been assumed also thatévapotranspiration reductions due to soil moisture and salinity stress result in comparablecrop
yield decreases. This means that toxic effects of specific ions have not been considered in the analysis. Based on these assumptions, on the data from the international literature, and on the SIWARE model results on relative évapotranspiration,
relations between the seasonal relative crop évapotranspiration and crop yield have
been derived for the Eastern Nile Delta.
The SIWARE model simulation results on the seasonal average irrigation water
salinity and soil salinity have been examined in order to find the relation between
both. The relation found was clear, although the scatter in the data appeared to be
considerable. Most probably this scatter can be attributed to differences in hydrological conditions, but also to differences in the quantities of water supply. In an
attempt to explain (at least part of) the scatter, the seasonal leaching fraction has
been calculated for each of thecalculation units distinguished for the model analysis. This fraction has been defined as the amount of irrigation applied (including
unofficial reuse and groundwater use) during the growing season diminished with
the seasonal amount of actual évapotranspiration.
For estimating the influence of the seasonal leaching fraction on the relation between irrigation water salinity and soil salinity, the simulation results per distinguished crop have been classified into three clusters of more or less equal size.
One cluster with the lowest leaching fractions, one with the medium, and one with
the highest leaching fractions. In this context, a high leaching fraction may be
associated with a sufficient water supply and good internal (soil profile) drainage
conditions. A low leaching fraction may be due to either an insufficient water
supply, or to bad internal drainage conditions (for instance due to low soil permeability or seepage conditions), or it may be due to a combination of both. For
each cluster, and for each crop, the average ratio between the soil salinity and the
irrigation water salinity has been determined.

Based on the model simulation results and the comparison with international and
Egyptian literature on crop response, the following irrigation water salinity classification for average leaching conditions in the Eastern Nile Delta has been made:
salinity below 400 g-m"3:
salinity from 400 - 800 g-m'3:
salinity from 800 - 1,200 g-m"3:
salinity above 1,200 g-m"3:

no problems;
increasingproblemswithvegetables andmaize;
serious problems with vegetables and maize;
increasing problems with rice;
cultivation of vegetables and maize is not
recommended;
serious problems withrice;
increasing problems with berseem and wheat;
no problems with cotton.

THE WATERMANAGEMENT STRATEGIES
Three clusters of water management scenarios have been analyzed with the
SIWARE model. They are the following:
- water saving strategies by replacing rice in the cropping pattern by maize and/or
reducing the rice allocation duty;
- extension of agricultural area in the Eastern deserts in yearly increments of
44,000 feddans1, starting with the 1988 water management and cropping pattern
situation;
- improvement of the local water management situation by prohibiting the use of
movable irrigation pumps and/orprohibiting the unofficial reuseof drainagewater
by farmers.
For each of the strategies studied the SIWARE model package has been used in
first instance to estimate the amount of available official reuse of drainage water.
In the DESIGN sub-model the allocation of irrigation water, differentiated for the
irrigation command areas, is simulated. During run-time a message file is created
bythe REUSE sub-model in which differences between assumed andrealized quantitiesof drainage water for reuse are reported. By updating the reuse quantities for
the water allocation and running the model again, consistent water management
strategies have been obtained.
In practice not all simulated drainage water available for reuse is actually reused.
Generally reuse pump stations are constructed in a small branch of the main drain
from where they withdraw the drainage water. In this way the main drain itself
functions as a by-pass for emergency situations, and excess water which is not
reused will continue in the main drain. Reuse of drainage water data of 1986have
been used to estimate the fraction of the simulated available drainage water which
is actually lifted by the official reuse pump stations. These correction factors are
differentiated for the winter, spring/autumn and the winter period, and have been
used for all the strategies.

onefeddan equalsapproximately4200 m2

In addition to the effects of the strategies on the official reuse, also the effects on
the évapotranspiration and crop yields have been considered. A distinction can be
made between the short (1 year) and the long term effects (50 years), caused by
a salinization or desalinization of the top soil. When supported by sufficient data,
a financial and an economical evaluation have been added.
For each of the three clusters of water management strategies as specified above,
a reference situation has been defined. In order to facilitate the interpretation and
comparison of strategies within each cluster, the initial conditions with respect to
soil moisture and soil salinity for the three reference strategies have been obtained
byrunning the SIWARE model for a period of 50 years. Since this reference situation is different for each cluster of strategies, the results of a certain strategy from
one cluster cannot be compared to the results of a strategy from another cluster.
THE RICE AREA AND ALLOCATION DUTY STRATEGIES
The rice crop is known to have large water requirements of about 2 to 3 times
higher than for other summer crops. Savings of irrigation water can thus be realized by exchanging the rice in the crop rotation by other summer crops. An alternative method of saving on Nile water supply to the Eastern Nile Delta is to
reduce the allocation water requirement of the rice crop. The philosophy behind
reducing this allocation water requirement is that farmers may be forced to use the
available water more efficiently, thereby reducing the losses of irrigation water. By
combining both water saving measures in different degrees, 23 water management
scenarios have been defined. All 23 strategies have been evaluated with the
SIWARE model package, both for the short term (1 year) and for the long term
effects (50 years). The net Nile water savings range from zero for the reference
strategy till about 24% for the most far reaching scenarios.
The reference strategy for the rice area and allocation duty strategies has been
defined by comparing the cropping patterns of 1984 and 1988 and taking the
maximum percentage of rice occurring in each calculation unit as the reference.
The water supply to the Eastern Nile Delta for this reference strategy has been
taken equal to the allocation requirements for this specific cropping pattern.
Because of the high rice water requirements of almost 2 to 3 times those of other
summer crops, the Egyptian farmer is not allowed to grow any quantity of rice he
wants. The Ministry of Public Works andWater Resources has divided the Eastern
Nile Delta in so-called rice zones. In the southern part of the Eastern Nile Delta
(rice zone 5) the growing of rice is forbidden, because leaching of salts is not
necessary here. In the most northern part (rice zone 1) it is allowed to plant 50%
of the area with rice, because leaching of accumulated salts is aprerequisite in this
area which is dominated by saline seepage from the aquifer.
In the discussions with the Steering Committee reducing the rice allocation water
duties from the present 8,800 m'-feddan'1 till about 6,000 m^feddan'1 was considered realistic. Further reduction below 6,000 m^feddan"1 was felt to contradict
the existing evidence of the high water requirements of the rice crop. Some recent
field studies, conducted on both experimental and farmers' fields, indicate that a
lower actual water use than 6,000 m3-feddan"' for the rice crop may occur.
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In the simulations the lowest allocation water duty considered for rice is 2,700
m'-feddan*1. For this extreme, the gross water savings are equal to the gross water
savings obtained by removing all rice from the cropping pattern in the complete
Eastern Nile Delta. Both options (removal of all rice and an allocation duty for
rice equal to that of maize) are considered unrealistic from a practical point of
view.
The overall effect of the 23 rice area and allocation duty strategies has been
considered in terms of the composite effect in the évapotranspiration. Since in the
different strategies the rice areas and maize areas are different, the total évapotranspiration simulated by the SIWARE model for the complete cropping pattern
has been corrected for the difference in évapotranspiration of the rice and the
maize crop (43 mm-year'1). This correction has been weighted with the change in
the fraction of the Eastern Nile Delta which is grown with rice. For the reference
strategy the percentage of rice in the cropping pattern equals 27.45%.Consequently, the maximum correction (increase) in the simulated évapotranspiration of the
cropping pattern is 12mm. This is about 1%of thereference strategy évapotranspiration.
Assuming that the production costsremain constant when the water supply isreduced, the financial consequences (for the farmer) as well as the economic consequences (for the country) can be estimated. In this analysis it has been assumed
that the water which is saved by the distinguished strategies can be used in the
next year for crop production. This means that the economic (or financial) return
of the saved irrigation water is the same for both years. In other words: the saved
water increases the total area irrigated, not during the year considered however,but
during the next year. Savings of 10% of Nile water, results than in securing the
irrigation water for an additional 10/0.90 = 11.1% of the area for the next year.
The total benefits of such a water saving of 10%is than the extra income of this
11.1% additional area, reduced with the income losses of the present 100% area
(losses due towater savings),diminished with thecostof production of the 111.1%
of the area cultivated.
The financial and economic analyses have been performed using production and
price levels of 1979/1980 as found in the literature. The vegetable and tree crops
have not been considered in the analysis, due to the absence of relevant data.
THE EXTENSION OFAGRICULTURAL AREA STRATEGIES
Horizontal expansion of the agricultural area in the Eastern Desert is foreseen in
the planning of the Ministry of Public Works and Water Resources in the near
future. The extension anticipated is about 350,000 feddan, tobe executed at a pace
of 44,000 feddan per year. This would increase the present gross agricultural area
in the Eastern Nile Delta of about 1.8 million feddan with more than 19%. The
practical question of the Ministry of Public Works and Water Resources in this
respect is the following: which allocation of irrigation water has to be applied
when, starting from the cropping pattern and water supply of 1988, the irrigation
water for an additional area adjacent to the Eastern Nile Delta of 44,000 feddan-year"1 has to be made available. At the same time also an answer should be
provided concerning the reductions in the amount of drainage water available for
reuse in the old lands.
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Only 7 to 8% of the total reclaimable area will be supplied with groundwater,
whereas the remaining lands will be fed with Nile water. Since the total yearly
amount of Nile water available for irrigation is not likely to be raised until the
year 2000, the supply of the reclaimed areas will largely go on the account of the
supply to the old lands in the Nile Delta and Valley. Reuse of drainage water,
withdrawal of groundwater, storage reservoirs, an improved water distribution, and
other irrigation methods are expected to offset water shortages.
A number of simulations with the SIWARE package have been carried out, including a long term run (50 years) for the maximum extension with 350,000 feddan.
In order to approach the irrigation efficiency of the drip and sprinkler irrigation
applied in the desert areas as closely as possible, relative small plot sizes have
been chosen in the reclaimed areas for the model simulations. As to the soil productivity, simulations have been based on the assumption of similar soil fertility
levels for reclaimed soils as for deltaic clay soils. The soil moisture retention,
however, has been adjusted in accordance with the actual soil texture.
Considering the model input data, the actual croppingpattern in thereclaimed areas
has been obtained by extrapolating figures available for existing reclaimed desert
areas (Ismaileya District).It has also been assumed that each extension will follow
a similar pattern. In the reference simulation part of the desert area is already
cultivated. For the extensions of 44,000 feddan per year these areas are filled with
crops first, completely fallow desert areas are followed later.
The effects on the different irrigation and drainage water balance components have
been studied with the emphasis on the irrigation water allocation to the main
intakes along the river Nile and the official reuse of drainage water. Also the short
and long term crop reaction have been analyzed, using the évapotranspiration of
the different crops as a standard of comparison. The relative increase of the latter
output variable has been plotted against the relative increase of the total area
cultivated with a certain crop, thus giving a crop performance indicator.
THEIMPROVEMENT OFLOCAL WATERMANAGEMENT STRATEGIES
A considerable discrepancy exists between the water duties used by the Ministry
of Public Works and Water Resources for the water allocation, target level control
and gate opening procedures, and the agricultural, spatially variable water requirements of the farmers. The control in the traditional irrigation water management
in the Nile Delta was very tight. Farmers were obliged to use sakkias for irrigating
their fields. The supply pipes to the sumps from which sakkias were taking their
water had a limited diameter and were under the control of the Ministry of Public
Works and Water Resources. Consequently, farmers were forced to irrigate during
night hours as well. The introduction of small capacity, movable diesel pumps has
created a surplus in uptake capacity, and farmers near the intake gates of distributary canals or meskaas are no longer compelled to irrigate during the night. As
a result, farmers at the downstream end of meskaas sometimes have to use drainage water, because farmers upstream take more than their equal share.
Usingthe SIWAREmodelpackage,theconsequences of changes in thelocal water
management conditions have been evaluated.The effects on the different irrigation
and drainage water balance components as a result of eliminating the diesel pumps
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and/or prohibiting the unofficial reuse of drainage water by farmers have been
studied. Finally, the short (1 year) and long term (50 years) reaction of the 9 different crops as distinguished in the model have been analyzed using the évapotranspiration as an indicator.
The conclusions should be interpreted cautiously, because the areas of the schematized calculation units are on the average three times larger than those of the agricultural units served in reality by a distributary canal. The non-uniformity in the
water distribution, as a result of the use of diesel pumps, will be mainly concentrated within the calculation units. Since the area served by a distributary canal is
much higher, and the irrigation water distribution within such a unit has been assumed uniform in the model simulations, it will be clear that the effects of eliminating diesel pumps cannot be predicted very accurately. Model application on a
single calculation unit is a more appropriate way to quantify these effects. The
model simulations carried out so far will only provide the effects on the intercalculation unit scale.
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THE MODEL CALIBRATION
Calibration of model input parameters can be justified by the limited knowledge
about these model input parameters, the uncertainty about the exact values,and the
effects of spatial variability within assumedly uniform agricultural areas.
Through the calibration of model input parameters, which show spatial variability
within subareas, it has been attempted to establish their representative average
value. The reliability of such calibrated model parameters remains questionable,
however. Since more than one parameter is calibrated simultaneously, it is conceivable that a different combination of parameter values produces a similar model
performance, i.e. similar simulation results.
By the selection of the year 1986for calibration of model parameters and the estimation of initial soil moisture and salinity data, an implicit assumption has been
made. This assumption concerns soil salinity equilibrium conditions for the calibration year 1986,meaning that in the model simulations for 1986 no salinization
or desalinization takes place.
The water allocation and water distribution simulated with the SIWAREmodel for
1986, after calibration of the model parameters, show a fair agreement with the
observed values.This agreement could be confirmed for the six main canal intakes
and for seven side branches only,because noadditional data for checking the water
distribution were available for the Eastern Nile Delta.
Small deviations of about 10%in the water supply to a certain area correspond to
deviations of about 25%in the simulated drainage water discharge from that area.
This means that the REUSE model is very sensitive for the simulated water supply
to the agricultural areas. A good performance of the SIWARE model with respect
todraindischarges consequently implies a goodperformance ofthe simulated water
distribution by the WATDIS model, which is included in the SIWARE package.
The Steering Committee for the Reuse of Drainage Water Project has defined the
accuracy criteria for drain discharge and salinity for individual catchments,composite catchments, and for the complete study area. The SIWARE model simulation
results of 1986 for the complete study area and for the composite catchments
comply to this quality criteria, both for drainage discharge and salinity. For the
results of the individual catchments the Steering Committee criteria have been met
in 99%of the study area as far as discharge is concerned and in 97% of the study
area for salinity. This good performance has been reached after the calibration of
a number of relevant model parameters.
THE MODEL VALIDATION
Thedrain discharge and salinity data of the monitoring programme of theDrainage
Research Institute for the period 1984 - 1988 offer good opportunities for model
validation. The Nile water supply to the Eastern Nile Delta in 1988 was 16%
lower than that in 1984, the drainage discharge was 21%lower, and the salinity
of the discharge was 32% higher. Compared to the year 1986,the Nile water supply to the Eastern Nile Delta in 1988 reduced with 11%,the drainage discharge
with 15%,and the salinity of the drainage water increased with 20%. The official
reuse of drainage water reduced with 30%, and its salinity increased with23%.
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CONCLUSIONS
THEMODEL
The SIWARE simulation model provides answers on the effects of water management measures in irrigated agriculture under arid and semi-arid conditions. It
should be realized, however, that these answers are just an intelligent estimate of
the effects. The real effects may be observed in the measurement network, be it,
after the measures have been implemented. The importance of the continuation of
the monitoring network can, therefore, not be stressed enough.
Through the cascade effect, consequences of water management measures, which
are taken in an upstream area,will trickle down gradually until they reach themost
downstream area. Due to this complexity it becomes impossible to predict the
reaction of the system, and its feedback through reuse of drainage water, when a
number of water management measures are taken simultaneously and when they
are spatially distributed. The proper procedure for predicting changes in such a
complex situation is to formulate all relevant physical and functional relationships
and to combine them into a simulation model. Such a model provides the ability
to estimate effects of changes in the irrigation watermanagement,cropping pattern,
and cultivated area (reclamation).
THE INPUT DATA
The number of crops considered in the model analysis has been reduced from the
28 crops distinguished by the Ministry of Public Works and Water Resources for
the water allocation tothe 9 mainfieldcrops only.The effect of this simplification
on the total required water allocation for the Eastern Nile Delta appeared to be
acceptably small.
The drainage water discharge and salinity simulated by the SIWARE model turned
out to be more sensitive to changes of certain model parameters than to others.
The following relative sensitivity has been observed:
- the crop characteristics: growing period, irrigation frequency, ponding period, and
irrigation priority appeared to be the most sensitive type of general model input
parameters;
- the factors governing the (human influenced) processes of water abstraction by
farmers and target level control by the Ministry of Public Works and Water
Resources were the next sensitive model input parameters;
- the physical model input parameters appeared to be the least sensitive, when
compared to both the crop and human behaviour related model parameters.
The accuracy and reliability of model simulation results are determined by a
number of factors, such as:
- the quality of the model formulation, including the schematization of the processes considered;
- the quality and representativity of the areal schematization used;
- the quality and reliability of the model input parameters;
- the quality of the input data.
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The water allocation and distribution appear to be predicted very well by the
SIWARE model for the validation period 1984/1988.Deviations between simulated
and observed values are systematic, indicating that the simulated trends are correct.
On drainage catchment level the simulations of both the yearly discharge and the
average salinity show the same trend as the observations during the validation
period. Generally, the agreement between both the simulations and measurements
is excellent when considering the year totals.
On Eastern Nile Delta level the SIWARE model has been sufficiently validated
for both drain discharge and salinity by using the data of the period 1984/1988.
Of the observed variation in the yearly discharges 93%is explained by the model,
and 79% of the observed salinity is explained by the model.
On drainage catchment level the model is validated for discharge for 90% of the
study area (predictive value above 50%).Of this 90%,70% has a predictive value
higher than 75% and can be called sufficiently validated. For salinity the results
are less good. On catchment level the SIWARE model is validated for 80%of the
study area for chloride concentration, and validated sufficiently for 40% of this
area.
THEANALYSISOF WATERMANAGEMENT IN1986
Based on the SIWARE model simulation results and the agreement with the observed drainage discharges and salinities, the following conclusions can be drawn
with respect to the water management in the study area during 1986:
- On Eastern Nile Delta level, the water management system can be classified as
rather efficient: 62% of the irrigation water (Nile supply) is used for crop
évapotranspiration;
- The composite effect of the losses (conveyance losses, tail-end losses, and municipal water consumption) and gains (official reuse of drainage water) of the main
irrigation systemrenders it very efficient: the total Irrigation District water supply
in the Eastern Nile Delta is a mere 3% lower than the total Nile water supply;
- Consequently, also on Irrigation District level the water management can beclassified as rather efficient: 63% of the water supply is used for crop évapotranspiration;
- The composite effect of the losses (conveyance and spillway losses) and gains
(groundwater use and unofficial reuse of drainage water) of the irrigation canal
system within the Irrigation Districts in the Eastern Nile Delta renders it very
efficient: the crop water supply is only 10%lower than the water supply through
the irrigation network;
- Also the on-farm irrigation water management system can be classified as rather
efficient: 70% of the water supplied to the fields by farmers is actually used for
crop évapotranspiration;
- Despite the fact that spillway losses at Irrigation District level are not excessive
(23% of the water supply), these losses constitute a considerable component
(43%) of the drainage water produced in these districts.
Considering the agreement betweenthe simulatedandmeasured chlorideconcentrations of thedrainage water in the Eastern NileDelta, the following conclusions can
be drawn concerning the salt balance:
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- On Eastern Nile Delta level, the chloride supply through Nile water is about
496 million kg-year'1 and the discharge to the sea 1,842 million kg-year"1,which
is 3.7 times the Nile supply. Both components are balanced by losses and gains
of salt to and from the aquifer. Since soil salinity equilibrium has been assumed
for the calibration year 1986, it must be concluded that a desalinization of the
aquifer (deeper than roughly 5 to 10 meter) is taking place;
- Although unofficial reuse of drainage water is only 8% of the total Irrigation
District water supply, it forms about 33% of the Irrigation District chloride
supply;
- Although only 15% of the crop water supply is coming from groundwater use
and unofficial reuse of drainage water, the chloride contribution of these water
balance components is about 46% of the total crop chloride supply through irrigation;
- For the water balance,seepage is arelatively unimportant component (10% of the
crop water supply). For the chloride balance, however, seepage contributes for
about 58% to the total crop chloride drainage.
Considering the spatial distribution of the simulated water and salt balance components in the Eastern Nile Delta, the following conclusions can be drafted:
- Unofficial reuse of drainage water constitutes only 11% of the total crop water
supply. On some locations in the northern part of the study area, however, drainage wateris easily available becauseit has been lifted by drainage pump stations.
Here the magnitude of unofficial reuse of drainage water may approach the irrigation water uptake by farmers from the irrigation system;
- The same holds true for the seepage flux, which on the average is only 10%of
the total water balance. In the northern part of the study area, along the Nile
branch and the Manzala Lake, seepage may be in the same order of magnitude
as the irrigation uptake by farmers;
- The chloride supply through unofficial reuse of drainage water is about 28% of
the total crop chloride supply through irrigation. In the north-eastern part of the
study area the chloride supply through unofficial reuse is frequently in the same
order of magnitude, or even higher, than the chloride supply through irrigation
uptake;
- The chloride supply through seepage is concentrated in the northern part of the
study area. Here, this source of chloride supply is dominant over the other
sources, and the drainage water salinity is mainly determined by the seepage
quantity and salinity;
- The chloride supply through groundwater use, which is moderate on the average
(18% of the crop chloride supply through irrigation), is absent in the northern
part of the study area. In the south the chloride supply through groundwater use
approaches the same magnitude as the chloride supply through irrigation uptake,
because the quantity of groundwater use is high here. In the middle part of the
study area the same holds true, because here the salinity of the groundwater use
is relatively high;
- Although the two main components of the drainage water (crop drainage and
spillway losses) are in the same order of magnitude, the relative importance of
the spillway losses in the north is much less than in the southern part of the
study area. In the south the spillway losses component is frequently larger than
the crop drainage component.

18

The simulated agricultural crop waterrequirements are relatively high in the southern part of the study area and in the fringes along the Eastern Desert. This is most
probably due to climatic differences as well as soil property influences (light textured soils).
Crops which receive only light irrigations, such as wheat and cotton, have a larger
seepage contribution in the salt balance, compared to crops which are irrigated
more frequently and more heavily such as rice, berseem, and vegetables. Consequently, wheat andcotton arecrops which cause soil salinization in acroprotation,
while rice takes care of the indispensable removal of the accumulated salts.
Although in the SIWARE model simulations a soil salinity equilibrium has been
assumed for the calibration year 1986, the model results suggest that the assumed
equilibrium is a very dynamic one.For the individual field crops, such as rice, the
salt discharge may be up to 300% higher than the total salt supply to the soil
profile. For other crops, such as wheat, the salt discharge may be as low as25%
of the total salt supply to the soil profile. The lowest simulated value of. salt
discharge for cotton is a mere 10% of the salt supply.
The correlation between the simulated salt discharges of the main field crops (average of three calculation units in the neighbourhood of the Mashtul Pilot Area) and
those reported for this research area is remarkably good for rice, maize, and long
berseem. For cotton, short berseem, and wheat the agreement is less, but the
simulated ranges approach the measured values closely.
THE CROPRESPONSE TO WATER MANAGEMENT IN1986
The SIWARE model simulation results of relative crop évapotranspiration related
to soil salinity have been compared with available Egyptian field research results
relating crop yield with soil salinity. Considering this comparison, the following
two observations can be made:
- the SIWARE simulation results show a similar scatter of data as the reported
field researches;
- the crop yield reductions measured in the field tend to appear at lower soil salinities than the évapotranspiration reduction simulated with the SIWARE model.
The scatter in the relation between the relative évapotranspiration and the soil salinity in the SIWARE model results is partly caused by variations in the relative
water supply tocrops.The seasonal leaching fraction, which is defined as the ratio
of the crop water supply diminished with the crop évapotranspiration over the crop
water supply, was found toexplain this scatter. Depending on these seasonal leaching fractions, which varies for all crops between roughly 0% and 65%,the same
irrigation water salinity may cause soil salinity differences up to 60%.
For all crops, except cotton and rice, the crop yield reduction as a result of soil
salinity reported in the international literature, starts at lower soil salinities than the
évapotranspiration reduction in the SIWARE model simulations. For all crops the
decrease of relative crop yield per unit increase in soil salinity reported in the
international literature is higher than the reduction in therelative évapotranspiration
simulated with the SIWARE model. These differences are caused by the fact that
the relative évapotranspiration is related to total dry matter production rather than
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crop yield.
By combining both the results from the international literature on crop yield reaction to soil salinity and the SIWARE simulation results on évapotranspiration
reaction to soil salinity and water supply, the relation between relative évapotranspiration and relative crop yield has been deduced. Supporting evidence for
theserelations has been found in the Egyptian literature for both cotton and maize.
For both crops the derived relations agree very well with available experimental
results.
The above mentioned relationship for the cropping pattern of 1986 in the study
area indicates that the crop yield reduction is less than proportional for reductions
in the water supply up to 15%.Reductions larger than this 15%result in a reductionof the crop yield of roughly 1.2% per additional per cent of supply reduction.
Consequently, the optimum (economic) water supply (disregarding the seasonal
distribution of the water supply) most probably will be in between the agricultural
demand and 85% of this quantity.
During 1986 the total crop water supply (including unofficial reuse of drainage
water and groundwater use) was 1,750 mm-year'1, which is about 5% lower than
the agricultural demand of 1,840 mm-year"1. Disregarding spatial and seasonal
variations in both the water supply and agricultural water requirements, this means
that the on-farm water management system during 1986 has been operated very
close to the optimum.
From the analysis of the SIWARE model simulation results it becomes clear that
farmers tend to apply more leaching than 50% of the crop évapotranspiration if the
irrigation water salinity is above 400 g-m'\ Most probably they do this to counteract the salinization effect of the higher irrigation water salinity.
For the lowest class of leaching conditions, as found in the study area for the
cotton crop, a groundwater (seepage) contribution of 19% to the crop évapotranspiration is realized. Also for the wheat crop this phenomenon is observed, be it to
a lesser extent.
Based on the model simulation results and the comparison with international and
Egyptian literature on crop response, the following irrigation water salinity classification for average leaching conditions in the Eastern Nile Delta has been made:
salinity below 400 g-m"3:
salinity from 400 - 800 g-m"3:
salinity from 800 - 1,200 g-m'3:
salinity above 1,200 g-m"3:
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no problems;
increasingproblemswithvegetablesandmaize;
serious problems with vegetables and maize;
increasing problems with rice;
cultivation of vegetables and maize is not
recommended;
serious problems with rice;
increasing problems with berseem and wheat;
no problems with cotton.

Good drainage conditions and an adequate water supply increase the prospects for
reuse of drainage water. In therange of arelative cropproduction between 75 and
100% the irrigation water salinity may be increased with roughly 50% on the condition that the drainage circumstances are improved and the water supply is adequate. This conclusion is valid for irrigation water salinities below 800 g-m3 with
average leaching conditions, and corresponds to irrigation water salinities of 1,200
g-m"3 with high leaching conditions.
Based on the SIWARE model simulations for 1986, an impression is obtained
about the potential crop yield increase due to improvement of the drainage conditions in relation to the irrigation water salinities. The model gives in this case
only the minimum potential increase, because the relative évapotranspiration in the
model has been defined based on the present drainage depth. For those crops for
which these drainage depths are limiting the root development, a lowering of the
drainage depth also increases the potential crop yield. This increase in potential
crop yield is not included in the analysis of the water management for 1986.The
minimum potential crop yield increases that can be expected due to improvement
of drainage conditions range from about 6% for an irrigation salinity of about 400
g-m"3 to roughly 26% for an irrigation water salinity of 1,200 g-m"\
THERICE AREAANDALLOCATION DUTY STRATEGIES
The monthly distribution of the water allocation duties for the rice area and
allocation duty strategies follows the observed monthly distribution of actual water
use found in the Egyptian literature better than that of the official allocation duty.
Reducing thericearearesults in areduction of the official reuse of drainage water.
The effect of replacing rice bymaize in the southern part of theEastern Nile Delta
on thereduction of the official reuse of drainage water is larger than replacingrice
by maize in the northern part. The reason for this is that the reuse pump stations
are mainly located in the southern part of the Nile Delta. Taking rice out of cultivation in areas outside the catchments of the reuse pump stations does not influence their discharge.
Due to the reduction of the official reuse of drainage water, the net water savings
are less than the reduction in the total water allocation. Water savings by reducing
the allocation duty of rice is more efficient than through the reduction of the rice
area. When reducing the allocation duty, the reduction is effective for about90%
due to the associated reduction in reuse of drainage water. When reducing therice
area, the reduction is effective for 85%only.
The strategy with the variable allocation duty has a higher official reuse of drainage water for the same gross water requirement than any other strategy with a
comparable gross water requirement. The highest allocation duty is used in the
southern part of the Eastern Nile Delta were the majority of the drainage water is
reused, and the lowest duty in the northern part were almost no drainage water is
reused.
The savings of irrigation water by reducing the rice area and allocation duty strategies are compensated by reductions in theirrigation waterlosses.Reducing therice
area results in a reduction of these losses with about 40%. Savings of irrigation
water by reducing the allocation duty of rice are compensated by reductions in the
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irrigation water losses of 70% and 45% for the first two reductions of 1,400
m'-feddan'1. For the next two reductions the compensations are 30% and 25%respectively. Saving irrigation water by reducing the rice allocation duty until 6,000
m^feddan'1 is therefore superior to reducing the rice area to reach comparable
savings.This superiority iscaused bythe largerreduction in irrigation waterlosses,
resulting in a much smaller reduction in irrigation water uptake by farmers.
Reducing the rice area results in a reduction of the unofficial reuse of drainage
water. The reduction is about 6% of the reduction in the Nile water supply. By
reducing the allocation duty the unofficial reuse of drainage wateris increased with
about 5%for the first tworeductions of 1,400 m3-feddan'1considered. Reducing the
allocation duty for rice below 6,000 m3-feddanl, however, results in a drop in the
unofficial reuse of 4% for the first additional reduction and 23% for the second.
Apparently, at this level of water savings the reductions in the water supply have
increased the irrigation efficiency to such an extent that the availability of drainage
water for unofficial reuse becomes a limitation.
The effect of the water saving rice area and allocation duty strategies on the drainage water quantity is more than proportional. Savingon Nile water byreducing the
rice area results in a reduction of the drainage water of 1.4% for each per cent
reduction in Nile water supply to the Eastern Nile Delta. Reducing the allocation
duty of rice results in a 2.1%decrease of drainage water discharge for each per
cent reduction of Nile water supply. Reducing the allocation duty as awater saving
measure therefore has a larger influence on the system efficiency than replacing
rice by maize.
Due to the changes in the different water balance components in the Eastern Nile
Delta upon changing the water management strategies, the crop water supply changes differently to changes in the Nile water supply.
A reduction of the gross water requirements with 1,000 million m3 results in a
reduction of the net crop water supply of 60% of the net savings on Nile water
supply to the Eastern Nile Delta if rice is replaced by maize. Reducing the allocation duty to reach comparable savings results in a reduction of the crop water
supply of 11% of the net water savings only.
Reducing the gross water requirements with an additional 1,000 million m3, the net
crop water supply reduces with 62%of the net Nile water savings if rice is replaced by maize, and 33% by reducing the allocation duty of rice.
If the gross water requirements are reduced with 3,000 million m\ the difference
between both approaches is less. Reducing the rice area results in a reduction in
the crop water supply of 62% of the net Nile water savings, and reducing the
allocation duty leads to a reduction of 53%.
These remarkable results can be ascribed to the flexibility in the water management system in the Eastern Nile Delta. Apparently, saving irrigation water by
reducing the allocation duty of rice makes a better use of this flexibility than the
alternative method of replacing rice bymaize.The largest differences between both
approaches to saveon irrigation water areobserved for allocation duties until 6,000
m3-feddan'1. Below this value the model simulations still indicate an advantage of
reducing the rice allocation duty above replacing rice by maize, but the differences
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between both approaches are small.
The distribution of the crop water supply over thedifferent crops,which are simultaneously in the field, is the responsibility of the farmer. He will give the crop
which he considers the most important the largest share of the (limited) available
water. Consequently, a lower allocation duty for the rice crop not only affects the
rice production, but also that of the other summer crops in the field.
The allocation duty of the rice crop can safely be reduced from the present figure
of 8,800 till 6,000 m'-feddan"1 without seriously affecting the average évapotranspiration or the linearly correlated productivity1. For the allocation duty of 4,600
m3-feddan'\ however, the rice évapotranspiration falls substantially. Comparable
water savings can be obtained by reducing the rice area till 210,000 feddan. The
effect on the average évapotranspiration of rice is more or less the same for this
strategy.
The effect of reducing the rice area and maintaining the allocation duty of rice on
the relative évapotranspiration, or productivity, of maize is small for the first two
reductions until 375,000 feddan. Furtherreduction of therice areabyreplacingrice
by maize results in a sharper decrease in the average évapotranspiration of the
maize crop. Maize is quite sensitive to high soil salinity and produces less good
in the northern part of the Eastern Nile Delta.
Reduction of the allocation duty ofricehas a smaller negative effect on theévapotranspiration of the maize crop compared to reducing the rice area. For water
savings up to about 10% the minimum adverse effect on the maize évapotranspiration is obtained by reducing the allocation duty of rice until 6,000 m'-feddan1.
Larger water savings, while maintaining the évapotranspiration of the maize crop
at its maximum attainable level, are obtained by prohibiting the growing of rice
in the first tworice zones (4and 5).Reduction of the rice area below this 375,000
feddan is not recommended from the viewpoint of maintaining the maize évapotranspiration. The growing of rice in the most northern belt only (rice area 1) is
in all cases unfavourable for the average maize crop yield.
The reaction of the cotton crop to reductions in the rice areas and rice allocation
duties if quite different from that of rice and maize. Reducing the rice area results
in only minimal reductions of therelative évapotranspiration of the cotton crop.At
24% water savings (without rice) the relative évapotranspiration goes down with
only 4%. Maintaining the maximum rice area and reducing the allocation duty,
however, results in large losses in relative évapotranspiration, which is caused by
the low priority of cotton when farmers distribute the available water over their
crops.
It can be concluded that reducing the rice area as well as reducing the rice allocation duty affects the actual évapotranspiration of all summer crops. The effect
of reducing the rice area on the actual évapotranspiration rates of the summer
crops, except for cotton, are larger compared to reducing the rice allocation duties
to reach comparable savings.

'boththeévapotranspirationandproductivityaredefined perunit area
23

On the long term (after a few years) also the winter crops are affected by the
water saving measures due to an increased soil salinity status, caused during
summer time. The évapotranspiration rates of winter crops show a gradual decrease with time.
Assuming economic returns of the crops grown in the Eastern Nile Delta proportional to their actual évapotranspiration, the composite reaction of the cropping
pattern in terms of actual évapotranspiration can be used as a yardstick for the
selection of alternative water management strategies.For net Nile water savings up
to 15%of that of the reference strategy the maximum crop évapotranspiration is
secured by reducing the rice allocation duty from 8,800 nrVeddan"1 till 6,000
m3-feddan1 and leaving the rice area intact at 510,000 feddan. Water savings from
15 till 20% are best obtained by reducing the rice area from 510,000 feddan till
375,000 feddan, accompanied by a further reduction of the rice allocation duty
till 4,600 m'-feddan"1. Water savings larger than 20% should then be realized by
abandoning the cultivation of rice.
The substitution of rice by maize in the northern part of the Eastern Nile Delta
results in larger total production losses of both maize and rice than in the southern
part. In the north, these losses are not completely compensated by the increase in
the total maize production, due to the higher soil and irrigation water salinities in
this part of the study area. The removal of rice from the cropping pattern in the
southern part of the Eastern Nile Delta hardly causes production losses. This is
valid for all rice water allocation duties considered, and supports the official rule
of the Ministry of Public Works and Water Resources that in this area (rice zone
5) the growing of rice is not allowed.
Generally, a water saving strategy can be classified as attractive if the water
savings are larger than the losses in income due to decreases in crop production.
This is only true, of course, if the saved water can be used in other areas (land
reclamation) or during other periods (storing for later use) successfully. In other
words, the benefits should be larger than the costs. Applying this criterion to the
total production of maize and rice together leads to the conclusion that the rice
area should not be reduced below the 309,000 feddan. In rice zones 1 and 2
(north) the exchange of rice by maize is therefore not recommended.
The effects on the average farmers' income of water saving measures are more
advantageous when water savings are realized through reducing the rice allocation
duty rather than replacing rice by maize. However, in case of serious water shortages endangering the crop production of the coming period, none of the strategies
studied has a negative effect on the farmers' income during the first year of introducing these strategies when the future effects are taken into account in the
financial analysis. On the long term, after 50yean, the soil salinity build-up causes
lower crop yields, and 6 of the 23 strategies studied have an adverse effect on the
farmers' income. In order to secure the farmers' income, maintaining the rice area
at 510,000 feddan, and reducing the allocation duty of rice, appears to be the best
method to save water in case of a serious water shortage, both on the short (1
year) and on the long term (50 years).
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The negative effects on the national income of water saving measures are larger
when these water savings are realized through replacing rice by maize rather than
reducing the allocation duty of rice. Reducing the rice area, while maintaining the
rice allocation duty at the present figure of 8,800m3-feddan\ has a negative effect
on the national income, even when the positive effects of the saved water for the
next years are taken into account. This renders 7 of the 23 strategies studied economically unattractive on the short term (1 year). On the long term (50 years) an
additional 2 (total 9 of the 23) strategies are economically unattractive. Reducing
the allocation duty of rice, on the other hand, appears to be the better method to
save on Nile water in case of a water shortage for safeguarding the national income both on the short (1 year) and long term (50 years).
Both the financial and economical analyses presented here point out that water savings by reducing the rice allocation duty is better for the farmers' income and
for the national income on the short as well as on the long term, using the price
levels of 1979/1980. The difference between both analyses indicates also the sensitivity of the strategy appraisal for the prices used. It is therefore recommended
that the analysis is repeated with more up-to-date figures.
The financial and economical analyses of the SIWARE model simulation results
for the long term effects (50 years) reveal that the superiority of the water saving
measure of reducing the allocation duty over reducing the rice area is more pronounced after 50 years, compared to the first year of introducing such measures.
The results presented are valid only for the condition that saving of water is absolutely necessary in order to assure minimal reductions in the agricultural activities
for the next years. If the water availability is sufficient, saving of water serves no
purpose.
The general conclusion concerning the strategy appraisal is that reducing the rice
allocation duty is preferred above reducing thericearea as awater savingmeasure.
Lowering the rice allocation duty to the lowest value studied (2,700 m^feddan"1),
however, results both on the short and on the long term in an unacceptably unequal distribution of crop yield reductions. Farmers at the tail-ends of the irrigation system receive less than their equal share of the irrigation water in this case,
and are suffering more than proportional with respect to their crop production and
thus income. Reduction of the rice allocation duty below 4,600 m'-feddan"1 should
therefore not be recommended as a good water management measure to save on
water.
During 1988 the Ministry of Public Works and Water Resources has saved on the
use of Nile water in the Eastern Nile Delta by reducing the rice area till 375,000
feddan, thereby saving approximately 925 million m3 of Nile water. This strategy
has resulted in a reduction of the rice production of about 35% and an increase in
maize production of about 25%. The same net savings on irrigation water could
also have been obtained by maintaining the original rice area of 510,000 feddan
and by reducing the allocation duty to 7,000 m^feddan"1. In this case the rice
production would not have suffered from any loss, whereas the maize production
would have been decreased by a mere 5%.

25

The water management strategy followed by the Ministry of Public Works and
Water Resources in 1988 has resulted in a decrease in farmers' income of about
5% and a decrease in the national income of about 9%. Both figures could have
been reduced to roughly 1%, if the rice allocation duty would have been reduced to about 7,000 m3-feddan"'. For either case comparable savings on Nile water
for the Eastern Nile Delta would have been realized. It is therefore recommended that in the future, in cases of water shortages, the reduction of the allocation
duty for rice will be considered as a good alternative instead of replacing the rice
crop by maize.
THE EXTENSION OF THEAGRICULTURAL AREA STRATEGIES
Eight consecutive extension strategies have been simulated with the SIWARE
model package.Each extension comprised agross areaof 44,000feddan perannum
located in the desert eastwards of the Eastern Nile Delta. The maximum reclaimed
area therefore amounted to 350,000 feddan, which is about 19% of the existing
cultivated area of roughly 1.8 million feddan used in the model simulations for
1988.
An implicit condition for these strategies was that no extra irrigation water could
be diverted to the reclaimed areas, so that the water requirements in these areas
should be satisfied on the account of the allocation to the old lands in the Eastern
Nile Delta.
As a consequence of the above mentioned condition, the annual Nile water allocation to the existing cultivated areas decreases by approximately 10% for the
maximum extension of 350,000 feddan. This percentage includes the fall of the
official reuse in the old lands of 28%, causing a relatively higher share of the Nile
water supply to be diverted to this area. The non-linear reaction of the official
reuse on reductions in the supply is noticeable in the allocation to the main canals
intakes from the fourth extension onwards (176,000 feddan). Evidently, the annual
allocation to Ismaileya canal, supplying the reclaimed areas,will go up by 10%for
the maximum extension of 350,000 feddan.
The annual farmers' uptake from the irrigation canals increases with 4% for the
extension of the area with 350,000 feddan. The net agricultural area, however,
increased with more than 17%,clearly showing the adverse effects for the individual farmers in the old lands.
The irrigation system losses fall by 18% for the strategy with an extension of.
350,000 feddan as a result of a more efficiently operated irrigation system.
Lowered rates of crop drainage together with lower spillway losses from the irrigation system cause lower discharges within the drainage canal system. This directly
affects the reuse quantities. The official reuse of drainage water is pressed considerably, and goes down with 28% for the maximum extension with 350,000 feddan. The unofficial reuse on the other hand decreases with only 3% under similar
conditions, underlining its importance to keep the crop water supply on an acceptable level. As a consequence of the lower irrigation water losses and crop drainage, the simulated total discharge at the drainage canal outfalls drops substantially
with 17% for the maximum extension.
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All crops cultivated in the old lands also occur in the reclaimed desert areas,
exceptrice.The total évapotranspiration of almost all the individual crops show an
increase for each extension taken into production. The best performance, expressed
in terms of a relative increase in seasonal évapotranspiration related to the relative
areal expansion, is obtained with the winter crops.
Notably long berseem overtakes its 19% areal expansion by an increase of21%
in évapotranspiration for the maximum extension with 350,000 feddan, and short
berseem reacts in a similar way with 9 and 10%respectively. Alsowheat performs
quite well considering its 15% raise in évapotranspiration compared to a 16%
higher cultivated area. Most probably the higher evaporative demand in the desert
areas causes higher transpiration rates, apparently hardly being limited by water or
salinity stress for these crops.
Summer crops generally perform less well. In all cases their relative increase in
évapotranspiration falls short of their relative areal expansion. Among them, maize
shows the best performance with a 21% higher total évapotranspiration compared
to a 26% higher cropped area for the maximum extension with 350,000 feddan.
The production of rice, with its unchanged area, goes down as a result of a 5%
drop in the évapotranspiration.
In most cases irrigation water shortages occurring during summertime can be hold
accountable for the low response in évapotranspiration of the summer crops. Holding on a fixed allotment of irrigation water for the Eastern Nile Delta, the potential of supplementing this quantity with drainage water should be investigated
(higher official reuse).
Serious problems are faced with the vegetables in the reclaimed desert areas.High
initial soil salinities of around 5.7 mmho-cm"1 impede plant growth, and a major
part of the accumulated salts should be flushed first from the top soil.
Despite a substantial fall of the average soil salinity till around 3 mmho-cm"1in
mostreclaimed areas,the évapotranspiration of summer vegetables in the total area
does not exceed a 3% increase for the maximum extension of 350,000 feddan. In
fact, this situation is even more critical since the cultivated area with summer
vegetables has been enlarged with not less than 32%.Clearly, the reclaimed areas
are unable to offset production losses for the vegetables in the old lands caused by
water shortages and a salinization of the top soil. Notwithstanding an intensive
leaching of the soil in thereclaimed areas, salinity problems will continue to afflict
the production of these salt sensitive crops.
At first sight it seems recommendable to exclude the vegetables from the cropping
pattern in the reclaimed desert areas. However, the application of more sophisticated methods as for instance sprinkler or drip irrigation may lift the vegetable
production considerably. Such equipment offers a much higher leaching efficiency,
and may even be a prerequisite for growing vegetables. In fact, sprinkler irrigation
is already used in these areas on a large scale.
Generally, it can be concluded that crop production in the old lands will decline
as a direct result of the fixed Nile water allotment for the total area, leading to
water and/or salinity stress conditions for the crops. Production in the reclaimed
areas should compensate for these losses and should yield areasonable extra quan27

tity in order to be economically attractive.
It appears from the model simulations that an expansion of the arable land may
indeed raise the country's crop production. The simulations show an 11%higher
aggregated (all crops)évapotranspiration after thelastextension hasbeen taken into
production, i.e. after 8 years. Confronting the 11%with the 17%expansion of the
total cropped area, the conclusion can be drawn that the reclaimed areas perform
quite well. The more so because the aggregated évapotranspiration in the oldlands
goes down with more than 5%, which can be largely compensated by an increase
in évapotranspiration in the reclaimed desert areas.
The simulations also reveal that the aggregated évapotranspiration can be maintained during a period of 50 years, despite a small increase in average soil salinity, mainly concentrated in the old lands. It should be denoted, however, that the
conclusions regarding the évapotranspiration do not account for the difference in
productivity between the deltaic clay soils and the desert soils. Commonly, the
soil productivity is split up into soil moisture retention and soil fertility. The latter
characteristic has been assumed at a similar level as for the old lands.
THELOCAL WATERMANAGEMENT STRATEGIES
Two (local) water management strategies have been simulated with the SIWARE
package.Thefirst concerned acomplete elimination of the smalldieselpumps used
by farmers, which implies that the irrigation water will again be lifted from the
canals with the traditional sakkia (water-wheel).Moreover, theelimination of diesel
pumps will also re-introduce continuous irrigation (24 hours) uptake by farmers
during irrigation-on periods. When farmers do no longer have motorized pumps at
their disposal, they also lack the means towithdraw water from thedrainage canals
in substantial amounts (unofficial reuse). The second strategy only considered a
prohibition to use the pumps for lifting water from the irrigation canals.
The idea behind these strategies is to confront and evaluate the current Nile water
supply and cropping pattern with the past situation, where the lifting capacity of
the irrigation tools was more in accordance with the supply and the distribution
under the control of the Ministry of Public Works and Water Resources.
The two simulations show a better match between the farmers' uptake from the
irrigation canals and both the farmers' water requirements and the allocation water
duty used by the Ministry of Public Works and Water Resources. Consequently,
the farmers' uptake is higher during the major part of the year, and increases
annually with 0.3% for the strategy without diesel pumps and unofficial reuse,
and 1.3% for the strategy without diesel pumps only, when compared to the 1988
reference situation. This confirms the expectation that replacing the diesel pumps
by sakkias will lead to more balanced distribution pattern.
Considering the farmers' uptake during the summer months June,July and August,
however, both strategies show a drop, most notably for the strategy without diesel
pumps and unofficial reuse. For the latter strategy this can be explained satisfactorily by the lower rice crop water requirements as a result of the improved salinity of the irrigation water (absence of the unofficial reuse component). For the
strategy without diesel pumps only, the reason can be sought in the water allocation and distribution procedure, which is based on the Ministry of Public Works
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and Water Resources (MPWWR) allocation crop water duties. Together with the
1988cropping pattern, wherericeis cultivated in a northerly belt and where maize
is grown in the southern and central part of the Eastern Nile Delta, the differences between the MPWWR duties and the actual calculated farmers' crop water
requirements prevent a more optimum irrigation water distribution. In the maize
areas, located upstream of the rice areas, the MPWWR duty is lower than the farmers' requirements, resulting in a lower allocation on main canal level than what
is considered necessary for the crops locally in the model calculations. Thus,despite their favourable location, but lacking pumps necessary for extra lifting head,
these farmers are not in the position to meet their demand completely. Farmers
downstream cultivating rice, however, are provided with excessive amounts of irrigation water due to a higher MPWWR duty compared totheirrequirements. Simulations using the cropping pattern of 1986 most probably would have produced
better results, although it must be commented that during the summer season the
whole agricultural systemisoperated veryefficiently andfurther improvements will
be difficult to realize. Still, additional investigations into the aforementioned differences, and some modifications in the MPWWR rice duty as discussed previously,may lead to a higher farmers' uptake during the summer season for the strategy
without diesel pumps only.
Total yearly irrigation system losses to the drainage canals and the groundwater
aquifer fall by 2.4%for the strategy without diesel pumps and unofficial reuse,and
by 13.3% for the strategy without diesel pumps only. These reductions are the
result of ahigher farmers' uptake,ahigherpotable andindustrial waterwithdrawal,
and a lower official reuse contribution to the total irrigation water supply in case
of the latter strategy. Remarkably, the absence of the diesel pumps also results in
a shift in the irrigation water losses from the spillways in the agricultural calculation units internally to the spillways at the tail-ends of the irrigation command
canals. This phenomenon is typically caused by the smoother irrigation water abstraction pattern during the day of the sakkias in the calculation units.
The official and unofficial reuse from the drainage canals are also affected by
differences in the quantity and location of the irrigation water losses. The total
yearly reuse goesdown with 61% for the strategy without diesel pumps and unofficial reuse, and with 11% for the strategy without diesel pumps only.
The crop water supply is the composite result of farmers' uptake, groundwater
abstraction, and unofficial reuse. The total yearly crop water supply falls by 12%
for the strategy without diesel pumps and unofficial reuse, implying that the
absence of unofficial reuse cannotbecompensated by a higherfarmers' uptake.For
the strategy without diesel pumps the lower amount of official reuse added to the
Nile water supply is compensated by a higher farmers' uptake from the irrigation
canals.
Both strategies benefit from the different mixing ratio of the less saline irrigation
water and the more saline unofficial reuse. The average salinity of the crop water
supply goes down from 445 g-m3 for the reference simulation to 365 for the strategy without diesel pumps and unofficial reuse, and to 440 g-m3 for the strategy
without diesel pumps only. Most crops will not be impeded in their growth by
these salinities as verified before, though small problems may be encountered with
maize and vegetables.
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Effects of changes in the crop water supply and the accompanying salinity are reflected in the évapotranspiration. Seasonal values show a decrease for the strategy
without diesel pumps and unofficial reuse. All crops are affected with reductions
varying between 1% (rice) and 7% (cotton). The same strategy comes up with a
drop of 4% for the aggregated cropping pattern, whereas the strategy without diesel
pumps remains at the reference value of 100%. The latter strategy also shows
somewhat higher évapotranspiration valuesfor half the winter crops,and somewhat
lower values for half the summer crops. It appears that this crop reaction follows
the seasonal cropwater supply rather accurately, which on its tum seems tocorrespond with the irrigation priority ranking of the crops as assumed in the model
simulations.
Changes in the water management express themselves on the long term in a salinization or desalinization of the soil. Simulations for the Eastern Nile Delta indicate
a drop in the average soil salinity from 3.51 mmho-cm*1 to 3.28 mmho-cm"1 (12%) for the strategy without diesel pumps and unofficial reuse after a period of
50 years.This is caused by the much lower salinity of the crop water supply. For
the long term strategy without diesel pumps only, the result is close to the reference soil salinity, i.e. 3.50 mmho-cm'1 (-2%).
The effects after 50 years in terms of évapotranspiration show that the strategy
without diesel pumps and unofficial reuse can still not compete with the reference
simulation, despite improved soil salinity conditions. Although half the crops, with
the emphasis on the summer crops and rice in particular, are able to increase their
évapotranspiration when compared to the short term values, they still fall short of
thereference values.Also the évapotranspiration of the aggregated croppingpartem
cannot approach the reference value with a drop of 3%.
Evapotranspiration rates for the long term strategy without diesel pumps cannot
recover from the lower water supply to the summer crops (notably maize and cotton). The more so because the irrigation water salinity, and thus the soil salinity,
hardly shows improvements for this strategy.Also the winter cropsremain unaffected on the long term, and therefore the aggregated évapotranspiration value stays
equal to the reference value.
Analyzing the spatial variability of the aggregated relative évapotranspiration over
the study area reveals a somewhat more even distribution for the strategy without
diesel pumps only, when compared to the reference run. Especially improvements
of the lowest, locally occurring, évapotranspiration values will be socially more
acceptable for farmers. Also the strategy without diesel pumps and unofficial reuse
shows a significant lower standard deviation, which is however fully counteracted
by a much lower average aggregated relative évapotranspiration value.
Finally, it can be concluded that the strategy without unofficial reuse and diesel
pumps does not offer an alternative for the present situation. When crop yields
should be maintained at the current level or when authorities aim for an increase
the simulations made clear that this lies outside physical reality for both the short
and the long term. Therefore a combined elimination of diesel pumps and unofficial reuse cannot be considered as a realistic alternative and the unofficial reuse
should remain permitted.
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The strategy in which the diesel pumps have been eliminated for lifting water from
the irrigation canals, but where the unofficial reuse remains permitted, presents
itself as an alternative which could be considered. However, peak demands occurring in summer are difficult to meet with the available amounts of irrigation water
and the reduced uptake capacity of the farmers.
Improvements in the water distribution for the strategy without diesel pumps in the
summer cannot be established on the inter-calculation unit scale, given the specific
cropping pattern of 1988 and the Ministry of Public Works and Water Resources
allocation water duties. An optimum distribution, in relation to significant lower
spillway losses,can only beobtained after further examination of these two factors.
Nevertheless, improvements are certainly to be anticipated on the intra-calculation
unit scale. A further down-grading of thecurrent scale, however, will meet serious
problems with input data and hardware facilities. Model application on a single
calculation unit is a more appropriate way to quantify these effects.
Since all performed strategies were aimed at improving the irrigation water distribution by eliminating the diesel pumps for lifting water from the irrigation canals,
it should be denoted that such a policy will have negative effects on the amount
of reuse.
By itself, it is highly preferable to pursue improvements in the irrigation system,
removing the need to draw on large amounts of drainage water with rather high
salinities. However, simulation results show that such improvements are accompanied by a shift in the release of excess irrigation water from the agricultural
calculation units internally to the tail-ends of the irrigation command canals. As a
consequence not only less drainage water will be generated, but also less drainage
water will be available for reuse because of the downstream location of these tailends.
The relation between the irrigation water distribution and the reuse of drainage
water is a critical one when on farm level the reduction in unofficial reuse is not
counteracted by at least a similar increase in farmers' uptake from the irrigation
canals. This clearly appears to be the case for the strategy without diesel pumps
and unofficial reuse.
Taking away the flexibility in the agricultural system by eliminating the unofficial
reuse should not only be discouraged, but also single-sided improvements in the
irrigation system by banning the diesel pumps as irrigation tools should be accompanied by further measures to minimize spillway losses. Therefore investigations
into the disparities between the water duties used by the Ministry of Public Works
and Water Resources, when allocating anddistributing the irrigation water, and the
calculated farmers' crop waterrequirements shouldprovide the knowledge to arrive
at substantial lower spillway losses to offset the reduced amounts of reuse. Also
a more uniform cropping pattern (maize versusrice)is likely to cut down spillway
losses.
The implementation of strategies prohibiting the use of diesel pumps will meet
formidable obstacles. The use of diesel pumps is widely spread nowadays. Since
the unofficial reuse remains necessary to maintain or even increase present évapotranspiration rates, they are also needed to provide enough lifting head for withdrawing water from the deeper excavated drainage canals.
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The unlimited access of the diesel pumps to the irrigation canals on the other hand
should be prevented. Therefore farmers should be persuaded to lift their irrigation
water from the original sakkia sump, which is connected with the canal by means
of a fixed diameter pipe. In this way both the lifting head and the uptake capacity
can be limited, and shortages occurring in the irrigation system will be spread
more uniformly over the whole area. In case the water requirements can still not
be met, farmers should have the possibility to turn to the drainage canals.
However, implementation of such a practice will require enforcement by a rigid
control system.
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1. INTRODUCTION

"IF

I WERE

EGYPT
WOULD

y

TO

NOT
BE

RULE

EVEN
ALLOWED

MEDITERRANEAN

A COUNTRY

ONE

DROP
TO

FLOW

LIKE

OF
TO

WATER
THE

SEA",

Napoleon Bonaparte has been quotedto sayduring theFrench occupation of Egypt
(1798-1801). Obviously this remark made by Bonaparte illustrates that he was not
aware of the concept of the salt balance, but also illustrates the desperate need of
the country to use the available water resources to the maximum possible degree.

1.1. General introduction
The total acreage of Egypt amounts to roughly one million km2, but the majority of the Egyptian inhabitants is concentrated on 4-5% of this area only. In the
Nile Valley, a narrow strip bordering the river Nile from Aswan to Cairo, and in
the Nile Delta fertile agricultural land does exist and irrigation water is available.
The population of Egypt has been growing at a high rate from 22 million in the
year 1947 to more than double, roughly 55 million in the year 1987,reducing the
per capita share of agricultural land from 1,150 m2 in 1947 to the extremely low
level of 450 m2 in 1987. Obviously, this per capita area is not sufficient for the
countries required production of food and fibre as well as for the extension of the
required infrastructure for housing and transportation.
In view of the above situation the countries bill of importation of foodstuff is rapidly growing. For slowing down this growth, vertical as well as horizontal expansion of agricultural production is a must Crop yields in Egypt arealready high
according tointernational standards and a further increase will be arelatively slow
process. Consequently horizontal expansion of agriculture byreclaiming new lands
will be the first priority measure to overcome the presently prevailing food balance crisis. Additional to land reclamation, the introduction of early maturing
varieties of the crops grown in Egypt may also increase the total agricultural production due to a higher cropping intensity.
However, both reclamation of 'new' desert land as well as an increase of cropping intensity by the introduction of short age varieties requires additional quantities of irrigation water.
The Egyptian water budget is confined to the countries share of Nile water which
is fixed according to international agreements with the Nile River basin countries
at 55,500 million m3 per year. Added to this are minor quantities gained by ex33

ploiting groundwater from the reservoirs of the upper part of the Nile Valley, the
Western Desert, the Eastern Desert and in the Sinai Peninsula. Small quantities of
precipitation do fall on the north-western and north-eastern coasts which modestly add to the water budget. All these quantities are hardly adequate to meet the
existing demand for agriculture, domestic use, electricity generation, industry and
inland navigation.
A number of measures are being taken or studied at present to improve the efficiency of water use and to exploit new water resources. These include the following:
- increasing the irrigation efficiency both on farm level as well as on larger scale;
- reducing the acreage of crops that consume much water such as rice and sugar
cane;
- reducing the amount of fresh water lost to the sea by providing the appropriate
storage during periods of low water demand;
- improving the drainage characteristics of the Nile catchment and its tributaries
from its source in the south of Africa.
The above measures, although effective on the long term, will take several years
for implementation and many years may pass before obtaining significant results.
Reuse of drainage water appears to be one of the most promising, fast, and economic means of increasing the Egyptian water budget and improving the efficiency of water use. At present an amount of about 14,000 million m3 (1984) to
12,000 million m3 (1988) of drainage water flows annually unused to the Mediterranean Sea and the coastal lakes. The salinity ranges between 1,000 and 7,000
g.m3 but about 75% (1984) to 70% (1988) of this quantity has a salinity of less
than 3,000 g.irf3.
Reuse of drainage water is not a new practice in Egypt. After the construction of
the Aswan High Dam the Egyptian designer was clever enough toreturn all drainage flows in the upper and middle part of the Nile Valley to the river's main
course. Due to this practice the salinity of the Nile water changes from some 200
g.m'3 upstream of the High Dam to approximately 280 g.m"3 upstream of the Delta Barrages, the inlet gate of the cultivated areas in the Nile Delta. Moreover, an
amount of 3,000 million m3 (1984) to 2,400 million m3 (1988) of drainage water
is reused annually in the southern part of the Nile Delta by blending, in most cases, with fresh Nile water in the larger irrigation canals.
Reuse of drainage water, however, has its limitations and drawbacks. Technical
limitations such as the quantity of drainage water, salinity of drainage water, seasonal variation, the location of availability and surface elevation of this location
restricts to some extent where, when and how much of this water can be used.
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1.2. National water management planning
The target of the land reclamation plans of the Ministry of Public Works and
Water Resources and the Ministry of Land Reclamation has been set at 2.8 million acres of new land by the year 2000. In the plans the water supply for 0.4
million acres is foreseen by exploiting groundwater and for 1.2 million acres by
reducing theconveyance losses of the Nile catchment in the Sudd, southern Sudan.
The remaining 1.2 million acres depend on rationalization of water use in the 8
million acres presently irrigated. This should be achieved by improving the irrigation methods, by changing the cropping patterns as well as by the reuse of
drainage water.
Depending on the location of the areas to be reclaimed, and the locations where
drainage water is available in suitable quantities with suitable salinities, drainage
water may be directly used with or without mixing with fresh irrigation water in
the areas which will be reclaimed. Such projects where drainage water from the
Nile Delta will be transported to the reclamation area are at present under implementation: the Salam Canal Project for the reclamation of 0.8 million acres in the
Eastern Nile Delta and in the Sinai, and the Umum Reuse Project for the reclamation of 0.4 million acres in the Western Nile Delta. In both cases blending of
the drainage water with fresh Nile water is absolutely required and also planned
by the Ministry of Public Works and Water Resources.
If drainage water cannot be transported in an economic way to the intended land
reclamation areas, the irrigation water for these new areas can be made available by diverting fresh irrigation water to such new areas, thereby decreasing the
supply to the old lands and increasing the reuse of drainage water in the existing
agricultural area. Although reuse of drainage water can be considered as a fast and
economic solution for the future water shortage due toreclamationprojects it still
needs investments in infrastructure such as pump stations and transport canals.
Generally the time span between planning andrealizationof these projects takes
several years.
The prolonged drought period of the past eight years in Africa has affected the
discharge of the river Nile upstream of the Aswan High Dam. During this period
the live storage of the dam has been sufficient to supplement the Nile discharge
to the normal water dutyrequiredfor agriculture,industry and domestic use.However, if the drought period will persist for a number of years, the live storage may
be exhausted and an acute water crisis may develop. Under these conditions a
water shortage of 10%,or even 20%, could be acute and only water management
measures which can be implemented on a very short notice, requiring a low level
of investments can be used to minimize the damage of such a shortage in terms
of agricultural production.
In the light of the above situation, the potential of a variety of such measures
which can be swiftly implemented in case of an acute water shortage, will be outlined in thisreport.Also the long term effects of diverting fresh Nile water to land
reclamationprojects on the account of the water budget of the old lands, will be
studied in this report
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1.3. Reuse of Drainage Water Project
For the planning and implementation of reuse of drainage water projects by the
Ministry of Public Works and Water Resources a good knowledge of the spatial
distribution of available drain water, its salinity and the seasonal variation is important. Knowledge of the present situation, however, is not sufficient for planning purposes. Information on the expected changes in the drainage water as a
result of changing water management and changing agronomic conditions are
equally important.
In order to provide the Ministry of Public Works and Water Resources with the
required information the 'Reuse of Drainage Water Project' has been operational
since 1983.The objectives of this project are threefold:
- provide information on the drainage water in the Nile Delta in Egypt with respect to quantity, quality and location for the present situation;
- provide the above mentioned information and expected future changes as a result of changing water management;
- to train the Egyptian counterpart staff in the techniques to obtain the above mentioned information.
The procedures followed to reach the mentioned objectives have been as follows:
- The implementation of a comprehensive measurement network with about 100
observation points in the drainage system of the Nile Delta. At these observation points the discharge and the salinity are continuously monitored and every
three weeks the chemical composition of the drainage water is determined by
sampling. The measurement results are published on a yearly basis in the socalled hydrological and chemical yearbooks.
- The formulation, programming and testing of a model package for the simulation of the water management in the Nile Delta.
- The simulation of a number of alternative water management strategies for the
Eastern Nile Delta.
- For all activities mentioned a close cooperation between the Dutch and the
Egyptian colleagues has been established and in performing the job both parties
have gained from the experience of the other party. For special subjects training courses have been organized, some in the Netherlands given by the Dutch
colleagues for their Egyptian counterparts and some have been given in Egypt by
the Egyptian colleagues for other Drainage Research Institute staff members.

1.4. Outlook to the future
So far the Reuse of Drainage Water Project has concentrated its activities with
respect to the water management simulation on the Eastern Nile Delta and on short
termeffects of a few 'swift' water management measures.For the extension of the
simulations to the other Delta Areas (Middle Delta and Western Delta), these areas
have to be schematized into calculation units, the appropriate input data have to
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be collected and entered into the computer system andcalibrated against the observation results of the monitoring network.
Depending on the amount of manpower available, both from Egyptian and from
Netherlands side, this will take some 12 to 18months.
For the evaluation of long term effects of water management measures a continuous dialogue between the planning department of the Ministry of Public Works
and Water Resources and the modelling team should be realized in the future.
Based on existing or future water management plans the effects can be estimated
with the simulation model. Based on the acceptability of the simulation results with
respect to total agricultural production and the distribution over the Nile Delta,
water management plans can be adapted and alternatives formulated.
The importance of the continuation of the monitoring network cannot be stressed
enough. The simulation model provides answers on the effects of water management measures before these measures are actually implemented. It should be realized, however, that these answers are just an intelligent estimate of the effects,
and that the real effects may be observed in the measurement network, be it, after the measures have been implemented. Continuation of the observations in the
measurement network will thus provide clues for the validity of the model, improvement of the schematization used and possibly the need to collect better input data. Application of the simulation model to other areas, such as the Fayum
depression will not give major technical problems provided that the required input data are available.
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2. SIMULATION MODEL
The fundamental limitation in the planning of future reuse of drainage water for
irrigation lies in the uncertainty of future changes in quantity and salinity of drainage water as aresultof changes in water management in the corresponding catchment Also the uncertainty of the consequences in terms of agricultural production in the area receiving this (mixed) drainage water limits this planning. The
prediction of changes for complex situations such as the water management in the
Nile Delta in Egypt seems to be very difficult under these circumstances. In this
chapter the formulation of all relevant physical and other functionalrelationships
combined in a simulation model for the estimation of effects of changes in the
irrigation water management, cropping pattern and crop characteristics will bediscussed.

2.1. Introduction
Quantity, salinity as well as the seasonal distribution of drainage water are influenced by water management and agronomic factors in the catchment such as:
water supply; irrigation water salinity; cropping pattern; crop characteristics; drainage conditions; drainage water availability for unofficial reuse; the control of irrigation water losses; etc. A number of these factors will be discussed below.
Water supply
Changes in the water supply, be it in the total quantity, or in the seasonal distribution of the supply in a certain area will affect the amount of drainage water.
Generally, therelation between supply and drainage is non-linear which means that
an increase of the supply during a certain period of say 10% will not automatically result in an increase of the drainage water with 10%, but possibly with a
lower percentage. The increase of the drainage water as a result of the increase
of supply depends on the ratio of the actual demand for irrigation water at field
level and the actual supply. If the area already receives sufficient water the complete increase of supply will disappear in the drainage system. A complicating
factor is that, depending on the seasonal variation in the ratio between the demand for water and the supply, also the degree of non-linearity changes from period to period.
Irrigation water salinity
Changes in the irrigation water salinity, be it in the total level or in the seasonal
variation will have an immediate effect on the drainage water salinity, caused by
the unavoidable operational and spillway losses to the drains. On the long term
salinization of the soil profile will take place and the leaching water will gradually increase the drainage water salinity. Also the drainage rates will be influenced by the irrigation water salinity. This concerns both the effects of an increased water requirement for leaching on one hand as well as the effects of lower actual crop évapotranspiration rates caused by the increased osmotic pressure in the
root zone.
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Cropping pattern
Each of the crops grown in the Nile Delta in Egypt can be characterized, from a
water management point of view, by planting date, harvesting date, consumptive
water use (including distribution in time), rooting depth, number of irrigations and
intervals between irrigations, leaching requirements, salt resistance, etc. As a consequence each crop has its own demand for irrigation water and its own drain
discharge distribution, given the hydrological conditions under which the crop is
grown. It is well known that a crop like cotton receives only light irrigations,especially after flowering and that only minimal leaching of the soil profile takes
place. A crop like rice is grown under ponding conditions and has a high demand for water, a high consumptive use and a high drain discharge. Changes in the
cropping pattern, be it accompanied by the corresponding change in water supply
due to the changed total demand for water or not, will result definitely in changes in the drainage water quantity and salinity and the seasonal distribution of
both.
Changesin crop varieties
The introduction of early maturing varieties of crops, or the introduction of high
yielding varieties which are more sensitive to moisture stress conditions and/or salt
resistance may result in a higher required irrigation frequency and a higher leaching requirement. As a consequence thedemand for water changes and, whether the
supply changes according to the changed demand or not, also the drainage discharge and salinity and the seasonal distribution will change.
Drainage conditions
The installation of a subsurface drainage system in agricultural lands has a number of effects. First the water table is lowered and as a consequence the rooting
depth of agricultural crops may increase. Second, seepage from the aquifer, if
present, will increase. Third, due to the improved internal drainage conditions, desalinization may be effectuated, increasing the potential évapotranspiration due to
reduced osmotic effects. If there is an ample water supply to the area, this may
result in an increase of actual évapotranspiration, a decrease of direct irrigation
water losses, an increase of leaching and, in most cases, a decrease in the total
drainage of the catchment. On short term the drainage water salinity will increase significantly, due to the desalinization process; on the long term the drainage
water salinity most probably will still be higher due to both increased seepage and
increased actual évapotranspiration.
Availabilityof drainagewaterfor unofficial reuse
Egyptian farmers in the Nile Delta are masters in the organization of the water
required for irrigating their crops.In the field ingenious constructions can be found
connecting the tail-ends of meskaas with tubes crossing the drainage canals so that
tail-end losses may be used in the adjacent distributary areas. Generally, shortage of irrigation water, which occurs during one or more short periods during the
year, will be concentrated at the tail-ends of the distributary canals and at the
tail-ends of the branching meskaas. Near these tail-ends, drainage canals are located, and in case of (temporary) water shortage farmers use movable diesel pumps
to lift water from the drain to use it for irrigation of their crops. If, in upstream
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drainage catchments, the drainage water will be used for irrigation purposes, less
drainage water will be available in the downstream catchment for unofficial reuse
by farmers. The effect will be that during periods of water shortage the catchment
drainage will diminish and that the seasonal distribution of the drainage water will
change.
Controlof irrigation waterlosses
The irrigation water supply to a canal command area is continuous and no significant changes in flow magnitude during day and night can be detected. The majority of the farmers irrigate their field during the day. As a consequence the
waterlevel in the irrigation distribution canal systemrisesduring night hours.Depending on the storage capacity in the system and on the average supply during late
night and early morning, tail-end spillways may start spilling fresh irrigation water
directly into the drains. If these direct irrigation losses are reduced by increasing
the overnight storage capacity of the irrigation system or by an improved operation of the irrigation system, the drainage water discharges and salinities will be
affected. If the supply to the agricultural areas is reduced in accordance with the
decrease in direct irrigation losses, the discharge will decrease with the same
amount and the salinity will increase. The reaction of the system to changes in the
irrigation water control may show variation over the year. Consequently, it may be
expected that also the seasonal variation in the drainage water will change.
It is already difficult to give a qualitative description of the effects of the individual water management measures given above.Anumberof measures can betaken
simultaneously, spatially distributed in many different combinations. Some of these
measures will have long term effects, appearing after several years have elapsed.
Taking into account the cascade effect through which consequences of measures
taken in an upstream area will trickle down gradually until it reaches the most
downstream area, it must be realized how complex the system reacts to a number of water management measures which are taken simultaneously.
The proper procedure for predicting changes in such a complex situation is to formulate all relevant physical and functional relationships and combine them in a
simulation model for the estimation of effects of changes in the irrigation water
management, cropping pattern and crop characteristics.

2.2. The SIWARE model
For the prediction of future changes as a result of changed conditions in the water
management, agronomic changes or changes in the hydraulic conditions the
SIWARE model (Simulation of Water management in the Arabic Republic of
Egypt) has been developed. In this simulation model for the Nile Delta all relevant physical and functional relationships have been combined,beit in a simplified
and schematized way.
To facilitate the calculation process, the Eastern Nile Delta has been schematized
into a number of subareas. These subareas, also referred to as calculation units,
should be uniform with respect to soil, hydrological, climatic, and water supply
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conditions. Within the calculation units each crop is represented by one typical
(average) field plot. Through a special algorithm the drainage quantity and salinity output of all typical field plot with different crops is combined and transformed to the aggregated total calculation unit drainage output.
Following the pathway of the irrigation water from the Nile Delta Barrages, where
it enters the Nile Delta to the points, where it leaves the area, a number of different subsystems can be distinguished (fig 1):
- the water allocation to the intakes of the major irrigation command canals,
which is treated in the model 'DESIGN';
- the estimation of the water requirement at farm level, taking into account the
hydrological and climatic circumstances, as well as the moisture and salinity
status of the soil, is treated in the model 'WDUTY';
- the water distribution within the irrigation command areas resulting in a supply to the agricultural fields and operational losses to the drainage system is
treated in the model 'WATDIS';
- the water losses from the Nile Delta to the atmosphere through evaporation and
transpiration, to the aquifer through leakage and seepage, and to the Mediterranean Sea and Coastal Lakes through the drainage system are treated in the
model 'REUSE'.
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Areas served

Cropping pattern
Irrigation schedule
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Evapotranspiration
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Fig 1.
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Schematization ofthe SIWARE simulation model, itssub-models, and required
in-and output.

In the following paragraphs the different subsystems will be discussed. Attention
will be focussed on the two types of processes which are simulated:
- physical processes, such as: the water flow through the irrigation canals and
control structures; the flow of water and salt to the (sub)surface drains; the évapotranspiration and related increase in soil salinity and osmotic pressure; etc;
- human behavior processes, such as: decisions related to the allocation of irrigation water among the irrigation command areas and the determination of target
waterlevels at control structures in the irrigation system (decision maker); the
simulation of the height of the gate openings of control structures (gate operator); the abstraction pattern during the day for field irrigation of agricultural
crops and decisions related to the distribution of the limited available irrigation
water among the fields crops (farmer); etc.

2.3. Water allocation
The water allocation in the Nile Delta by the Ministry of Public Works and Water
Resources is based on the administrative subdivision of the Nile Delta. The smallest administrative unit distinguished by the Ministry is the Irrigation District. The
size of such a district varies from roughly 13,000 feddan to 75,000 feddan (one
feddan equals about 0.42 ha). The Irrigation Districts are clustered in Irrigation
Directorates with sizes ranging from 150,000 feddan to more than 600,000 feddan. A complicating factor is that the administrative boundaries of both Irrigation
Districts and Irrigation Directorates do not necessarily coincide with the irrigation
canal command boundaries.
Based on years of experience and supported by research of the Water Research
Center, the Ministry of Public Works and Water Resources is well aware of the
water requirements of the agricultural crops grown in the Nile Delta and the seasonal distribution of these requirements. In cooperation with the Ministry of Agriculture the cropping pattern per irrigation district is decided and the total water
duty for these districts is determined on a monthly basis. These monthly water
duties per district are corrected (reduced) for the local groundwater use. By summing up these requirements per Irrigation Directorate and per irrigation canal command area and correction (reduction) for the intended official reuse of drainage
water, the net monthly agricultural requirement per canal command area is determined. Since 1988 also the occurrence of rainfall in the northern part of the Nile
Delta during the winter period is taken into account. Next, the net agricultural
requirement is augmented with the industrial anddomestic waterrequirements, and,
after allowing for conveyance and operational losses, the total gross water requirement per irrigation canal command area is determined.
The hydraulics of each irrigation canal can be characterized by a stage-discharge
relation. Given the water requirement for each month the target waterlevel to be
maintained in the irrigation system can be determined for each point in the system where control structures with movable gates or weirs with movable crests are
situated.
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For the simulation of the water allocation in the Nile Delta with the model
DESIGN (fig 1) the same procedure is followed. Based on the cropping pattern,
which is an input, the monthly water requirement for each crop, the groundwater
use per irrigation district, the intended reuse of drainage water, the domestic and
industrial use, the precipitation, and an allowance for conveyance and operational
losses, the target waterlevels to be maintained by the gate operators of the Ministry of Public Works and Water Resources are calculated. These target levels are
an input for the water distribution simulation model.
In addition to the input data mentioned above, an enormous amount of input data
concerning irrigation canal andcontrol structure dimensions should beavailable for
the calculation of the target levels to bemaintained. In order toreduce the amount
of input data the design criteria relating the characteristics of the canal cross section to the area served have been used. The same procedure is followed for the
dimensions of the control structures such as weirs, head regulators and intakes.
The simulation of human behavior processes takes place at two different levels in
the model DESIGN. The decision maker intends to distribute the available irrigation water in a certain way, taking into account the cropping pattern, the crop
water duties and the official reuse of drainage water. Physically, the intended or
desired water distribution is translated into target levels to be maintained upstream
and downstream of control and inlet structures. The second human behavior process treated in the model DESIGN concerns decisions related to the water allocation during periods of unforeseen excess of shortage of irrigation water.
The intended amount of drainage water to bereused by reuse pump stations is part
of the irrigation water allocation and distribution strategy of the Ministry of Public Works and Water Resources. As such, the reuse of drainage water can be considered as input data. Later on, during the model simulation with the regional
drainage model REUSE (fig 1),it is checked whether the quantities defined in the
water allocation strategy are available at the specified locations. If this is not the
case, the water allocation policy has to be redefined, with the new estimation of
drainage water, available for reuse.

2.4. Agricultural water requirement
The water distribution within the Nile Delta depends on the operation of the irrigation system by the Ministry of Public Works and Water Resources, and on the
other hand on the farmers behavior with respect to the amounts of water they
consider necessary for irrigating their crops. These quantities may deviate considerably from the official water requirement figures used by the Ministry of Public Works and Water Resources for the official water allocation strategy.
The fanners demand for irrigation water depends on the initial moisture conditions in the field. Farmers will try to maximize the quantity of irrigation water
given to the crops in order to leach as much accumulated salts from the crop root
zone as possible. This intended leaching quantity is limited, of course, by the hazard of crop damage due to oxygen shortage in the root zone under prolonged
ponding.
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Another important difference between the official water requirement and the farmers demand is the spatial differences in hydrological conditions. In the southern
part of the Nile Delta leakage conditions prevail and soil permeability is high.
Under these conditions farmers require more water for field irrigation than in the
northern part of the Nile Delta where soil permeability is lower and seepage conditions are dominant. Also differences in climatic conditions (evaporative demand)
can play an important role.
Since the farmers demand for irrigation water influences the waterdistribution, this
demand is calculated with the model WDUTY, before the water distribution is
simulated (fig 1).For each calculation unit in the Eastern Nile Delta and for each
irrigation turn of each crop, the quantity of water the farmer will use under the
condition of unlimited supply of irrigation water, is calculated. In this procedure
the hydrological conditions for each calculation unit are taken into account. The
initial moisture conditions prior to each irrigation are simulated using the évapotranspiration and drainage modules developed for the REUSE model.

2.5. Water distribution
As has been mentioned before, the water distribution within the Nile Delta depends on the water allocation and distribution strategy of the Ministry of Public
Works and Water Resources, on the operation of the irrigation system by gate
operators, but also on the farmers behavior. Farmers behavior with respect to irrigating their crops may deviate from the official water requirement as used by
the Ministry of Public Works and Water Resources for the water allocation and
distribution strategy. Since the farmers demand for irrigation water may influence the water distribution, this demand has to be calculated before the simulation
of the water distribution.
Farmers use sakkias (water wheels) and diesel pumps to lift the water from the
lowest order irrigation canals to irrigate their fields. Water supply to these lowest order irrigation canals normally takes place through submerged movable gates.
Two times daily, during irrigation-on periods, the height of the gate openings are
adjusted according to the target waterlevel downstream of the canal inlet If farmers withdraw more water than their official share, the gate opening is enlarged,
and when farmers withdraw less, the gate opening is decreased.
Generally, farmers tend to irrigate their crops during day-time, and only when abstraction by farmers in the upstream areas exceeds their equal share of the irrigation water, farmers downstream will be forced to irrigate at night. The distribution of the abstraction pattern over the day depends on the season. In wintertime
days are relatively short and farmers operate the irrigation tools (sakkias and diesel
pumps) during less hours than in summer.
After calculating both the target waterlevels to be maintained in the irrigation system (DESIGN) and the farmers water demand (WDUTY), the distribution of irrigation water to the calculation units in the Nile Delta can be simulated with the
water distribution model WATDIS (fig 1).
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The main purpose of the water distribution model is to simulate the water movement from the main intakes at Delta Barrages through the hierarchical network of
irrigation canals to the lowest order canals in the system. From this (distributary)
canal, water is lifted by farmers for the irrigation of individual fields.
The following two main types of processes are simulated with the water distribution model:
- hydraulic processes, for the simulation of water flow through the main irrigation canals, via control structures to the lowest order canals and over spillways
to the drainage system;
- human behavior processes, such as maintaining the target waterlevels in the irrigation system and the simulation of the height of the gate openings of control structures (gate operator) and the abstraction pattern during day and night
for field irrigation of agricultural crops (farmer).
For the simulation of hydraulic processes the main irrigation canals are divided into compartments of reasonable length. Water is transported from one compartment
to the other with the difference in waterlevels between compartments as the driving force. The resistance against flow is a function of the average waterlevel and
the cross section dimensions and is calculated with the formula of Chezy. Water
passing head regulators, weirs, inlet structures and spillways is calculated with the
appropriate hydraulic equations.
The input to the irrigation system consists of: the intake discharge into the main
canals at the Nile Delta Barrages; the lifting of water from the Nile branches to
these canals by irrigation pump stations; and the discharge of reuse pump stations
lifting drainage water. A special algorithm in the regional drainage simulation
model is used to calculate the change in irrigation water salinity if drainage water
is blended with fresh Nile water.
The simulation of human behavior processes takes place at three different levels.
The decision maker intends to distribute the available irrigation water in a certain
pre-conceived way, taking into account the cropping pattern, the crop waterduties,
the official reuse of drainage water and the occurrence of excess or shortage of
irrigation water. In the water distribution model the intended or desired water distribution is an input in terms of target levels to be maintained upstream and/or
downstream of control and inlet structures. These target levels have been calculated in the model DESIGN, assuming continuous irrigation supply to the canals,
and continuous irrigation uptake by the farmers.
The gate operator regulates the flow through inlet points, over weirs and through
head regulators twice a day. His task is to maintain the levels prescribed by the
decision maker as good as possible. Through a special algorithm in the model the
adjustment in the gate openings performed by the gate operator are simulated taking into account both the upstream as well as the downstream target waterlevel
for the structures in the main irrigation system. For the intakes of the lowest level
canals gate adjustments are based on the downstream target level only.
Farmers will always try to receive the quantity of irrigation water they consider
necessary for field irrigation of crops. Generally, they prefer to irrigate during day
time, and only when abstraction by farmers in the upstream areas exceeds their
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equal share of the irrigation water, farmers downstream are forced to irrigate at
night. In the water distribution model farmers behavior is introduced in two ways:
by the farmers demand for irrigation water, and by the daily irrigation uptake pattern.
The farmers demand for irrigation water for each time step has been calculated in
the model WDUTY and is an input for the water distribution model.
The distribution of the abstraction pattern over the day depends on the season. In
winter time, days are relatively short, and farmers operate the irrigation tools (sakkias and diesel pumps) during less hours than in summer time. In the water distribution model the abstraction pattern (farmers behavior) is defined through an
input file for the different seasons. During each day farmers are assumed to stop
irrigation when they have satisfied their need for that specific day.

2.6. Regional drainage simulation
The next step in the simulation sequence is the application of the regional simulation model REUSE for calculation of évapotranspiration, drainage and drainage
water salinity (fig 1).
The calculation unit considered in the regional irrigation and drainage model corresponds with the area supplied with water by the lowest order irrigation canal in
the water distribution model.
The main purpose of the regional drainage model REUSE is:
- organization of input andoutput for the module FAIDS where the on-farm water
management is simulated;
- distribution of irrigation water supplied to the calculation unit among the different field crops;
- simulation of crop succession after crop harvesting, at the onset of the next
growing season;
- simulation of unofficial reuse of drainage water by farmers;
- simulation of the irrigation water salinity after mixing with drainage water by
reuse pump stations;
- taking care of the simulation sequence of the calculation units in relation to official and unofficial reuse of drainage water,
- calculation of time lags in the drainage system;
- preparation of output for presentation.
Reuse of drainage water can take place on three different levels. On the highest
level reuse of drainage water takes place by thereusepump stations and the quantity to be reused is part of the irrigation water allocation and distribution strategy of the Ministry of Public Works and Water Resources. The regional drainage
model checks whether the quantities defined in the water allocation strategy are
available at the specified locations. If the simulated quantity of drainage water is
insufficient (during certain time periods) the model gives a warning and the water
allocation and distribution strategy has to be redefined. If the simulated quantity
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of drainage water is sufficient tomeet the required discharge specified in the water
distribution strategy, this quantity is subtracted from the specified drainage canal
section and added to the irrigation canal section with the simulated drainage water
salinity. Using a special algorithm, the salinity of the irrigation water downstream
of the mixing location is then calculated.
The second level at which reuse of drainage water is simulated in the regional
drainage model takes place if farmers do not receive sufficient irrigation water,
according to their (farmer's) demand. This phenomenon is considered in each calculation unit separately for each distinguished time step. Under these circumstances, farmers try to reuse available drainage water until their demand is satisfied.
Drainage water, generated in upstream areas, and passing through or along the
catchment under consideration may be used (within some limits) for irrigation. In
the regional drainage model these limitations are formulated and they restrict the
maximum amount of drainage water which can be used in two ways. First, only
a fraction of the drainage water passing by or passing through can be utilized.
Second, only part of the catchment has access to this external drainage water.
Generally, the fraction of the area which has access to the drainage water, is located at the downstream end of the distributary canals, and is also the fraction of
the area which suffers first from insufficient water in case of a shortage. In the
model the most restrictive of both limitations is evaluated and determines the maximum amount of unofficial external reuse of drainage water which can take place.
The required amount of unofficial external reuse of drainage water is determined
as the deficit resulting from the irrigation supply, simulated with the water distribution modelWATDIS,andthe farmer's demand,simulated with the waterrequirement model WDUTY.
The actual amount of unofficial external reuse is evaluated in the regional drainage model REUSE as the minimum of the required and the potentially available
amount of drainage water. Next, this quantity of drainage water is subtracted from
the pertinent drainage canal section and added, with its pertaining salinity to the
agricultural water supply.
The procedure described above indicates that it is necessary for the simulations to
proceed according to the upstream-downstream sequence of calculation units following the drainage system layout This simulation sequence is included in the
regional drainage model.
The third level of reuse of drainage water recognized in the regional drainage
model may takeplace when, despite unofficial external reuse of drainage water, the
crop water demand is not yet satisfied. In this case, farmers will start to use also drainage water from the smaller internal drains within their catchment. Contrary to the situation for the estimation of external unofficial reuse, which is based
on the aggregated crop water demand, for theinternal unofficial reuse decisions are
taken at crop level. In order to do so, it is necessary to estimate beforehand, how
much drainage water will be available. In the REUSE model, a conservative estimate is made of the total quantity of drainage water which is expected. Only a
fraction of this quantity is considered to be practically available for reuse. A second restriction to the unofficial internal reuse of drainage water considered, is that
only a fraction of the total area has access to these minor drains.
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Once the total irrigation water supply including unofficial external reuse of drainage water has been calculated, the farmers behavior with respect to the allocation
of the available water over the different crops, which are simultaneously in the
field and which require irrigation water, is simulated. Based on the agricultural
demand for water for each crop and the available supply, the highest priority crop
receives larger amounts than the lower priority crops. The priority is mainly based
on the relative drought and salt resistance of the crops. Crops like wheat and cotton have a low priority and berseem and vegetables have a high irrigation priority. The allocation of irrigation water to the different crops is simulated in a separate algorithm. Part of the total supply is allocated proportional to the agricultural demand and the remaining quantity according to relative priority.
After allocating the total supply to the crops, the regional drainage model collects
for each irrigation interval for each crop the initial moisture and salinity conditions and simulation control is passed to the on-farm water management model
FAIDS.

2.7. On-farm water management
The on-farm water management model FAIDS is called by the regional drainage
model REUSE for each irrigation interval for each crop in each of the calculation units.This model simulates for onetimestep and one crop the irrigation water
application, évapotranspiration,drainage and salinity changes in the soil. Five separate modules are distinguished:
- on-farm irrigation module;
- redistribution of salts in the root zone module;
- évapotranspiration module;
- drainage module;
- salinity module.
Following is a brief explanation of each of the modules:
On-farmirrigation module IRREFF
On-farm irrigation starts with lifting the water from a meskaa, which is the smallest type of irrigation canal, by means of a sakkia (water wheel) or a diesel pump.
Diesel pumps are growing in number, replacing the traditional sakkias. The water
is spread over the field and some of this water evaporates, some of the water runs
off from the tail-end of the plot due to poor land leveling and some is lost by
leakage from the merwaa, which is the small field channel between sakkia and
field plot The majority of the water infiltrates into the soil, of which a part will
be converted into évapotranspiration through abstraction by plant roots and another part will pass through the soil and will be collected by field drains. The
remaining water, if any, will replenish the deep aquifer, depending on local hydrological conditions.
Simulation of on-farm irrigation is carried out by using an advance function considering the hydraulic process as a flow through an open channel of infinite width
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compared to the water depth. Both the advance function, as well as the total infiltration of water, is determined to a large extent by the cracking characteristics
of the Egyptian clay soils in the Nile Delta. The loss of water through the soil
cracks to the drainage system during ponding of the field plots is taken into account. Thetime period during which thisrapid drainage occurs is calculated based
on the swelling speed of the Egyptian clay soils. The capacity of the sakkia or
diesel pump, the basic infiltration rate, the plot characteristics, the soil drainable
porosity and the initial soil moisture deficit and groundwater depth are taken into consideration in the analysis.
The output of the IRREFF module consists of the updated content of the soil
moisture store, the updated groundwater depth, the volume of water lost from the
field tail-end (surface drainage), the volume of water lost by leakage from the
merwaa field irrigation channel, and the volume of water lost to the drainage system by rapid drainage through cracks.
Redistribution of salts in the root zone module REDIS
During field irrigation, water is flowing into the soil cracks. Due to the hydraulic gradient and the high permeability of the cracked top soil, water is also flowing through the cracks to the field drains. The majority of the crop roots develop
along these cracks and salt accumulation due to transpiration can be observed on
the crack walls. The water flowing into, and through the cracks causes these salts
to go into solution. Infiltration of water into the soil takes place at theponding soil
surface and at the crack walls. At the soil surface the infiltrating water has the
irrigation water salinity, at the crack walls the salinity of the infiltrating water includes (part of) the accumulated salts which went into solution from the crack
walls.
In the simulation model this process has been formulated in a simplified way. For
the vertical water fluxes through the soil elements a leaching efficiency of 100%
is assumed, and for the vertical water flow through the cracks a leaching efficiency of 0% (no leaching). Consequendy, the initial irrigation water salinity is assigned to the horizontal fluxes from the cracks into the soil elements. For the simulation of the salt removal with the rapid drainage through the cracks a certain
leaching efficiency is assumed. This leaching efficiency is dependent on the size
of the cracks:if nocracks havedeveloped the leaching efficiency isassumed 100%
(in this case rapid drainage is zero, however) and if cracks are maximal the leaching efficiency has a very low value Garge rapid drainage flux). In this way the
infiltrating water into the defined soil layers always has the irrigation water salinity and leaching is only considered through the soil elements. In each distinguished soil layer complete mixing of the inflowing water with the soil moisture
is considered.The outflowing concentration equals ateach moment of timethe soil
moisture salinity.
The output of the REDIS module consists of the updated salinity in each distinguished soil layer above drain level, the updated salinity of the drainable water
reservoir, i.e. the soil water stored in the drainable porosity, and the quantities of
salts lost through tail-end losses of the merwaa, surface drainage, and rapid drainage through soil cracks.
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For the salinity calculations the chloride ion has been selected because this element is not retained in the soil by adsorption processes nor is it involved in precipitation reactions. Based on the analysis of about 4,000 water samples a good
empirical relationship between chloride concentration and total salinity has been
established.
Evapotranspiration module EVA
After field irrigation the soil is at or near field capacity. Under these conditions,
generally, évapotranspiration rates will be potential. Upon depletion of the soil
moisture the actual évapotranspiration rate may bereduced basedon the soilmoisture potential as well as on the osmotic potential of accumulated salts. In this
process of reduction characteristic plant factors play an important role.
In the simulations in the EVA module the Rijtema approach has been used. Evapotranspiration is considered potential, until in the plant the critical leaf watersuction is reached. At this suction theplant stomata start toclose andreduction starts.
In the model this critical leaf water potential is translated into a fraction of the
total available soil moisture, resulting in the quantity which is easily available for
transpiration, i.e. available before reduction starts. Since each crop has its own
characteristic critical leaf water potential, this fraction is different for each distinguished crop. The module EVA accounts for the osmotic potential and also takes
the capillary flux into the root zone into account.
Since the climatic conditions in the Nile Delta in Egypt do not change much from
year to year, long term average climatic input data have been used. Based on the
crop development data such as crop height and relative soil cover for the different stages in the growing season the maximum rates are calculated. For the capillary flux ten different soil types are considered.
Evapotranspiration of rice fields is simulated by balancing the standing water layer
depth, taking into account open water evaporation from the free water surface
based on relative soil cover as well as abstraction by the plant roots.
The output of the EVA module is the simulated volume of actual évapotranspiration, the volume of capillary supply to the root zone and the updated soil moisture volume.
Drainagemodule DRAGE
After field irrigation, drainage takes place both to the drainage system, and to the
deep aquifer.
For the simulation of drainage the resistance against flow to the drainage system
is based on the theory of Emst and discharge is simulated by a linear relation between water table depth above thedrains anddischarge.Discharge to and from the
aquifer is simulated in a similar way. In this case the resistance against flow is
based on the thickness of the clay cap and the vertical hydraulic permeability. The
difference between water table depth and thepiezometric head in the aquifer is the
driving force for discharge to (leakage) and from (seepage) the aquifer. For the
calculation of the discharges from the soil the capillary flux, calculated in the évapotranspiration module is taken into account.
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The output of DRAGE consists of the volumes of water drained through the saturated soil to the drainage system, the volumes lost to, or gained from the aquifer, and the updated water table depth.
Salinitymodule SAMIA
In the salinity module two separate processes are simulated- It updates the soil
salinity of the saturated subsoil, based on the volumes of drain discharge and seepage/leakageflows. In each soil layer completemixing of theincoming water fluxes
with the soil moisture is assumed. Outgoing fluxes to other layers, to the drainage system, and/or to the aquifer have the instantaneous salinity of this soil moisture.
The second process simulated by the salinity module SAMIA is the updating of
the soil salinity in the unsaturated zone above drain level caused by capillary
fluxes and actual évapotranspiration. Plant root abstraction of soil water is assumed uniform in the plant's root zone and, based on the resulting moisture balance
of the distinguished soil layers, the updated salinities are calculated.
The output of the salinity module SAMIA consists of the drainage water salinity, the leakage flux salinity and the updated salinity of both the saturated and unsaturated soil layers.
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3. INPUT DATA
3.1. Introduction
The data required for performing model simulations can be classified in four categories:
- time invariant input data, also called model parameters, such as soil permeability, soil anisotropy factor, etc;
- time dependent input data, such as total water supply, cropping pattern, meteorological data, etc.
- model variables which have to be initialized, such as soil moisture contents, soil
salinity, groundwater depth, etc.
-field measurements for the comparison of simulated model output; in order to
calibrate some of the time invariant model parameters.
In the description of the data needed for the model simulations, given in thischapter, no distinction is made concerning the models (DESIGN, WDUTY, WATDIS,
and REUSE) for which these data are required. The large amount of data which
is required for the simulation with the SIWARE model has been collected from
several sources, amongst others:
EgyptianPublicAuthorityfor Drainage Projects:
- the hydraulic permeability of the soil;
-the drainage conditions (drain distance; drain depth) in subsurface drained areas.
In the areas not yet provided with a subsurface drainage system these data are
based on incidental field observations.
Groundwater Research Institute:
- the vertical hydraulic resistance against leakage to and seepage from the aquifer. These data are based on clay cap thickness data and vertical hydraulic permeability, which, in turn, is based on field investigations and water and salt balance studies;
- the piezometric head in the aquifer;
- the salinity of the deep groundwater from the monitoring programme of about
100 deep observation wells, distributed in the Nile Delta;
- the groundwater use for irrigation in the distinguished irrigation districts is based
on an inventory of irrigation wells, performed by the Groundwater Research Institute.
WaterDistribution andIrrigationResearch Institute:
-the climatic conditions, based on long term meteorological observations in Egypt.
Soil and WaterResearch Institute:
- the soil conditions. The classification used in the model is based on soil texture. For the clay soils a relation has been found between the swelling and shrink53
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ing behaviour of the soil, and the clay content.
MinistryofAgriculture:
-the cropping pattern per agricultural district (markaz) for the period 1984-1987;
-data on crop development, recommended irrigation intervals, etc. have been obtained from pamphlets of the Agricultural Extension Service of this Ministry.
Ministryof PublicWorksand Water Resources:
- the design criteria of the irrigation system;
- the irrigation system layout and type and location of control structures;
-the administrative irrigation district boundaries;
- the monthly crop water allocation duties;
- the realized total water allocation to the six main irrigation command canals for
the period 1984-1988;
- the cropping pattern per irrigation district for 1988;
-the non-agricultural water requirements in the Eastern Nile Delta.
Drainage Research Institute:
-the layout of the main drainage system and drainage catchment boundaries;
-the realized quantities and salinities of officially reused drainage water for the
period 1984-1988 (through reuse pump stations);
- the observed drain discharges and salinities in the Eastern Nile Delta for the
period 1984-1988.
The initial values of model variables, such as moisture conditions and salinities per
calculation unit, per crop, and per soil layer cannot be found in, or estimated from
previous studies and/orinventories.This typeof inputdata has been generated with
the SIWARE model itself, by running it for a considerable number of years and
updating the initial conditions after each simulated year.

3.2. General description Eastern Nile Delta
The Nile Delta in Egypt can be subdivided into three hydrological independent
regions: the Eastern Nile Delta; the Middle Nile Delta; and the Western Nile Delta (fig 2).The hydrological boundary between these regions arethe twoNile branches: the Rosetta branch between the Western and Middle Delta; and the Damietta branch between the Middle and Eastern Nile Delta.
Because the Delta regions are more or less hydrological independent, in first instance only one area, the Eastern Nile Delta, has been selected for testing the
model. Also for the analysis of alternative water management strategies only the
Eastern Nile Delta has been considered sofar. The Eastern Delta (fig 2) covers the
agricultural area east of the Damietta Nile Branch from Cairo in the south till the
Manzala Lake in the north. In the east the Eastern Desert forms the boundary of
the agricultural area.
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The water supply to the Eastern Delta is through three main irrigation command
canals and three minor (small) command canals. Five of these canals branch from
the Nile upstream of the Delta Barrages at the bifurcation of the two Nile branches (fig 2). The Ismaileya Canal starts in Cairo, and supplies irrigation water to
part of the Eastern Nile Delta, but also transports irrigation water to the Ismaileya and Salheya Irrigation Directorates. The second main command canal is the
Rayah Tawfiki, which takes water at the Delta Barrages. The third main command
canal is the Mansureya Canal which supplies the northern part of the Eastern Delta
with water. It takes water from the Damietta Nile Branch near Mit Ghamr (fig 2).
The area served by the Ismaileya Canal downstream of Salheya head regulator,
where it leaves the Eastern Nile Delta is taken into account in the water allocation and water distribution simulations, but not in the reuse model. In the underlying report the Eastern Nile Delta is defined as the complete area served with
irrigation water. The Eastern Nile Delta with the exception of the area served by
Ismaileya Canal downstream of Salheya head regulator will be referred to as the
'study area'.
Almost all drainage water in the study area is disposed in the Manzala Lake,
which is in open connection with the Mediterranean Sea. The majority of the area
is drained by two main drainage catchments: the Bahr Baqar catchment and the
Bahr Hadus catchment (fig 2).The drainage water in the Bahr Baqar catchment is
seriously polluted by the sewage water discharged from part of Cairo city. This
sewage water is transported through the Bilbeis Drain to the Bahr Baqar near Zagazig.
The topography in the study area is sloping gently from the south tothe north.The
land elevation near Cairo is about 30 meter above mean sea level. In the northern part of the Delta the land level is at or even below mean sea level.
The geohydrological profile in theEastern Nile Delta is characterized byaclaycap
overlying a coarse textured aquifer of considerable thickness. The extend of this
clay cap varies. In the fringes near the Eastern Desert the clay cap thickness is
limited, and on some locations absent In the central part of the Eastern Nile Delta the clay layers may extend to 30 meter depth. The clay content of the top soil
also varies within the study area. The heaviest type of clay soils are found in the
northern part; in the fringes of the Delta in the south-east also lighter textured soils
are found.
With the exception of a narrow strip along the Ismaileya Canal, leakage conditions are dominant in the southern part of the Eastern Nile Delta, and recharge of
the aquifer takes place. In the northern part seepage conditions prevail. Although
generally the seepage flux is of limited magnitude, locally seepage may be important due to the irregular thickness of the clay cap. Due to the high salinity of
the deep groundwater in the northern part of the Nile Delta the salt load introduced by the seepage flux may be considerable, and cannot be neglected.
The climatological conditions in the Eastern Nile Delta are fairly constant over the
years. The rainfall varies from some 150 mm annually in the north till about 30
mm in the south. In the southern and south-eastern part of the Eastern Nile Delta the relative humidity of the air is somewhat lower, and the temperature higher,
due to desert influences. In the northern part of the Eastern Nile Delta the
56

temperature is lower, and the average wind speed higher. For the model simulations three climatologicalregions have been distinguished according toRijtema and
Abu Khaled (1967).

3.3. Schematization Eastern Delta
Any simulation model, such as SIWARE, is a simplified reproduction of the complex reality. Although it is the objective of the modeler to include all relevant
relationships in his model, implicit assumptions, made during the modelling process, limit the equivalence between the simulation model and reality. For the actual model simulations in a certain defined study area, such as the Eastern Nile
Delta, it is not only the processes which are schematized, however. Also the area
itself, and the associated relevant input data have to be schematized. The reasons
for schematization of the area and the input data are generally related to limited
computing facilities on one hand, but frequently also with insufficient knowledge
about the detailed spatial and temporal variability of the required input parameters. Sometimes input data have to belumped,due to insufficient knowledge about
such model input parameters.
Before simulations with the SIWARE model can be performed, the irrigation system hierarchy, the drainage system hierarchy, and the connecting links between
both, have to be determined in terms of input data. The links between the irrigation canal system and the drain canal system which can be distinguished are the
following:
- spillway losses from the tail-ends of main irrigation canals direcdy to the drainage system;
- the unit areas (calculation units or subareas) which receive irrigation water from
the irrigation canal system and produce drainage water and spillway losses at the
tail-ends of distributary canals and meskaas;
- reuse pump stations which lift drainage water from the drainage canal system
into irrigation canals.
The lowest level of irrigation canals considered in the analysis, is the distributary canal which receives water through an inlet gate, operated under supervision of
the Ministry of Public Works and Water Resources. Such a distributary canal may
have several lateral canals, called meskaas. Generally, no control structures are
present at the branching locations of these meskaas. The agricultural area served
by such a distributary canal can consequently be considered as an unit area. The
average area served by a distributary canal in the Eastern NileDelta is about 6,000
feddans. Strict schematization of the Eastern Nile Delta according to this criterion
would then result in roughly 300 calculation units.
For the management and operation of the irrigation system and water distribution
in the Eastern Nile Delta, the Ministry of Public Works and Water Resources has
subdivided this area into 5 administrative units, the so-called Irrigation Directorates: Qalyubeya Directorate (373,000 feddans); Sharkia Directorate (499,000 feddans); Dakhaleya Directorate (613,000 feddans); Salheya Directorate (213,000 feddans); and Ismaileya Directorate (151,000 feddans). These Directorates are further
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subdivided into Irrigation Districts ranging in number from 4 (Salheya and Ismaileya Directorates) to 14 (Dakhaleya Directorate). The average size of an Irrigation District is about 48,000 feddans, and consequently contains on the average 8
distributary canals, each serving an average of 6,000 feddans. The irrigation water
supply to these unit areas is rotational, and consists of 7 days on and 14days off
in winter; 7 days on and 7 days off in summer for non-rice areas; and 4 days on
and 4 days off in summer for areas where rice is included in the cropping pattern.
For the subdivision of the Eastern Nile Delta into calculation units the boundaries of the administrative Irrigation Districts have been respected. Since the simulation models follow both the irrigation system hierarchy and the drainage system hierarchy, these districts have been split up into smaller units. The (schematized) unit areas have been defined in such a way that its irrigation water originates exclusively from one canal, and its drainage water flows exclusively to one
drainage canal. The number of calculation units in the existing ('old') agricultural area in the Eastern Nile Delta is 82 (fig 3). An additional 11calculation units
are located outside the study area in the Eastern Desert. This additional area is
supplied with water through the irrigation system (Ismaileya Canal), but measurements in the drainage water have not been considered in the drainage monitoring programme of the Drainage Research Institute. In the model simulations, the
water allocation and distribution will be considered for the complete Eastern Nile
Delta, including these additional calculation units. The simulated drainage water
discharge and other (spatially distributed) model results, however, are restricted to
the study area (fig 3).
Due to the fact, that on the average 2 to 3 distributary areas have been combined in the calculation units, the rotational supply to these units is not considered
in the water distribution model. The consequences of this assumption in terms of
dimensions of the inlet structures, the distributary canals and spillways have been
accounted for, however. Both the inlet gate and the spillway have been dimensioned in the model on half the capacity of the dimensions based on rotational
supply. Also the storage capacity of the distribution canals has been reduced with
a factor two.
The hierarchy of the irrigation canal system and the locations in the Eastern Nile
Delta, where the calculation units receive their irrigation water from the system is
given infigure4.The layout of the canals,including the headregulators for waterlevel control is based on information collected at the Regional Offices of the Ministry of Public Works and Water Resources. The locations where reuse of drainage water by pump stations takes place is included in this schematization. The
calculation of the water supply to the calculation units in the Eastern Nile Delta
follows the irrigation canal systemhierarchy.After simulating thefirstordercanals,
the second order canals are treated, and finally the third order canals are simulated.
In the model the irrigation command areas are indeed considered as command
areas, which is sometimes a simplification of reality. Thecommand areas of Rayah
Tawfiki and Ismaileya Canal are interconnected through Abu El Akhdar Canal,
which branches from Bahr Mois and discharges into Wadi Canal (fig 4).The possibility to use Abu El Akhdar Canal for the transport of water to Wadi Canal is
considered in the model approach, but only for a certain percentage of the demand
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Fig 3. Calculationunits distinguished in the study area. The 11 additional calculation
units in theEasternDesertare not included.
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Fig 4. Schematization of the irrigationcanal system hierarchyin the EasternNileDelta. The calculation units numbered 83 till 93 are includedin the irrigation system, but are outsidethe studyarea.
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Fig 5 Schematizarion of thedrainage canalsystemhierarchyin the study area. The11
calculation units in the EasternDesertare not includedin the drainage system
schematization.
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of the downstream part of the Wadi command area. This percentage is time invariable and has been fixed at 40%, so in the model Abu El Akhdar Canal serves 40% of the Wadi catchment, the whole year round. This does not reflect reality. Also the command areas of Tawfiky Rayah and Mansureya Canal are interconnected, through the Mit Ghamr head regulator. During winter time considerablequantities of water aretransported through Tawfiky Rayah andMit Ghamrhead
regulator to the Mansureya Canal.This is not considered in the model. MitGhamr
headregulator is considered in themodel astail-end, where the losses,in thiscase,
do not flow to the drainage system however, but to another canal instead.
The hierarchy of the drainage canal system determines the simulation sequence of
the regional irrigation and drainage model, REUSE. Drainage water generated in
upstream calculation units may be available for unofficial reuse in downstream
calculation units (fig 5). The model therefore always starts calculations at the upstream ends of the drainage system. At the confluence of two drains, the simulations for the tributary branch have to be finished first, before simulations can
proceed further downstream.
At official reuse locations a special section in the drainage canal has been defined, from which the pump station lifts the water into the irrigation canal system.
Each time the drainage water simulation of such a section is completed, the normal simulation procedure is interrupted. Using a special algorithm the irrigation
water salinity downstream of the mixing point is recalculated before on-farm water
management simulation proceeds. The quantity of drainage water, simulated for
such reuse sections, is compared with the quantities, defined in the water allocation procedure. If deviations of more than 5% occur, this is reported to a special
message file.

3.4. Cropping pattern
Correct cropping pattern data are of vital importance for the simulation of the
water management. Different crops have different characteristics such as rooting
depth, soil cover, crop height, growing season, etc. This has a direct effect on the
required irrigation water quantity; the irrigation frequency; and on the amount of
évapotranspiration, which is the most significant term in the water balance. In the
Eastern Nile Delta about 28 different crops are distinguished by the Ministry of
Public Works and Water Resources for the water allocation procedure. The majority of the agricultural land, roughly 86%, is occupied by the nine major field
crops, however. The remaining additional 19 minor crops occupy roughly 14%of
the area only.
Cropping pattern data are also important for the allocation of the available irrigation water among the different irrigation canals. In order to reduce the amount of
calculationsrequired in the on-farm water management model,thenumberof crops
considered, has been reduced to nine crops only. The water allocation procedure
to the main canal intakes should not be affected by this procedure. Therefore, the
water allocation duty of the Ministry of Public Works and Water Resources'(table 1) has been used as the yardstick for simplifying the cropping pattern. The
simplification of the cropping pattern is given in table 2. The effect of this sim62

plification on the total allocation requirement for the Eastern Nile Delta for 1988
is small (fig 6).
Table1. Allocationwaterdutiesusedby theMinistryofPublicWorksand Water Resourcesfor the 9 majorcrops (mmmonth1).
crop
month
Jan
Feb
March
April
May
June
July
Aug
Sept
Oct
Nov
Dec

long
bers

wheat

81
81
161
180
50
•
_
.

13
72
90

41
41
83
78
-

42
96

winter
veget

decid
trees

_
-

69
70
139

68
141
183

127
168
189

48
47
81
129
130
147
146
140
117
93
57
47

short
bers

-

maize
_
-

81
155
146
168
90
-

rice
_
-

43
537
424
626
465
-

cotton

summer
veget

.

_
-

83
77
72
99
156
180
90
.-

168
189
159
31

*

.
-

Table2. Minor crops in the EasternNile Delta whichhave been considered as main
field cropsin theSIWARE model simulations
main field crops
considered
long berseem
wheat
winter vegetables
short berseem
deciduous trees
maize
rice
cotton
summer vegetables
not considered

minor crops considered as main field crops
- other winter crops
- broad beans; bailey; flax; onions; garlic; sugar beet
- helba;tirmis;hummus; lentils
- sugar cane; looff
- peanuts; soya beans; summer onions; other summer crops

nili maize; nili vegetables

After simplifying the cropping pattern, the data have been scrutinized (and corrected) for inconsistencies. The effect of this consistency analysis on the water
allocation is larger than the effect of simplifying the cropping pattern (fig 6).
The cropping pattern data for the period 1984 till 1987 for the agricultural districts (markaz) have been obtained from the Ministry of Agriculture. These data
have been translated to the cropping pattern for the calculation units by superimposing the markaz boundaries on the calculation unit boundaries (fig 3) and assuming uniformity within the agricultural markaz. For 1988 the cropping pattern
data have been obtained from the Ministry of Public Works and Water Resources
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Fig6. Water allocation requirementEastern Nile Deltafor the croppingpattern of1988
(complete croppingpattern, data Ministry ofPublic Works andWater Resources);
for thesimplified cropping pattern (simplified according to table 1);andforthe
croppingpattern actually usedfor the simulations (after correction).
for each distinguished Irrigation District. In this case no interpolation was necessary. The winter cropping pattern and the spatial distribution of the two main winter crops, long berseem (32%) and wheat (29%) for the study area during 1986
is given in fig (7). Long berseem appears to be dominant in the northern part of
the Eastern Nile Delta, but also in the fringe along the Eastern Desert, and in the
southern tip fairly large quantities of long berseem are found. The wheat crop is
found more or less complementary to the long berseem crop: small quantities in
the south and the north; and alarge quantity in the central part of the Eastern Nile
Delta (fig 7). The summer cropping pattern and the spatial distribution of the two
main summer crops, maize (31%) and rice (28%) for the study area during 1986
is given in fig (8). Maize appears to be dominant in the southern part of the Eastern Nile Delta, and the quantity of maize in the cropping pattern drops sharply to
the north, where the soil salinity is higher. Rice is absent in the most southern part
of the Eastern Nile Delta. Moving northwards the share of rice in the summer
cropping pattern is increasing, but in the utmost northern part of the eastern Nile
Delta its share is slightly lower again (fig 8).
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Soil usewinter
I 1 Long b e r s e e m
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H Short berseem

Deciduous trees
Wint v e g e t a b l e s

Soil uselong berseem
(% of arable land)
14-27
28-31
32-34
3 5 - 38

39-59

Soil use wheat
(% of arable land)
• •
4-22
ZZ1
23-29
ZZ)
30-33
ZZ
34-35
• •
36-40

Fig 7. Cropping pattern EasternNile Deltastudyarea winter 1986 (%).
a - total netacreage winter crops (ha);
c - spatial distribution long berseem;

b - average occurrence winter crops (%);
d- spatial distributions wheat crop
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Soil use s u m m e r
I
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H Cotton
Deciduous trees
Summ vegetables

Soil use maize
(%of arable land)
—
3 - 12
1 3 - 18
19-38
39-44
45-58

Soil use rice
(%of arable land)
0
[ZZI

1 - 12
13-25
26-45
46-51
5 2 - 59

Fig 8. Cropping pattern EasternNileDelta studyareasummer1986 (%).
a - total net acreage summer crops (ha);
c - spatial distribution maize crop;
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b- average occurrence summer crops (%);
d- spatial distribution rice crop

In order to check the cropping pattern data, the digital information of one image
of the Landsat Thematic Mapper, covering the middle part of the Eastern Nile
Delta (about 65%) has been used. This picture was taken on august 4, 1984, and
could obviously only be used for the summer crops. The cropping pattern data of
the Mashtul Pilot Area (Abdel Dayem et al, 1985) have been used for the correlation technique required to relate pixel characteristics to the crop grown in the
field. Since only rice, maize and cotton were in the field in the ground observation area (Mashtul), it is not certain how perennial trees and summer vegetables
have been classified. It has been assumed that these remaining summer crops were
classified as maize.For the complete area,covered with the satellite image a good
correlation between both sets of data was obtained (fig 9). Comparing the data per
crop and per irrigation district, a fair correlation can be observed for cotton (fig
10a). For rice, however, the high percentages reported by the Ministry of Agriculture in the northern part of the Eastern Nile Delta seem to be an overestimation (fig 10b). The low rice percentages in the south are somewhat higher according to the satellite data. For the maize crop the reverse tendency can be observed (fig 10c): the high percentage of maize in the south seem to be overestimated and the low percentages in the north underestimated. Due to the fact that only one ground observation station was available, where tree crops and summer
vegetables were absent, it is not possible to draw straightforward conclusions from
this comparison.

EASTERN DELTA
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Fig9. Cross check ofcroppingpattern data oftheMinistry ofAgriculture summer 1984
againstsatellite data august4,1984for the centralpart ofthe Eastern Nile Delta.
The analysis of the satellite data resulted in an additional aspect of required input data. The major infrastructure, such as villages, main roads and railways, as
well as barren lands, has also been classified from the satellite picture. Minor
infrastructure such as small farm roads, ditches, small houses, etc are not detected by the Landsat scanner because the pixel size is about 20 by 20 meter. Estimating this area occupied by minor infrastructure at 10%, the net cropped area
per irrigation district can be obtained (fig 12b).
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Fig 10.Comparison of the cropping pattern reportedby the Ministry of Agriculture per
irrigationdistrictsummer 1984with the resultsof the Landsatthematic mapper
august4, 1984.
a - cotton;
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b -rice;

c -maize (other crops)

3.5. Calibrated model parameters
Theoretically, for performing model simulations with a physically based simulation model it is sufficient to collect the pertinent input data and to analyze the
simulated output. For regional (physically based) simulation models, this procedure is not sufficient. Generally, deviations between the measured and calculated output are observed and adjusting model parameters may improve simulation results.
The limited knowledge about certain model parameters, the uncertainty about the
exact value, and the spatial variability of parameters within the assumed uniform
calculation units justify the adjustment of model parameters (calibration). Many
processes considered in the SIWARE model are, as is frequently the case in nature, non-linear. So, even if the spatial variability of a certain model input parameter is known, averaging of such a parameter does not necessarily produce the correct simulation result
For the calibration procedure two types of model input parameters can be distinguished:general parameters,which haveonevalue for thecomplete study area;and
distributed parameters, which may have different values in the different calculation units. Within each category of parameters the most sensitive ones have to be
calibrated first.
The results of several years of drainage water monitoring are available for calibration of model input parameters (Project Team, 1984, 1986, 1987, 1988a, 1988b,
1989). It has been decided to use the data of one year only for the calibration of
model parameters, and to use the data of the remaining years for model validation, i.e. to check whether the model simulations show the same trend as the observations. The monitoring programme started in 1980, and has been continued
since. The measurement methods have been gradually refined, until around 1984/
1985 the required degree of precision and accuracy was obtained (Roest and El
Quosy, 1989). It has been impossible to collect the required initial input data (soil
moisture and salinity data) from the field, or from the existing literature. By running the model for a sufficiently long period with the same soil use, climatic and
irrigation input data, equilibrium conditions are generated. These equilibrium conditions have been used as initial input data. The year 1986 has been selected for
performing the calibration of model input parameters and calculating the initial input data because both the cropping pattern and the irrigation water supply areboth
more or less equal to the long term historical average.

3.5.1. General model parameters
The most sensitive type of general model input parameters appeared to be thecrop
characteristics: growing period, irrigation frequency, ponding period and irrigation
priority. For the first estimate of these data the extension pamphlets of the Ministry of Agriculture have been used. These pamphlets recommend the best planting/sowing dates, irrigation frequencies, and agronomic measures such as fertilizer use etc. In reality planting and sowing takes place during a certain period,
during which the areaoccupied byacertain cropincreases gradually.These periods
are subject to calibration procedures. The same holds true for the irrigation fre69

quency and number of irrigations which are given to the different crops. The simulated output appeared to be very sensitive for small changes in the irrigation pattern of individual crops and changes in the planting dateof crops.Thefinalresults
of the crop model input parameters are given in table 3.
Table 3. Calibratedgrowingperiodandirrigationpatternofthe main crops inthe study
area.
main
crop

planting
period

long bers
wheat
short bers
wint veg
trees
maize
nee
cotton
summ veg

15 oct - 10 dec
15 nov 1 jan
1 oct - 15 oct
15 oct 1 nov
1 jan - 1 jan
1 may- 20 may
15 may- 1 jul
15 mar- 1 apr
15 apr 1 may

harvesting
date

number of full
irrigations
7
4
5
11
17
8
18
9
19

1
1
15
15

June
june
march
may

-

1
.15
1
20

oct(*)
nov (**)
dec
oct

* long growing season may be explained by the occurrence of nili maize
** for rice: 1 pre-irrigation for nurseries (10% of rice area); 4 nursery irrigations (15 may - 1 June); 7
pre-transplanting irrigations (1June - 1July).

In the model simulations, the harvesting date of the crops mentioned in table 3
does not have to be realized. Based on the crop succession preference (table 4),
the planting date of the succeeding crop determines the actual simulated harvesting date. Since planting of crops is considered diffusely, this means that in the
model simulations also harvesting is frequently considered during a certain time
period. These aspects are taken into account in the simulation models, and the
growing periods are adapted accordingly.
Table 4. Calibratedcrop successionpreferencefor themain cropsinthestudy area. The
secondpreferenceforprecedingandsucceedingcropisgivenbetweenbrackets.
preceding crops

crop

succeeding crops

rice
cotton
summer veg
maize
wheat
short bers
long bers
winter veg

long bers
wheat
winter veg
short bers
rice
cotton
maize
summer veg

maize
nee
summer veg
cotton
long bers
wheat
short bers
winter veg

(maize)
(rice)
(maize)
(rice)
(long bers)
(winter veg)
(winter veg)
(long bers)

(summer veg)
(maize)
(cotton)
(summer veg)
(short bers)
(winter veg)
(long bers)
(short bers)

Other important crop parameters are crop development: rooting depth, soil cover,
crop height and maximum ponding period (table 5). These parameters affect the
evaporative demand of the crop canopy to a great extent, and are consequently
important for the crop water requirements. In the models the rooting depth of the
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crops given in table (5) may be limited by the drain depth. The maximum rootingdepth,considered in themodel, isrestrictedto 25centimeter less than thelocal
drainage depth. The maximum ponding period indicates the period during which
the crop withstands anaerobic conditions in the root zone without serious damage. Generally, summer crops are more sensitive to ponding than winter crops.
Table 5. Calibrated crop development characteristics and maximumpondingperiodfor
themain crops in thestudy area. The date, at which themaximum value is
reached, is given between brackets.
main crop

max crop
height (cm)

max soil
cover(%)

max root
depth (cm)

long berseem
wheat
short berseem
wint veget
trees
maize
rice
cotton
summ veget

20 (10 dec)
120 (1 may)
40 (15 apr)
30 (ljan)
300
120 (15jul)
110 (1 sep)
120 (15 aug)
30 (1 jun)

70 (1jan)
100 (1 apr)
100 (1 feb)
75 (ljun)
80 100 (15jul)
100 (15 jul)
100 (1jul)
75 (1jun)

30 (1jan)
40 (1 feb)
30 (20nov)
30 (10 dec)
125
70 (1 aug)
30 (10jul)
75 (15 aug)
30 (20 may)

max ponding
period (hours)
12/6
7
12
5
6
8
5
5

The distribution of available irrigation water on farm level among the different
crops in the field is a decision made by the farmer. Although crop water requirements will be of prime importance in his decisions, other considerations may also play an important role. If the supply of irrigation water is not sufficient to
cover the crop waterrequirementsof all crops,the farmer may decide to give less
water to those crops which are not very sensitive to moisture stress, such as cotton, or to crops that are less profitable. In the simulation model a certain percentage of the supply is assumed to be distributed proportional to the crop water requirements. This percentage has been calibrated at 75%. Theremaining25%of the
irrigation supply is given to the crops, according to the irrigation priority sequence (table 6).
Table 6. Calibrated irrigation priority ranking ofthemain crops inthestudy area.
priority

summerperiod

highest
high
medium
low
lowest

nee
vegetables
maize
trees
cotton

winterperiod
trees
vegetables
long berseem
short berseem
wheat

In the Nile Delta in Egypt the water distribution in the main irrigation system is
based on waterlevel control. Water is delivered to the farm on a rotational basis
at a certain, more or less, fixed level which is below land surface. Farmers are
used to withdraw water from the meskaas with sakkias, which are water wheels
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drafted by farm animals. Supply pipes connect the meskaa with a sump, from
which these sakkias lift the water into the field channels, called merwaas. The
dimensions of these supply pipes areunder control of the Ministry of Public Works
and Water Resources. Due to the fairly constant waterlevel in the meskaa, farmers were used in the past to irrigate during the day as well as during the night.
At present small movable pump units are also used for irrigation, thereby creating an additional irrigation capacity at farm level. Due to this overcapacity, farmers close to the irrigation canal intakes are no longer compelled to irrigate during the night. Depending on the frequency of gate adjustments by gate operators,
the actual water distribution may deviate from the distribution intended by the
Ministry of Public Works and Water Resources, due to these practices.
The factors governing these (human influenced) processes of water abstraction by
farmers and target level control by the Ministry of Public Works and Water Resources appeared to be the next sensitive model input parameters to be calibrated.
Thecapacity of sakkiasvaries from location tolocation.Valuesvarying from 0.015
to 0.030 m3.sec*1 are common in the Eastern Nile Delta. For reasons of simplicity the sakkia capacity has been set at 0.025 m3.s_1 at design waterlevel and the
pump capacity at 0.050 m3.s''. Because rotation of water supply is not considered
in the SIWARE model, the actual irrigation capacity in rice areas during the summer period is higher (waterlevels above design level). The number of sakkias has
been calibrated at one sakkia per 73 feddan (based on continuous supply), and the
number of pumps at one pump per 292 feddan. Since these values are based on
continuous supply, this means in reality one sakkia of 0.025 m3.s_1 per 25 - 35
feddans.
In order to ensure a proper water distribution between different irrigation canals,
employees from the Ministry of Public Works andWater Resources adjust the gate
openings of the water distribution structures in the irrigation canal network a number of times during the day. For the number of gate adjustments and for the time
during the day that they take place (on the basis of deviations of the preset target levels), the winter period, the summer period, and two periods in between
have been considered. It turned out that good results were obtained for the water
distribution when in summer (June,July, and august) the gates were adjusted five
times daily and during all remaining seasons three times.
The number of irrigation tools that is simultaneously in operation varies during the
day. Generally, the maximum is found in the morning and in the afternoon. Due
to the overcapacity of the irrigation tools, during night time only a limited number of tools are in operation. Because the day length varies with the seasons, the
irrigation intensity uptake pattern (fraction of the total number of irrigation tools
simultaneously in operation) has been calibrated for the winter, summer, and
spring/autumn periods separately (table 7). The values given are the maximum intensities; during the model simulations they may be adjusted based on the difference between the daily demand and the amount already supplied during that day.
Whenever in a certain calculation unit the required daily water duty is reached,
irrigation uptake stops, and starts the next day again as soon as the maximum irrigation intensity (table 7) changes from night level to day level.
The simulation of the water allocation requirement for the main canal command
intakes in the model DESIGN follows the same procedure as used by the Ministry
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Table7. Calibratedirrigation intensityuptake pattern (fractionof the total number of
irrigationtools simultaneously in operation) for the different seasons in the
studyarea.
winter

= January, february, march, april, november and december

spring/autumn
summer

= april, may, september and October
= June,July and august

time during
the day
(hours)

maximum irrigation intensity (-)
winter

spring/autumn

summer

0.1
0.1
0.5
1.0
0.8
0.8
0.5
0.2
0.2

0.2
0.2
0.5
1.0
0.8
1.0
1.0
0.5
0.2

0.4
0.8
1.0
1.0
0.8
1.0
1.0
0.8
0.8

0- 5
5- 7
7- 8
8-12
12-14
14-16
16-17
17-19
19-24

of Public Works and Water Resources. By comparing the total supply to the Eastern Nile Delta for 1986 with the total allocation requirement for this year, deviations are noticed during some periods (fig 11). During the summer period (peak
demand) the supply is generally less than the allocation requirement. Possible
explanations for this phenomenon are: the storage in the river Nile from Assuan
to the Delta Barrages increases in order to transport the higher discharge (higher
waterlevels); the seepage losses from the Nile to the aquifer increase due to higher waterlevel; and the agricultural area in Upper and Middle Egypt uses slightly
more water than intended. Deviations during periods with low demand for water
(in spring and autumn) generally means that the supply is higher than the allocation requirement (fig 11). The main reason for this is the minimum waterlevel
which must be maintained in the Nile for shipping purposes and for the protection of barrages.

u

-

in 600v.

r~ 11
T
1
ir—
1
iJ
lL 1

n

i

1

•

UJ

E
LU
19
C
Œ
I
U
Ul
Q

—-i

\ 1
Li 1

i

400-

r=û,H
_r
i

200-

o-l
1

0

r ~*

1'' '

• • •'

50

100

150

200

250

300

350
DflVS
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No information could be obtained from the Ministry of Public Works and Water
Resources on the procedures followed in dealing with these deviations i.e. how
these shortages and excesses of water were allocated over the main canal command intakes during 1986. For this reason three alternative procedures, called 'allocation rules' in this report, have been formulated in the allocation model
DESIGN. They are the following:
1.allocate an excess as well as a shortage proportional to the area served;
2. allocate an excess as well as a shortage proportional to the allocation requirement;
3. - during the growing season of rice:
*allocate a shortage proportional to the area of rice;
*allocate an excess proportional to the allocation requirement;
- during other periods:
*allocate an excess proportional to the area of rice;
*allocate a shortage proportional to the allocation requirement.
By applying these three rules and comparing the allocation reported by the Ministry of Public Works and Water Resources with the simulated water allocation the
allocation rule with the best fit has been selected. It turned out that the best fit
between reported and simulated water allocation for 1986 was obtained with allocation rule number 3. An average deviation in the monthly water allocation,
weighted with the total discharge, of 23% was obtained with allocation rule 1;18%
with allocation rule 2; and 13%with allocation rule 3. There is some logic in this
rule: the allocation water duty of the rice crop is high compared to that of other
crops (table 1). As a consequence reductions in the water allocation of areas with
much rice will not be felt as seriously compared to areas with little or no rice.
Since rice is dominant in the northern part of the Nile Delta, where seepage conditions prevail and soil salinity is generally high, any excess water outside the
rice growing season can be used there for extra leaching of the soil.
In the water distribution model WATDIS, and in the regional drainage model
REUSE, the calculation unit is considered uniform. Irrigation uptake by farmers in
WATDIS stops, as soon as the crop water requirement is reached. The water distribution within the calculation unit is not explicitly taken into account. Generally, farmers located near the gate inlet of the distributary canals have easier access to the irrigation water and tend to waste some. This implies that farmers at
the end of the distributary canals and meskaas may have a shortage of water, although on the average the supply may be sufficient for the crop water requirements. Farmers at the end of the system generally have access to drainage water
from upstream areas,and use this water to supplement the canal water supply.This
is taken into account in the regional drainage water model REUSE. In order to
account for the unequal water distribution within the calculation unit, an overirrigation factor has been defined in REUSE. The farmer's decision to (unofficially) reuse drainage water is based on the crop water requirement multiplied with
this factor. Based on calibration runs with the SIWARE model the over-irrigation
factor has been set at 1.25.
The majority of the general (uniform) model input parameters, discussed so far
were mainly crop and human behaviour related model parameters. The model output appeared to be more sensitive for these model input parameters than for the
physical model input parameters. The two important physical model parameters
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which have been extensively calibrated are discussed below.
The clay soil in the Nile Delta has been formed during centuries of flooding by
the Nile, depositing yearly thin clay layers on the soil. Alluvial soils, deposited in
layers,generally have adifferent hydraulic permeability in horizontal direction than
in vertical direction. This phenomenon is called anisotropy and the ratio between
horizontal and vertical hydraulic permeability is called the anisotropy factor. This
factor for the clay layers below drain depth has been calibrated at 15.
Rice is grown under ponded conditions. The flow of water from ponded fields to
drains, be it covered (subsurface) or open drains is essentially different from drainage of non-ponded fields. In the latter case all drainage water will flow through
the soil. Under ponded conditions, however, water flows over the surface will be
dominant midway between drains.Close to the drains the majority of leaching will
take place. Farmers are aware of these unequal field losses, and frequently construct small dikes, parallel to field drains. In the salinity sub-model SAMIA, this
phenomenon is taken into account by defining a fraction of the drainage water
which leaches the layers above drain level only. This fraction has been calibrated
at 0.10.

3.5.2. Distributed model parameters
Distributed model input parameters may have different values for the distinguished calculation units. A distinction can be made between hydrological input parameters, mainly influencing the water balance, and water quality input parameters
which mainly determine the salt balance. The hydrological parameters have been
calibrated first, and the water quality parameters next. For the calibration of the
distributed model parameters, restrictions have been made with respect to the degree to which the initial estimation of such a parameter may be varied. Not the
absolute values have been calibrated, but the spatial distribution of these parameters.
A number of the most important calibrated distributed model input parameters will
be discussed below. They are:
- the percentage of the area within each calculation unit that has access to the
drainage water for (unofficial) reuse in irrigation;
- the clay cap thickness;
- the aquifer piezometric head;
- the radial resistance against flow to field drains;
- the salinity of the local groundwater use for irrigation;
- the salinity of the deep aquifer.
One of the important parameters to be calibrated is the percentage of the calculation unit that has access to the drainage water for use in irrigation (fig 12a).
Thejustification for calibration of this model input parameter is insufficient knowledge. The initial estimate has been based on the intensity of the drainage system,
taking the fact intoaccount that lifting of drainage water bydrainage pump stations
increases the accessibility of this water for farmers. The calibrated percentage is
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generally higher in the north than in the south (fig 12a).In the northern part of
the Eastern Nile Delta drainage water is lifted tothemain drains bydrainage pump
stations, and one some locations this lifted drainage water can even be used by
gravity.
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Fig 12. Generaldistributed model input data
a - calibrated percentage of agricultural area which hasaccess todrainage water for unofficial reuse
b - percentage net agricultural area

The remaining distributed hydrological model input data which have been calibrated are the vertical hydraulic resistance for water movement to and from the
aquifer, and the piezometric head in this aquifer. Thejustification for the calibration of these parameters is the spatial variability on a small scale (within the
calculation unit), andthe limited number of observations, on which the maps with
these data have been based. The piezometric head in the aquifer in the Eastern
Nile Delta, for instance, is based on about 23 observation wells, which is insufficiently detailed for the 82 calculation units distinguished in the study area. For
the calibration procedure, use has been made of the available drainage catchment
discharges (fig 2) on monthly basis for the hydrological year 1986.Not only the
total discharge has been considered, but also the seasonal distribution of the discharge. The average monthly deviation between simulated and observed discharges and salinities has been used as a measure for the model performance. This
parameter is obtained by adding the absolute values of the difference between the
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monthly simulated and observed quantities, dividing by 12, and dividing by the
yearly average value.
The calibrated values for the hydraulic resistance against vertical flow (seepage/
leakage) varies between 325 days in the desert fringes and 4,650 days in the central northern part of the study area. The vertical hydraulic resistance has been
modified by changing the clay cap thickness input parameter. The calibrated thickness of the clay cap varies between 2 and 23 meter. Since the clay cap thickness
also influences the hydraulic resistance against flow to the drainage system, this
parameter is also affected by these changes. The relation between groundwater
depth and drain discharge is also influenced by the drain entrance resistance. This
calibrated parameter has values ranging from 1 to 6 day.m"1. A value of 1 indicates a good functioning subsurface drainage system, and a value of 6 is representative for a surface drainage system in an unripened clay soil, or a saline clay
soil with a high percentage of sodium on the adsorption complex. The resulting
drainage resistances, calculated according to Ernst (1962), range from 40 days in
well-drained areas to 360 days in areas which are in need of subsurface drainage.
In the southern part of the study area the calibrated aquifer pressure is far below
soil surface, with the exception of a fringe along the Ismaileya Canal (fig 13a).
Moving to the north the aquifer pressure increases progressively, which is partly
due to the corrections applied to account for the higher density of the saline
groundwater in the northern part of the study area.
After calibration of the spatially distributed hydrological model parameters, two
water quality model input parameters have been used tocalibrate the drainage discharge salinity: the salinity of the deep groundwater, and the salinity of the
groundwater used for irrigation. Due to spatial variability, both values do not necessarily have the same value for a certain calculation unit. Groundwater abstraction will mostprobably be concentrated on locations (and abstraction depths) within the calculation unit, where the salinity is relatively good. The salinity of the
deep groundwater must be representative for the seepage fluxes which may be
dominant in other parts of the unit area. Changes in the salinity of the groundwater (both for the aquifer and for the abstraction) will have consequences for the
salinity of other discharges considered in the model simulations. Upon changing
a parameter and after a certain time lag (several years of simulation) the effect of
such a change may trickle down to affect the reuse of drainage water salinities
(both official and unofficial reuse), simulated in the model. Consequently, the calibration of these parameters is very (computer) time consuming.
Sometimes the calibration procedures, described above, resulted in unrealistic
values. In such situations the model parameters determining the discharge have
been readjusted. This implies that the goodness of fit of the discharges and the
salinities of the simulations and the observations had to be compromised. This was
the case, for instance, with the calibrated seepage rates for the catchments of
Lower Serw (ES02) andErad (EH10)drainage pump stations (fig 2).Togetherwith
high seepage rates an unrealistic low salinity of the deep groundwater was necessary to fit the simulated drainage water salinity of these catchments with measured data. Through changes in the clay cap thickness and aquifer pressure these
simulated seepage rates have been decreased again. In the catchment of Lower
Serw the high pumped drainage water discharge can be explained by the seepage
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Fig 13. Calibrated inputdata on the deepgroundwater in the studyarea.
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of lifted drainage water and water from Manzala Lake through unofficial reuse
by farmers downstream of the Serw pump station. Apparently, farmers have managed to discharge their drainage water from these newly reclaimed areas to the
Lower Serw catchment. In the catchment of Erad drainage pump station the lifted drainage water is flowing directly alongside deeply excavated so-called ganabeya drainage canals from which the water is lifted by this pump station. Farmers
have constructed pipes crossing these ganabeya canals, and are able to irrigate by
gravity using the lifted drainage water. Losses from these pipes and direct seepage through the subsoil from the lifted water to the ganabeyas is responsible for
the observed high drainage discharges of Erad pump station. These aspects are not
included in the model formulation, and consequently deviations in the simulated
discharges for these two catchments have been accepted.
Generally, the calibrated salinity of the deep groundwater increases from the south
to the north (fig 13 b), with an exception for a fringe along the Damietta Nile
Branch in the north. An earthen dam at the downstream end of this Nile Branch
prevents discharge of this water to the Mediterranean Sea, causing relatively high
waterlevels. Based on the analysis of the local situation (Boels et al, 1990) the
conclusion can be drawn that seepage through shallow good permeable soil layers
to the adjacent agricultural areas at low elevation may be considerable, and of
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relatively good quality.
The calibrated salinity of the groundwater used in the study area generally increases from the south to the north (fig 14b). In the northern part of the Eastern Nile
Delta no groundwater abstraction takes place, most probably due to the high salinity.
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Fig 14. Groundwater use data EasternNile Delta
a - groundwater abstraction (mm.y') b- calibrated groundwater abstraction salinity (g.m')

3.6. Discussion
Within theframework of theReuse of Drainage Water Project, andthe constraints
imposed during the project implementation, the results presented in the underlying report give the best possible approach to the analysis of the water management of the Eastern Nile Delta. It is important, however, to be aware of the limitations associated with the simulation techniques used. To this purpose a discussion of the input data used for the SIWARE model simulations is given here with
the objective to increase awareness of the importance of good information onthe
required input data.
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The accuracy and reliabi.ay of model simulation results are determined by a number of factors, such as:
-the quality of the model formulation, including the schematization of the processes considered;
- the quality and representativity of the areal schematization used;
- the quality and reliability of the model input parameters;
- the quality of the input data.
In this paragraph a number of aspects on the accuracy, representativity, and reliability of the input data used for the simulations with the SIWARE model will
be discussed. Among others, t-e SIWARE simulation results are influenced by the
areal schematization used; by the simplification of thecroppingpattern; by thecrop
development input parameters used; by the irrigation frequency adopted in the
simulations; by the climatic conditions specified; by the gate control procedures
used; by the farmer's behaviour introduced in the model simulations; and by the
absence of information on the abstraction pattern of groundwater. For most of the
aspects mentioned, the input data and parameters have been schematized, sometimes due to a lack of knowledge on the processes simulated, sometimes due to
lack of information of the actual values of parameters, but also frequently due to
insufficient information and knowledge about the spatial variability of model parameters.
Spatial schematization
In the SIWARE model each unit area is treated as anumber of representative field
plots, one for each of the different crops distinguished. This implies the necessity of uniformity within each unit area with respect to the relevant physical input
parameters, such as: soil characteristics; hydrological characteristics; etc. The calculation units have been distinguished, however, on the basis of: administrative
boundaries (Irrigation Districts); irrigation system hierarchy (irrigation commands);
and drainage system hierarchy (drainage catchments).
The rotational supply of irrigation water to the unit areas has been neglected by
the associated scale of this schematization. Rotation has been assumed to occur
within the boundaries of the schematized calculation units. This has certain consequences for a number of input parameters, in order to counteract the effects of
this simplification. To account for this,the dimensions of the inlet gates of thedistributary canals and the effective storage capacity of these canals have been adapted.
Unofficial reuse of drainage water occurs locally, and takes mainly place in the
area served by the most downstream reach of the distributary and meskaa canals.
In the SIWARE model, this drainage water is applied uniformly to the complete
calculation unit. This is a simplification of reality.
For several hydrological parameters, such as vertical resistance and hydraulic permeability, it is known that the spatial variability in an assumed uniform area may
be considerable. Through calibration of those input parameters it has been attempted toestablish their representative average value. It should be kept in mind, however, that such a calibrated parameter value is just the representative average for
use in the model analysis and has no other operational value. Moreover, since
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more than one parameter is calibrated, it is very well conceivable that a different
combination of parameter values produces a similar quality of output data.
Cropping pattern
The number of crops considered in the SIWARE model simulations has been reduced from the 28 crops distinguished by the Ministry of Public Works and Water
Resources for the water allocation to 9 main crops.
The water allocation policy is determined, based on negotiations between the Ministry of Agriculture and the Ministry of Public Works and Water Resources.The
water allocation is directly related to the planned cropping pattern, because the
crops determine the quantity and time distribution ofrequiredirrigation water."Although farmers are obliged to follow the planned cropping pattern, it is known
that they tend to deviate from this. For some crops it is more difficult to deviate than for others. If they plant more rice than agreed between both ministries for
example, they have to pay a penalty for each additional feddan of rice grown.
For the water allocation model, DESIGN, the negotiated cropping pattern should
have been be used. For the crop water requirement model, WDUTY, and for the
regional drainage model, REUSE, the actual realized cropping pattern, should be
used as input. This aspect has been neglected, and the same cropping pattern has
been used for the three models.
Crop development
The growing period of the crops considered in the model simulations has been
assumed uniform in the complete study area. Due to differences in climatic conditions, and in the water supply situation, differences between regions of a few
weeks may be observed in the field. In the model simulation these regional differences in the growing period of crops has been neglected, and only one growing period for each crop has been considered for the complete study area.
Within the calculation unit not all fields with the same crop are irrigated on the
same day. In the model simulations this phenomenon is taken into account as far
as the irrigation water input and simulated drainage water is concerned. The same
should consequently have been done with the crop development input data such as
rooting depth, relative soil cover, crop height, etc. This has not been taken into
account in the model simulations.
Under saline soil conditions crop growth is retarded, and crop height as well as
soil cover are affected. In the model simulations theresultingfeedback to thecrop
evaporative demand has been neglected.
Crop irrigation intervals
In the SIWARE model simulations the irrigation intervals have been fixed for the
complete study area. The possibilities for farmers to irrigate their fields more frequently are limited, because the water is supplied on a rotational basis. Under saline conditions, however, farmers will certainly try to practice shorter intervals in
order to achieve sufficient leaching without crop damage due to prolonged ponding. Also, in areas with a restricted drain depth, which may impede root growth,
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a higher irrigation frequency may be used by farmers, to offset the limited soil
water availability. Finally, on sandy soils in the desert regions, the evaporative
demand and the limited available soil moisture storage may also promote farmers
to practice shorter irrigation intervals. These aspects have not been considered in
the SIWARE model simulations.
Climate
The climatic zones distinguished in the Nile Delta of Egypt are based on the long
term observations of about 12 meteorological stations. As a consequence the exact
boundaries between these climatic zones are arbitrary. Since the long term average climatic data have been used, differences between individual years are averaged out. This has consequences for the simulation results.
Gate operation procedures
The gateoperation procedures havebeen calibrated as an uniform procedure,which
has been assumed valid for all gates in the complete study area. It is easily conceivable, that the larger gates in the main canal system are adjusted more frequently and accurately than the smaller inlet gates to the unit areas. Depending on
the size of the area served by a certain distributary canal, and in relation to the
crops grown, the ratio between discharge and storage capacity of such acanal may
differ. Canals with a relatively low storage capacity are more liable to spill irrigation water. In practice, the gate operator will probably pay more attention to
such sensitive inlet gates, than to the insensitive ones with a larger storage capacity. In the SIWARE model simulations this has not been taken into account.
Farmer'sbehaviour
The irrigation water uptake pattern has been considered uniform for the complete study area.Farmers incalculation units, suffering (temporarily) from water shortages, will most probably deviate from this uptake pattern. Also within the calculation unit differences may be common. For the allocation of the available irrigation water at farm level to the different crops a priority ranking has been defined. This irrigation priority, does not change with time, and neglects the occurrence of stress sensitive periods during the growing season of crops.
Groundwater use
Due to lack of information on the seasonal distribution of the groundwater abstraction in the different Irrigation Districts, the abstraction has been assumed constant with time. Most probably, farmers will use more groundwater during the
peak demand period.
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4. COMPARISON SIMULATION RESULTS WITH OBSERVATIONS
4.1. Introduction
A large number of physical and functional relationships have been formulated and
combined in the water distribution and regional irrigation and drainage models,
which are the different components of the regional SIWARE model package. For
a correct validation of these models, field data on input and output of each of the
relations included in the models should be collected. By comparing the observed
and the simulated output of each relation the model validity can be proven. A
complete coverage of all relations considered requires, however, an enormous" research effort and is beyond the scope of this project
The collection of sufficiently accurate and representative field data for model input for the Eastern Nile Delta alone, has proven to be a too large effort to be implemented within the framework of the project. Model input data calibration has
been used instead in order to obtain more accurate modelresults.During this procedure the measured output is used as a yardstick for changing the input data between certain ranges. The values giving the best results are then finally selected.
Accurate results for the circumstances for which the data have been calibrated, do
not automatically mean that the simulation results are also reliable. Therefore, it
is always necessary to use an additional set of measured output data for different
circumstances in order to prove the validity of the model approach.
Model input parameter estimation (calibration) and checking (validation) has been
performed at the four levels for which measurement data are available:
-at canal command level for the water allocation procedures (model DESIGN);
-at irrigation branch canal level for the water distribution within the irrigation
canal command (model WATDIS);
-at drainage catchment level for the integrated result of hydraulic and operational relations in the irrigation canal network, irrigation water supply, farmers behaviour, field water distribution, évapotranspiration, drainage and salt accumulation relations including official and unofficial reuse of drainage water (model
REUSE);
- at composite catchment level, based on the measurement locations of the Drainage Research Institute (model REUSE).
For the first two levels of comparison the observations of the Ministry of Public
Works and Water Resources have been used. These observations cover the complete Eastern Nile Delta. The drainage water discharge and salinities have been
monitored by the Drainage Research Institute on drainage catchment scale. These
observations are restricted to the major part of the study area (fig 3).
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4.2. Calibration year 1986
The input data which are required for performing model simulations with the
SIWARE model package can be subdivided into three types which are fundamentally of a different nature:
-input data which define the water management strategy, such as cropping pattern, allocation water duties and water supply data;
- model input parameters which determine the system's physical behaviour;
-initial input data for moisture and salinity conditions of each soil layer for each
crop in each calculation unit considered.
Of these input data only the system behaviour model input data are subject to
calibration. This means that the values of suchmodel inputparameters are changed
in order to fit the model simulation results with the field observations. The justification and methodology of model input parameter calibration has been treated
in the previous chapter.
The main model input parameters which have been calibrated are the following
(clustered in sequence of importance):
-crop characteristics such as: growing period, irrigation frequency, ponding period,
and irrigation priority;
-crop development: rooting depth, relative soil cover, and crop height;
-farmer's irrigation tool capacity and daily irrigation water uptake pattern;
- allocation of water excesses and shortages over the main canal intakes;
-over-irrigation factor to account for the unequal water distribution within the calculation unit;
- anisotropy of the clay cap;
-distributed model input parameters:
•percentage of the calculation unit which has access to the drainage water,
•clay cap thickness;
•aquifer piezometric head;
•radial field drain resistance;
•salinity groundwater use;
•aquifer salinity.
Estimation of the initial status of soil moisture conditions and salinity from the
literature or by field observations is virtually impossible (88 calculation units with
5 winter crops and 20 soil layers per crop results in about 40,000 initial salinity
data for the start of the model simulations). As an alternative a historical run with
the SIWARE model using the actual cropping patterns and water supply data for
this period can be used. The required cropping pattern and water supply data for
such a period are not easily available however. In the present approach, a year
with amore or less long term average water supply and cropping pattern has been
selected. This year (1986) has been used for both the model input data calibration and, by running the SIWARE model for a sufficient number of years, the estimation of initial soil moisture and salinity data.
For the model input data calibration one year of field observations has been selected. Two main considerations have played an important role in this selection:
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-the field observations of the hydrological year used for the model input data calibration with which the simulations have to be compared should be sufficiently
accurate and reliable;
-the hydrological year in question must have a cropping pattern and a water supply which does not deviate much from the long term historical average.
Following this procedure, it has been implicidy assumed that equilibrium conditions prevail for the calibration year 1986.This implies that no soil salinization or
desalinization takes place during 1986 in the model simulations.

4.2.1. Water allocation and distribution
The water allocation algorithm in the model DESIGN deals with assigning the
available Nile water at the Delta Barrages to the canal commands. The following
aspects are taken into account: the official Ministry of Public Works and Water
Resources water allocation duties per crop per month; the official reuse of drainage water per command area; the groundwater use per command area; the domestic and industrial water requirements per canal command; and the distribution of
shortages or excesses of Nile water supply at Delta Barrage level over the different canal commands distinguished. Using the water allocation rule where both
shortages in the summer period as well as excesses in the autumn, winter and
spring periods are distributed proportional to the area of rice grown in the command area appeared to give best results (figs 15 and 16).
During summer time the simulated water allocation to the Ismaileya canal command seems to be underestimated (fig 15a). During the same period the calculated allocation to Rayah Tawfiki is higher than the quantities reported by the Ministry of Public Works and Water Resources (fig 15b). During this period large
quantities of irrigation water destined for the Ismaileya command area are transported to this area through the connection between Tawfiki canal and Wadi canal
(fig 4). In the schematization of the irrigation canal network this connection between both canal commands has been taken into account for the water allocation,
but the percentage of the command area located in the Ismaileya area served by
this connection, the Akhdar canal (fig 4) is considered as a constant fraction. By
adding both the simulated and the reported water allocation to both canal commands together, the deviation during the summer period becomes negligible (fig
15d).
During winter time the simulated water allocation to the Tawfiki command area
seems to be underestimated (fig 15b). During the same period the calculated allocation to Mansureya canal is higher than the quantities reported by the Ministry of Public Works and Water Resources (fig 15c).During this period largequantities of water are transported through the Rayah Tawfiky to the Mansureya canal.
For this purpose the Mit Ghamr head regulator at the tail-end of Rayah Tawfiky
is used (fig 4). In the schematization of the irrigation canal network this connection has not been taken into account as a feeder of Mansureya canal, but as a tailend of Rayah Tawfiki. By adding both the simulated and the reported water allocations to both canal intakes together, the deviation during the winter period becomes acceptably small (fig 15e).
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Fig15. Simulated and realized water allocation to thethree major irrigation command
areas in the Eastern Nile Delta during 1986.
a - Intake Ismaileya Canal
c - Intake Mansureya Canal
e - Sum of Tawfiki and Mansureya intakes
observations;

b - Intake Rayah Tawfiki
d - Sum of Ismaileya and Tawfiki intakes
—

simulations

For the three small irrigation command areas in the southern part of the Eastern
Nile Delta (fig 16), the deviations between the simulated water allocation and the
values reported by the Ministry of Public Works and water Resources are relatively large. The reasons are most probably the inaccuracies in the spatial schematization of these command areas and in the uncertainty about seasonal distribution of the groundwater use. Groundwater abstraction has been considered constant during the year in the model simulations and is relatively high and thus
relatively important in this part of the Eastern Nile Delta. By summing both the
simulated and reported allocations to these three minor command areas together,
it can be seen (fig 16d) that the total deviations for this part of the Eastern Nile
Delta is within acceptable limits.
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The results of the water distribution simulations generally show a fair agreement
with the reported values by the Ministry of Public Works and Water Resources.
For the two main branch canals of Ismaleya Canal (figs 17a and 17b),Wadi Canal
and Saidia Canal, the results for Saidia are satisfactory. For Wadi Canal the simulated summer discharges are higher, and the winter discharges lower than those
reported by the Ministry. These deviations can be largely explained by the practice to use the Akhdar Canal as an additional feeder of Wadi Canal. Akhdar Canal
is a side branch of Bahr Mois Canal which is supplied through the Rayah Tawfiki Canal (fig 4). In the model simulations the supply of Nile water through the
Akhdar Canal is assumed to be a fixed yearly percentage of the net waterrequirements of Wadi Canal downstream of the tail-end of Akhdar Canal.
For the side branches of the other two main irrigation canal commands, Rayah
Tawfiki and Mansouria Canal (fig 17) the deviations between the simulated and
reported discharges are relatively small.
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b - Saidia Canal
d - Bouhia Canal
f - Bahr Saghir Canal
— simulated

(both Ismaleya command)
(both Tawfiki command)
(both Mansureya command)

4.2.2. Drain water discharge and salinity
Below the level of side branches in the irrigation canal system no data are available for checking the model performance with respect to the water distribution.
The next level for which checking can be done is the drainage catchments. The
required discharge and salinity data have been collected by the Drainage Research
Institute. The total drainage to the Mediterranean Sea and to the coastal lakes has
been estimated at only 43% of the total Nile water supply to the Eastern Delta
in 1986.This means that model performance isjudged on 43% of the water balance only. A 10% deviation in the simulated water supply therefore corresponds
roughly with a 23% deviation in the drainage discharge. In other words: the
REUSE model is very sensitive for the simulated water distribution, and a good
performance of the SIWARE model with respect to drain discharges indicates also a good performance of the simulated water distribution.
Before starting the calibration of input parameters, the criteria with respect to the
required accuracy of the simulations have been determined by the Steering Committee (table 8). The parameter used for the comparison of the simulations with
measurements is the average monthly deviation. This is the average of the differences between monthly measured and simulated values, expressed as a percentage. Because deviations tend to average out when the results of small individual
catchments arecombined,the criteriumis more strict for composite catchments and
for the complete study area.
Table 8. Preset modelperformance criterium: average monthly deviation allowed.
discharge
single catchments
composite catchments
complete study area

30%
20%
10%

salinity
50%
30%
20%

For all single catchments the model performance has been sorted according to decreasing average monthly deviation (fig 18). Both for discharge and salinity the
model performance on single catchment scale (average monthly deviation) is satisfactory for 99%of the area covered by single catchments.The model performance
criterium characterizes the deviations relative to the observed values. Comparing
the deviations of Farasqur and Main Qassabi catchments (18% and 17% for discharge; 16% and 27% for chloride concentration) with those of Saada catchment
(50% for discharge and 59%for chloride concentration) clarifies this point (fig 19).
On this scale (smallest drainage catchments) the regional differences in the magnitude of the drainage quantity is remarkable: from 5 to 10 mm-day"1 in the north
(Farasqur and Main Qassabi) to 1 to 2 mm-day"1 in the south (Saada).
Forthe larger single catchments the regional differences are much less (fig 20) and
discharges generally range between 1 and 3 mm.day'1. It should be noted, however, that the larger single catchments are not located in the north, but in the
southern and middle part of the Eastern Nile Delta. The same holds true for the
composite catchments (fig 21).
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The discharge of the total study area simulated with the SIWARE model agrees
quite good with the observations for 1986 (fig 22a). The average monthly deviation between simulations and observations complies with the criterium set by the
Steering Committee (table 8). The same is true for the salinity expressed as chloride concentration in the drainage water (fig 22b). On this scale the model performance (deviation 8%) obviously excels the criterium for salinity (20% deviation
permitted; table 8).The resulting simulated salt (chloride) load from the study area
consequently also fits the observations sufficiently good (fig 22c).
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For 99% of the area covered by the drain discharge and water quality monitoring
programme carried out by the Drainage Research Institute, the SIWARE model
performance for the year 1986complies to the accuracy requirements preset by the
Steering Committee. This good performance has been reached by the calibration
of a number of relevant model parameters.
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b- concentration
— simulations

c - chloride load

4.3. Validation period 1984/1988
Accurate simulation results with model parameter values which have been calibrated for the same period does not prove that the simulation modelrepresents
realitysufficiently well, nordoes itprove that the model parameter values usedare
representative for the actual values in physical reality. The reliability of calibrated model parameters remains questionable. Since more parameters are calibrated
simultaneously, it is very well conceivable that a different combination of parameter values will produce a similar quality of output data.
For judging the model performance for the calibration period attention has been
paid to the seasonal distribution of drain discharge and salinity by using the average monthly deviation parameter. Also during the validation period the agreement
of seasonal distribution with the measured one is important. The first concern of
the modeler, however, is that the trend in the simulated yearly totals for the
validation period is in agreement with the observations. Therefore, the main emphasis in this paragraph will be on the comparison of the simulated and observed
yearly totals for the validation period.
Determining the predictive value of a simulation model should always be done for
different circumstances than those used for model parameter calibration. This procedure, i.e. checking the model performance for different circumstances, is called
validation. The observation period from 1984 till 1988 covers a substantial range
of variation in water supply to the Eastern Nile Delta (table 9). Calibration of
model parameters has been done for the more or less average supply of 1986.
Table 9. Nile water supply toanddrain dischargefromtheEastern Nile Delta during
the validation period 1984 - 1988. Figures in l(f lrt.year'.
year

1984
1985
1986
1987
1988

supply
Nile
water
12.243
11.969
11.645
11.249
10.322

drain
discharge
4.633
4.355
4.281
3.948
3.652

official
reuse
0.801
0.804
0.925
0.814
0.652

difference with precedingyear
supply

discharge

-

-

-2.2%
-2.7%
-3.4%
-9.2%

-6.0%
-1.7%
-7.8%
-7.5%

reuse
-

+ 0.4%
+15.0%
-12.0%
-19.9%

1*

Due to the recent prolonged drought period in the catchment of the river Nile the
water supply toLake Nasser, which forms the storagereservoirfor Egypt, hasbeen
less than the withdrawal of water. As aconsequence of the lower storage level,the
Ministry of Public Works and Water Resources started to decrease the irrigation
water supply to the Egyptian agriculture in 1985. The Nile water supply to the
Eastern Nile Delta has been progressively reduced from 2.2% in 1985 to 9.2% in
1988. The reduction in supply of 1985 has not been compensated by additional
measures and, as a consequence, the total drainage reduced with as much as 6.0%.
In 1986 thereductionin the supply of 2.7% has been compensated by increasing
the reuse of drainage water. One new reuse pump station Blad El Ayed came into operation, while Hanut pump station the pumped discharge was been increa95

sed. The reductions in water supply during 1987 and 1988 could not be compensated by additional reuse of drainage water. Given the reuse pump station infrastructure the maximum reuse possibilities were used during these years. Consequently, a reduction of 12%in reuse quantity resulted in 1987 and almost 20%in
1988. The large reduction in the water supply in 1988 was complemented by the
water management measure to reduce the rice area with about 25% from 472,300
feddans in 1987 to 357,300 feddans in 1988.

4.3.1. Water allocation and distribution
The water allocation and distribution appear to be predicted fairly well by the
SIWARE model for the validation period (fig 23). For some of the intakes (e.g.
Rayah Tawfiki and Mansureya) the simulations deviate systematically from the
observations. The same holds true for the simulation results of the irrigation canal
side branches (fig 23b). Since the deviations are systematic, this means that the
simulated trends are correct
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Fig23. Comparison of simulated yeardischarges withobservations for the validation
period1984 - 1988.
a -intakes:

1- Ismaileya intake
2 - Sharqaweya intake
4 - Rayah Tawfiki intake S- Mansureya intake

3- Bassoseya intake
6 - Abu Managa intake

b-side branches

That differences in the trends between individual side branches may be considerable is illustrated by comparing the discharges to Bahr Mois and to Bouhia Canal
(fig 24),which are both side branches of Rayah Tawfiki main Canal. In BahrMois
the range of variation in discharge over these years, both measured as well as
simulated is about 10%between 2,000 and2,200 million m'.year"1.In Bouhia Canal
on the contrary the range of variation is about 25% between 950 and 700 million
m'.year'1. The main reason for this difference in ranges is the change in area cultivated with rice in the area served by Bouhia Canal in 1988. In the area served
by Rayah Tawfiki Canal the reduction of rice area in 1988 was much less.
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4.3.2. Drain discharge and salinity
The total simulated drainage, chloride concentration and thechloride loadfromthe
study area for the validation period 1984 - 1988, using the calibrated model parameters (calibrated on data of 1986), agrees quite well with the observed values
(fig 25). The average deviations in the monthly values increase slightly from 9%
for 1986 to 12% for the validation period for the discharge; from 8% to 14% for
the chloride concentration; and from 10% to 13%for the chloride load.
The differences between simulations and observations tend to be larger for small
catchments than for the larger ones (fig 26). For the chloride concentration the
differences between simulations and observations are larger than for the discharge. For the year total discharges for catchments larger than 400,000 feddans, the
agreement between both simulations and measurements is excellent (fig 26b).
The purpose of model input parameter validation is to determine the predictive
value of the model. Model results should meet tworequirements: first, they should
be sufficiently accurate (covered by the average monthly deviation during the calibration period), and secondly they should be sufficiently reliable. In this context,
reliability of the model simulations means: does the model predict the same trend
as the field observations. In order tojudge this reliability the predictive value parameter has been defined. The predictive value is calculated as the ratio of the average deviation of the yearly simulated totals from the average trend divided by
the range of the observed yearly total values.
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This parameter isillustrated with an example (fig 27).The simulated discharge for
Erad pump station is consistently about 25% lower than the observed discharge.
The accuracy of the simulated year discharges is not very high. The correlation
between simulated and observed discharges is rather good however (fig 27b).This
means that the predicted change in discharge, expressed as a percentage, complies
with the observed percentage of changes. For Erad pump station this predictive
value is 86%,indicating that 86%of the observed change in discharges during the
validation period is explained by the model and the remaining 14% represents
either measurement inaccuracies or model deviations, or probably both.
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The predictive value of the SIWARE model established in this way should be
considered as a conservative estimate of the real predictive value. In some cases
both the observed and simulated values show only limited variation. This can be
demonstrated by comparing the predictive values of chloride concentration of two
catchments, one where leakage conditions prevail, and one where seepage conditions prevail (fig 28).For Saada bridge catchment in the southern part of the Eastern Delta leakage conditions prevail, and the reduction in discharge in 1988 does
not result in any increase in salinity, both in the observations and in the simulations. As such, the simulations can be considered reliable. Because the range between maximum and minimum concentration is so small, the predictive value calculated is also very small,i.e. 38%(fig 28a).For Additional Qassabi pump station,
which shows a comparable scatter during the period 1984 - 1987, the reduction in
supply in 1988, and the removal of rice in this catchment, causes an increase in
saline seepage and both simulated and observed chloride concentration show an increase in this year (fig 28b), resulting in a predictive value of 81%. It can thus be
concluded that a high predictive value proves the model validity, but also that a
low predictive value does not automatically prove that the model is not valid. In
order to prove the validity of the model approach a sufficiently large range of
discharges and salinities has to be used in order to avoid a too large influence of
measurement inaccuracies.
The predictive value parameter can be used to determine whether the model and
the model parameters have been validated sufficiently. With a predictive value of
more than 50% (at least 50% of the observed variations are proven to be explained by the model) the SIWARE model can be considered as reasonably validated. With a predictive value of more than 75% the model can be considered as
sufficiently validated. Applying these criteria, the drain discharge and salinity of
the complete study area can be considered as sufficiently validated (fig 29). Only 7% of the observed variation in discharge and 21%of the observed change in
salinity are not proven to be explained by the SIWARE model. The fact that for
salinity the predictive value is lower may be (partly) explained by the lower meas100

urement accuracy of water quality parameters, compared to discharge (Roest and
El Quosy, 1988). A second possible explanation for this difference may be the
implicit assumption made for the calibration procedure, i.e. soil salinity equilibrium in the calibration year 1986.
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This assumption of soil salinity equilibrium may be valid for the majority of the
catchments in the Eastern Delta, but is certainly not true for areas which have
recently been taken into cultivation. For these areas desalinization can be expected to continue for a considerable number of years after reclamation.
On catchment level the average predictive value for discharge is about 80% (fig
30), which is much lower than the 93%value for the complete study area. For the
average yearly chloride concentration the predictive value is about 65%on catchment level, which is lower than the 79% value for the complete study area, but
also lower than the value for discharge (fig 30). This means that the validation
of the SIWARE model on catchment level is less good compared to Delta level.
o

Predictivevalue
SIWAREmodel(%)
100-1

§
i

.«...f——

...*•"•
r.~rf—
..4

50-

— discharge

....»•••'

1

0

10

1

20

1

1

30

40

1—

50

1

60

—i

70

1 —

80
90
100
Cumulativearea(%)

Fig30. Validation oftheSfWAREmodel oncatchment level. Relation betweenpredictive
value andthe percentage of theareacovered by themeasurementprogramme
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For discharge the model is not yet validated for about 10% of the study area on
catchment level (predictive value below 50%) and for chloride concentration the
SIWARE model is not yet validated for about 20% of the area. In 70% of the
area, covered by the measurement programme as well as model simulations, the
validation results for discharge are excellent (predictive value more than 75%).For
salinity the validation results are excellent in about 40% of the study area (fig 30).

4.4. Analysis water management Eastern Nile Delta in 1986
The average irrigation water supply tothe Eastern Nile Delta is around 5mm-day'1.
The drain discharges range from 1mm.day"1 in the southern part to values as high
as 8 mm-day'1 in the north (fig 19).The explanation for these differences in drain
discharges have always been difficult. The SIWARE model simulation results with
respect to drain discharges and salinities agree quite well with the observations.
Consequently, the simulation results may be used to explain the magnitude of the
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different water and salt balance components as well as the regional differences
which have been observed in the monitoring programme.

4.4.1. Overall water and salt balance
In the overall water balance of the Eastern Nile Delta (fig 31), a number of subbalances can be distinguished. Some of these sub-balances concern the irrigation
canal system, some the areal water balances, and some the drainage canal balances. The following sub-balances are considered:
-the overall areal water balance for the Eastern Nile Delta;
- the water balance of the main irrigation canal system;
- the areal water balance of all Irrigation Districts together (calculation unit level
in the model);
-the water balance of the distributary and meskaa canal system;
-the areal water balance of all agricultural fields together (farm level);
-the water balance of the minor drainage canals (within the Irrigation Districts);
- the water balance of the main drainage canal system.

OFFICIAL
REUSE
«2$

Fig31. Water balance components Eastern Nile Delta in 1986.
The discussion of the overall water and salt balances given below concerns the
complete Eastern Nile delta, including the calculation units outside the study area.
Consequently, the total discharge to the sea in terms of water and chloride cannot be compared with the results of the Drainage Research Institute measurement
programme which is confined to the major pan of the study area only.
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Water balances
On Eastern Nile Delta level three main water balance components can be distinguished in the water balance of this area (fig 31): the total Nile water supply to
the Eastern Delta of 11,645 million mlyear1 in 1986; the évapotranspiration of
7,162 million m3(62%of the Nile water supply); and drainage to the sea of 5,013
million m3 (43% of the Nile water supply). These three components are balanced
by an amount of 545 million m3.yearI (5% of the Nile water supply) caused by
net gains from the aquifer and rainfall in the northern part of the Eastern Nile
Delta in the winter period. On Eastern Nile Delta level the water management
system can be classified as rather efficient: 62% of the irrigation water (Nile supply) is used for crop évapotranspiration.
The total water supply through the irrigation network (distributary water supply)
to the Irrigation Districts is 11,299 million m'.year1. This quantity is composed of
10,374 million m3 of Nile water (92%) and 925 million m3 of officially reused
drainage water by pump stations (8%). The conveyance losses from the main irrigation system are approximately 3% (342 million m3); the tail-end losses 3%
(342 million m3); and the municipal and industrial water consumption 5% (587
million m3) of theNile water supply (fig 31).The overall effect of these losses and
gains in the main irrigation system causes a high overall efficiency: the Irrigation
District water supply is a mere 3% lower than the Nile water supply. This high
efficiency is mainly caused by the official reuse of drainage water, because it accounts for almost all losses in the main irrigation canal system.
Also on Irrigation District level three main water balance components can be considered: the irrigation network water supply of 11,299 million m3.year1 (fig 31);
the évapotranspiration of 7,162 million m3 (63% of distributary supply); and the
distributary drainage of 6,179 million m3 (55%of distributary supply). These three
main components are balanced by an amount of 2,042 million m\ caused by unofficial reuse of drainage water (1,163 million m3); groundwater use (379 million
m3); and seepage gains from the aquifer (508 million m3). Again, the water management system performance on Irrigation District level in the Eastern Nile Delta can be classified as rather efficient: 63% of the water supply is used for crop
évapotranspiration.
The total water supply provided by the farmers to the crops in 1986 was 10,175
million m3.year'1. This quantity is composed of 8,634 million m3 of distributary
water supply (85%); 379 million m3 of groundwater use (4%); and 1,163 million
m3 of unofficial reuse of drainage water (11%). The spillway losses from the distributary and meskaa canals are considerable: 23% (2,655 million m3) of the distributary water supply. The overall effect of these losses and gains from the irrigation canal system within the Irrigation Districts make it quite efficient: the irrigation crop water supply is only 10% less than the distributary water supply
through the irrigation network (fig 31).
The three main water balance components on crop level (on-farm irrigation level)
are theirrigation supply of 10,175million m'.year1; theévapotranspiration of 7,162
million m3 (70%);and crop drainage of 3,233 million m3 (32%).These main water
balance components are balanced by net gains from the aquifer through seepage
(1,028 million m3) minus leakage (810 million m3) of 2%.The on-farm irrigation
management system can be classified as very efficient: 70%of the irrigation water
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supplied by farmers is actually used for crop évapotranspiration (fig 31).
The total drainage coming from the distributary areas (Irrigation Districts) of 6,179
million m'.year'1 is composed of 3,233 million m3 of crop drainage (52%); 290
million m3 of drainage canal seepage (5%); and 2,655 million m3 of spillway losses from the distributary and meskaa canals (43%). Despite the fact that losses at
Irrigation District level are not excessive, these losses apparently constitute a considerable (43%) component of the drainage water produced (fig 31).
The drainage to the sea of 5,013 million m3.year"1is composed of 6,179 m3 of distributary drainage (82%), and 929 million m3 of municipal and industrial drainage and tail-end losses (18%), and is balanced by the official and unofficial reuse
of drainage water of respectively 925 million m3 (15% of the distributary drainage) and 1,163 million m3 (19% of the distributary drainage).
Saltbalances
Each quantity of water transported implies the transport of salts. In the SIWARE
simulation model the salt transport is confined to the chloride ion. Based on the
simulation results the overall balances of chloride can be drafted (fig 32).

~y « 500»106kgCI

Fig32. Chloride balance components Eastern Nile Delta in 1986.
Considering the chloride balance on Eastern Nile Delta level, the supply through
the Nile is 496 million kg.year*1, and the discharge to the sea 1,842 million
kg.year1, which is about 3.7 times the Nile supply. Both components are balanced by losses and gains of salt to and from the aquifer (fig 32). Since soil salinity equilibrium has been assumed for the calibration year 1986, it must be concluded that desalinization of the subsoil (deeper than roughly 5 to 10 meter) is
taking place.
105

The distributary chloride supply through the irrigation canal network is 664 million kg (34% more than the Nile supply) and is composed for 66% of Nile supply and for 34% of official reuse of drainage water, and is balanced by the conveyance losses, tail-end losses, and municipal and industrial water use of 11% (fig
32). The official reuse of drainage water is only 8% of the distributary water supply, but constitutes 34% of the distributary chloride supply, which implies that
the average salinity of the officially reused water is approximately 4 times that of
the Nile water supply.
The total chloride supply to the crops through irrigation amounts to 925 million
kg.year' (39% more than the distributary supply; or 86% more than the Nile supply) and is composed of 54% of distributary chloride supply, 18% is supplied
with groundwater use, and 28% with the unofficial reuse of drainage water. Although only 15% of the crop water supply originates from groundwater use and
unofficial reuse of drainage water, the chloride contribution of these water balance components is 46% of the total crop chloride supply through irrigation.
The total chloride drainage of crops is 1,587 million kg.year'1 (72%more than crop
the chloride supply through irrigation; 2.4 times the distributary supply; or 3.2
times the Nile supply). The crop chloride drainage is composed for 58% of the
crop chloride supply and 40% is chloride supply from the aquifer (fig 32):57%
is supply through seepage and 17% is losses through leakage. For the water balance, seepage is a relatively unimportant component (10% of the crop water supply). For the chloride balance, however, seepage contributes for 57% to the total
crop chloride drainage.

4.42. Spatial distribution
In the overall balance the irrigation water uptake by farmers from the distributary and meskaa canals forms the largest single water balance component of 85%of
the crop water supply through irrigation (fig 31). In the southern part of the study
area, and at the tail-ends of the irrigation system this irrigation water uptake is less
than 1,500 mm.year"1 (6,300 nr.feddan"1). In the Irrigation Districts located at the
upstream reaches of the main system the uptake is more than 1,500 mm (fig 33a).
Unofficial reuse of drainage water is only 11% of the total crop water supply. In
certain calculation units in the northern part of the study area, however, where
drainage water is easily available because drainage water has been lifted by drainage pump stations, the magnitude of unofficial reuse approaches the irrigation uptake (fig 33b).The same holds true for the seepage flux, which is only 10%in the
average water balance, but is in the same order of magnitude as irrigation uptake in the northern part of the study area along the Nile branch, along the Manzalah Lake, and in a few calculation units adjacent to the Ismaileya Canal (fig
33c). Groundwater (only 4% of the average crop water supply) is absent in the
northern part of the study area (because the salinity is not acceptable), but may be
considerable in the southern part (fig 33d).
In the spatial distribution of the chloride supply through irrigation uptake, the officialreuse of drainage water can easily be recognized (fig 34a). The calculation
units served with a mixture of both Nile water and drainage water from Wadi and
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Fig 33. Spatial distribution of the crop water supply components in the study area in
1986 (mm.year').
a -irrigation water uptake
c -seepage contribution

b - unofficial reuse of drainage water
d - groundwater use
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Fig 34. Spatialdistribution of the cropchloride supplycomponents in thestudyareain
1986 (kg.ha'.year1).
Seepage
(kg/ha/year)

a -irrigation chloride uptake
c -seepage contribution
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b - unofficial reuse of drainage water
d - groundwater use

Hanut pump stations (fig 4) show a higher chloride irrigation uptake. The additional mixing of Saft pump station for the supply of the drainage catchment of
Main Qassabi pump station increases the chloride irrigation uptake till more than
2,500 kg.ha'1 (fig 34a). Although the chloride supply with unofficial reuse is only 28% of the average crop chloride supply through irrigation, the spatial distribution is rather unequal. In the north-eastern part of the study area the chloride
supply through unofficial reuse of drainage water is frequently in the same order
of magnitude, (or even more), as the chloride supply through irrigation uptake (fig
34b). The chloride supply with seepage is of the same order of magnitude as the
total crop chloride supply through irrigation (fig 32). The chloride supply through
seepage is mainly concentrated in the northern part of the study area (fig 34c).In
these areas the seepage chloride supply dominates the supply from other sources,
and drainage water salinity is mainly determined by the seepage quantity and salinity. An exception should be made for the fringe along the Nile branch, where
the quantity of seepage is high (fig 33c), but the salinity relatively low, resulting
in chloride supplies through seepage in the same order of magnitude as the irrigation chloride uptake (figs 34a and 34c). The chloride supply through groundwater use, which is on the average small (18% of the crop supply through irrigation), is absent in the northern part of the study area (fig 34c). In the south the
chloride supply with groundwater use approaches the same magnitude as the irrigation chloride uptake, caused by the high quantities of groundwater use. In a
number of calculation units in the middle part of the study area the same holds
true, because the salinity of the groundwater use is relatively high (fig 34c).
The distributary drainage discharge consists of two main components: crop drainage and distributary and meskaa canal spillway losses (fig 31). The average crop
drainage in the study area amounts to about 625 mm.year', but is mainly concentrated in the northern part of the study area (fig 35a). This spatial distribution of
the drainage rates seems to be correlated with the seepage rates (fig 33c) and the
amount of unofficial reuse of drainage water (fig 33b). Also the percentage of the
area grown with rice shows a good correlation with drainage discharges, however
(fig 8b). The second main component of the distributary drain discharge are the
spillway losses of 425 mm.year'1 on the average.
Although both components, crop drainage and spillway losses, are in the same order of magnitude, the relative importance of the spillway losses in the north is
much less than in the southern part of the study area, where frequently the spillway losses are larger than the crop drainage component (fig 35b). The spatial distribution of the leakage losses to the aquifer is more or less complementary to the
crop drainage losses (fig 35c). In the north, where the crop drainage losses are
high, leakage is absent, and in the south, where crop drainage losses are low,
leakage losses are relatively high.
Comparing the spatial distribution of the seepage fluxes (fig 33c) with that of the
leakage fluxes (fig 35c), it can be noted that within the same calculation unit
seepage as well as leakage is simulated by the model. The reason for this is that
both seepage and leakage are the result of dynamic simulations and seepage during
one time step for a certain crop (low water table) can take place in the same calculation unit where leakage occurs during certain time steps for other crops (high
water table).
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Fig 35. Spatial distribution of the distributary drainage components in the study area in
1986 (mm.year').
a -crop drainage
c -leakage to the aquifer
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b - distributary and meskaa spill losses
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Fig 36. Spatial distribution of the distributary chloride losses components in the study
area in 1986 (kg.ha'.y ear').
a -crop drainage
c -leakage to the aquifer

b - distributary and meskaa spill losses
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The chloride discharge with crop drainage shows the highest values in the northeastern part of the study area and the lowest values in the south-western part of
the study area (fig 36a). It is clearly correlated with the crop chloride supply
through seepage from the aquifer (fig 34c).The salt discharge to the drainage system coming from spillway losses is generally very low (fig 36b), with an exception for the areas where the irrigation water has been mixed with drainage water
by reuse pump stations. Comparing the chloride losses with the water losses for
the spillways (fig 35b), it is obvious that these losses have a large (beneficial) influence on the drainage water salinity as measured in the Drainage Research Institute monitoring programme, especially in the southern part of the study area.
In the southern pan of the study area, the chloride leakage losses (fig 36c) appear to be in the same order of magnitude as the chloride crop drainage losses.
This means that in these areas the soil salt balance is maintained in more or less
equal amounts by leakage as well as by drainage.
The water and salt balance components discussed above lead to the spatial distribution of the simulated discharge as given in figure 37a, which is in agreement
with the measured discharges in the Drainage Researsch Institute routine measurement programme. The distributary drainage discharges range from as low as 0.7
mm.day' in the south to as high as 7.9 mm.day''. The salinity of the distributary
drainage water ranges from as low as 393 g.m3 (1.6 times the Nile water salinity) to as high as 4,781 g.m'3 (almost 20 times the Nile water salinity) (fig 37b).
The drainage water salinity shows the highest values in the north-eastern part of
the study area. Here, the combination of high official reuse of drainage water, high
seepage rates,high seepage salinity, high unofficial reuse and high unofficial reuse
salinity play a role. In the most southern pan of the study area the distributary
drainage salinity is generally higher than in the more northerly located areas (fig
37b). The reason for this phenomenon is the tight water supply in this area, resulting in a relatively low Nile water supply and limited spillway losses, together
with considerable quantities of groundwater use to compensate (at least panly) the
water shortages felt by farmers.
Table 10.Comparison ofthe allocation water duty used bythe Ministry ofPublic Works
andWaterResourcesandthecropwaterrequirementscalculatedwith themodel
WDUTYfor themainfieldcrops andfor thecalculation units distinguished
(nßfeddan').
main
field
crop

allocation
duty
MOPWAWR

water
requirements
WDUTY model

variation water
requirements relative to
allocation duty

long bcrseem
wheat
short berseem
vegetables
trees
rice
cotton
maize

3,060
1,600
1,650
5,500
4,960
8,800
3,180
2,690

2,800
2,130
1,920
7,630
8,500
7,920
4,060
3,470

-40%
-15%
-35%
0%
+ 5%
-40%
-25%
0%

-

+40%
+55%
+100%
+70%
+130%
+50%
+50%
+50%

calculation units

6.560

7,720

-20% -

+50%
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Distributary drainage
(mm/year)
WM
2 5 7 - 823
I
1
I

8 2 4 - 1000
1001-1226
1227-1671
1672-2892

Drainage salinity
(g/m3)
M
3 9 3 - 577
5 7 8 - 638
6 3 9 - 843
8 4 4 - 1614
1615-4781

Fig 37. Distributarydrainage (mm.year') losses and salinity (g.m3) in the studyarea
during 1986.(Theirrigation watersalinityof Nilewater is 242 g.m'3.)
a -drainage

b- salinity

Another reason for the high discharges in the northern part of the tudy area and
the low discharges in the southern part is the discrepancy between the official
water duty used by the Ministry of Public Works and Water Resources for the
water allocation over the main canal intakes and the internal water distribution, and
the actual crop water requirements. The first is considered uniform over the Eastern Nile Delta, while the actual requirements are influenced by climatic, soil, and
hydrological conditions (table 10).
The simulated actual water requirements are relatively high in the southern part of
the study area and in the fringes along the Eastern Desert (fig 38b). This is most
probably due to climatic differences as well as soil characteristics (lighter textured soils). Expressing the total water supply (including groundwater use and unofficial reuse of drainage water) as a percentage of the total crop water requirements results in low figures (less than 85%) for these areas (fig 38c). This indicates that, according to the model calculations, the potential crop production can
be increased in these areas. Whether increasing the water supply to these areas
should be recommended from an economical point of view remains questionable,
however. Generally, production functions are curved near the maximum, indicating
that increases in production become less as the input (water supply) is increased.
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Crop water r e q u i r e m e n t
(m3/feddan)
I I Aggregated value
I .I Long Berseem
• H Wheat
1 I Wint vegetables
H H Rice
H i Cotton
I I Maize
H i S u m m vegetable:
Œ 3 Deciduous trees
HS h o r t b e r s e e m

25 km

Water r e q u i r e m e n t
(m3/feddan/year)
1
5318-7074
7075-7451
7452 - 7854
7855-8328
8329-9995

Relative water supply
(% of r e q u i r e m e n t )
49879399105-

Fig 38. Total crop water supply expressed as a percentage of total crop water requirements (%), and crop water requirements (m3.feddan' ) during 1986.
a -average crop water requirements study area (mJ.feddan"');
b -spatial distribution total crop water requirements (m].feddan ')
c -crop water supply as % of crop water requirements
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In the north-central part of the study area, where the percentage of the area grown
with rice is very high (fig 8c) and the seepage rates are not extremely high (fig
33c), the total crop water requirements are very high (fig 38b). Due to the favourable water supply conditions (high crop water duties and good access to the drainage water for unofficial reuse), the water supply exceeds the total crop water requirements (fig 38c), leading to large drainage losses (fig 36a). In the northern and
middle part of the study area where the supply exceeds 95% of the crop water
requirements savings on irrigation water may be economically feasible, provided
that the saved water can be used on agricultural highly productive soils, comparable to those in the study area.

4.4.3. Crop response
In the previous paragraphs it has been shown that the drainage discharges and
salinities are in close agreement with the observations. The simulated discharges
and salinities of the drainage water are the aggregated result of the processes taking place during water distribution, crop évapotranspiration, soil moisture andsalinity processes, etc. Given the fact that the discharges and salinities are simulated in a correct way, one can assume that also the crop reaction to water supply
and salinity conditions as simulated by the SIWARE model are correct. This assumption will be tested in this paragraph by analyzing the simulated crop response to the simulated water management in the distinguished calculation units in the
Eastern Nile Delta.
The crop response simulated by the model is reflected in the realized actual évapotranspiration. It can be characterized relative to the optimum crop évapotranspiration. The latter parameter is simulated by the WDUTY model, assuming anunrestricted water supply of Nile water quality, and low soil salinity conditions. The
irrigation intervals are fixed, however, and stress conditions due to long irrigation
intervals may be included in this optimum crop évapotranspiration.
Under optimum water supply and soil salinity conditions the crops transpire at the
optimum rate. It has been shown (fig 38c) that in roughly 65% of the area the
actual supply is less than the agricultural demand. The shortages occur in the
southern part of the study area, where water control by the Ministry of Public
Works and Water Resources is tight (small irrigation command areas), and the
evaporative demand is high due to climatic and hydrological conditions. The same
holds true for the fringe along the Eastern desert, and for some locations at the
tail-ends of the irrigation system (fig 38c). These water supply conditions are reflected in the spatial distribution of the simulated relative crop évapotranspiration
(fig 39a). In the north-eastern part of the study area évapotranspiration rates seem
to react more heavily to water shortages than in the southern part of the study
area. The reason is the higher soil salinity in this part of the study area (fig 39b).
Apparently crop évapotranspiration is reduced here due to high soil salinity conditions.
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Evapotranspiration
(% of optimum)
5 5 - 85
8 5 - 95
9 5 - 97
9 7 - 98
9 9 - 100

Soil salinity
(mmho/cm)
• 1

1.001.502.002.503.50-

Fig 39. Simulatedrelativeévapotranspiration and soil salinityin theEasternNile Delta
in1986.
a -relative évapotranspiration (%)

b - soil salinity (mmho.cm1)

In order to investigate the influence of the agricultural crops on the salt balances,
these balances, expressed as percentages of chloride supply have been summarized for the main winter crops (fig 40) and main summer crops (fig 41). All supply (irrigation, unofficial reuse, and seepage) and discharge (drainage and leakage) components are given in these figures. For winter crops the highest seepage
contribution is noticed for the wheat crop, which is irrigated only lightly, because the crop is known to be sensitive to high groundwater tables. Consequently, the
wheat crop has an adverse effect on the soil salinity, because the total discharge
of salts is less than the total supply (fig 40). For the other winter crops (vegetables and berseem) the salt balance is favourable and the removal of salts exceeds
the supply (fig 40).
During the summer season, two crops have favourable leaching conditions (rice and
vegetables), and two crops have a salinization effect (maize and cotton; fig 41).
Especially for cotton the salt balance is very unfavorable: the discharge of chloride is less than 50% of the chloride supply to the soil profile. Cotton receives only light irrigations, and the production of cotton bolls is promoted by water stress
conditions. The presented salt balances illustrate the function of the rice crop in
the Nile Delta of Egypt to maintain a favourable soil salinity status of the soil.
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Salt balance
contribution (%)
WEM Irrigation
I 1 Unofficial reuse
H Seepage
I I Evaporation
H i Drainage
• • Leakage
Short berseem

Wheat

Fig 40. Chloridesalt balancesinpercentsof the averagesoilprofilefor the mainwinter crops in the studyarea in1986.
For both the summer and the winter crops the soil profile salt balances follow the
sequence of the relative irrigation priority (table 6), meaning that the crop with the
highest priority has the most favourable salt balance (vegetables in winter and rice
in summer period) and the crop with the lowest irrigation priority has the most unfavourable salt balance (wheat in winter and cotton in summer period). The salt
balances presented seem logical. In Egypt rice is considered as a reclamation crop
for soil desalinization and it is very well known, that wheat and cotton have a
salinization effect on the soil. In the Egyptian literature not much well documented field data on crop salt balances are available. Abdalla et al (1990) presented
the salt discharges for the main field crops in the Mashtul Pilot Area, covering
an observation period of three years. This drainage pilot area is located slightly
north of Zagazig in the Eastern Nile Delta (fig 2). The calculation units in the
model approach that are situated near this location are units 41,42 and 50 (fig 3).
The correlation between the simulated salt discharges of the main field crops (average of these three calculation units) and those reported (Abdalla et al, 1990) is
remarkably good for rice, maize and long berseem (fig 42). For cotton, short berseem and wheat the agreement is less, but the ranges indicated in figure 42 approach the measured values closely.
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Fig 41. Chloride salt balances in percents of the average soil profile for the main summer crops in the study area in 1986.
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Fig 42. Comparison of the simulated salt discharge (ton.ha') of the area north of Zagazig in the Eastern Nile Delta (average of calculation unit 41, 42, and 50) for
the six main field crops (simulated by the SIWARE model for 1986) with observed values in the Mashtul Pilot Area during the period 1983 - 1986.
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Fig 43. Spatialdistribution of the desalinization (expressed as a percentage of thetotal
soilprofile chloridesupply)causedby longberseemand rice in the study area
simulatedwith the SIWAREmodelfor the soil salinityequilibrium conditions of
1986.
a -long berseem

b - rice

The spatial distribution of the desalinization caused by the long berseem crop (fig
43a), expressed as the percentage of the total chloride supply to the soil profile,
shows low values (lower than 20%) in the southern and utmost northern part of
the Nile Delta. These low values in the north are most probably caused by the
high seepage rates (fig 33c).
Higher desalinization occurs during the growing of long berseem in the middle part
of the Eastern Nile Delta (fig 43a). The same holds true for the spatial distribution of the desalinization caused by the rice crop (fig 43b).
The spatial distribution of the salinization caused by the wheat crop and the cotton crop (fig 44) show a similar pattern: lower values in the southern part and in
the utmost north, and high salinization figures in the middle and eastern part of the
Eastern Nile Delta.
Although, in the SIWARE model simulations salt equilibrium has been assumed
for the calibration year 1986, these model results suggest that the assumed equi119

librium is a very dynamic one. For the individual field crops, such as rice, the
salt discharge may be up to 300%more than the salt supply to the soil profile. For
wheat the salt discharge may be as low as only 25% of the total salt supply, and
for cotton the lowest simulated value of the salt discharge is only 10% of the
profile salt supply (fig 44).

Salinization wheat
(%of chloride supply)
desalinization
0 - 10
11-18
rzzi
19-29
30-49
50-74

Salinization cotton
(%of chloride supply)
desalinization, or no cotto'
10-40
41-52
5 3 - 67
rzzi
68-75
76-91

Fig44. Spatial distribution of thesalinization (expressed as a percentage of the total
soilprofile chloride supply) caused bywheat andcotton inthestudy area simulated withthe SfWARE model for the soilsalinity equilibrium conditions of
1986.
a -wheat

b- cotton

A number of common questions in irrigated agriculture which are posed by the
Authorities responsible for the water management are the following:
-what are the soil salinities which are acceptable for the crops;
-how much irrigation water is required for agriculture;
-what is the effect of under-irrigation on crop yields;
-what is an acceptable upper limit for the irrigation water salinity.
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Relationbetweensoil salinityand crop yield
In the international literature many researches have been reported giving the relation between soil salinity and crop yield. Since soil salinity is only one of the
many production factors for crop yield, these experiments are normally performed
under optimum crop growth conditions (sufficient water and nutrient supply), with
the soil salinity as the only parameter to be varied. An extensive overview of this
literature is reported by Maas and Hoffman (1977).The general shape of the crop
yield response to soil salinity is a horizontal line until a certain threshold soil salinity value, and a linear decrease of crop yield with increasing soil salinity above
this threshold value.
Research, carried out by the Drainage Research Institute since 1977 on farmer's
fields into the relation between soil salinity and crop yield (Amer et al, 1989,
Morsi et al, 1987,Ramadan et al, 1981a, 1981b, 1983),consistently showed a large scatter in the soil salinity - crop yield relation. This scatter is supposed to be
caused by variations in the production factors, other than soil salinity.
Relationbetweensoilsalinityand évapotranspiration
For the SIWARE model simulations the study area has been schematized into 82
calculation units (fig 3). In each calculation unit a number of crops have been
distinguished. In the model simulations such a crop is considered as a representative field plot. The simulation results of these representative field plots can be
compared with field research results. The SIWARE model does not simulate the
crop yield, but the relative évapotranspiration (relative tothe optimum). It is generally accepted that relative évapotranspiration is correlated with crop yield and,
consequently, the reduction of actual évapotranspiration rate may be used as an
indicator of crop yield depression due to soil salinity or water stress conditions.
The mentioned field research results relating crop yield with soil salinity, conducted in the Nile Delta in Egypt, can be compared with the model simulation results
relating the relative évapotranspiration with soil salinity (fig 45). Doing so, two
observations can be made:
-the SIWARE simulation results show a similar scatter of data as the reported
field researches;
-the crop yield reductions measured in the field research tend to appear at lower
soil salinities than the évapotranspiration reduction simulated with the SIWARE
model.
For the interpretation of the SIWARE simulation results with respect to crop response there is an advantage over the field researches carried out in the past. In
the model simulations the water supply tothecrops is also known. By singling out
the model results for which the water supply is clearly at or above the optimum,
the only production factor left (in the model) is the soil salinity.Taking the results
for the crop long berseem as an example, no clear-cut relationship between soil
salinity and relative évapotranspiration can be observed taking all simulated values
into account (fig 46a). Below the soil salinity value of 2 mmho.cm'1 the reduction
in évapotranspiration varies from 0% to32%and in the soil salinity range between
4 and 8 mmho.cm'1 this reduction ranges between 12% and 21% (fig 46a). By
selecting only the simulated values for which the total seasonal crop water supply
is larger than 95%of the agricultural demand (simulated with the modelWDUTY),
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Fig46.Relationship between therelative crop évapotranspiration of long berseem simulatedwith the SIWAREmodelfor the 82calculation units inthe study area and
thetwoproductionfactors considered: soilsalinity and water supply.
a - relation soil salinity and relative évapotranspiration
b -relation soil salinity and relative évapotranspiration under conditions of sufficient water supply
c - relation water supply and relative évapotranspiration
d -relation water supply and relative évapotranspiration under non-stress soil salinity conditions

a good correlation between soil salinity and relative évapotranspiration can be obtained (fig 46b). The remaining scatter in the data given may be explained by the
fact that in figure 46b the average soil salinity till drain depth is given, and in the
SIWARE model the évapotranspiration reacts to the soil salinity of the root zone.
Alsothe water supply situation may explain part of the remaining scatter. Itisvery
well conceivable that during certain parts of the growing season shortages of water
occurred, and that crop évapotranspiration was reduced due to water shortages, although the seasonal water supply may have been sufficient. The crop yield response reported by Maas and Hoffman (1977) is also included in this figure. For
long berseem the crop yield appears to react at lower soil salinities than the simulated cropévapotranspirationresponse (fig 46b).This seems toconfirm thesecond
observation made by comparing the field research results with the SIWARE simulation result (fig 45a).
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The analysis for long berseem mentioned before has been repeated for all crops
considered in the SIWARE model analysis and for the cropping pattern of 1986.
The results are given in table 11 in terms of threshold values and slope of the
relative évapotranspiration - soil salinity value above this threshold value. Comparing these simulation results with the reported crop yield response to soil salinity according to Maas and Hoffman (1977) it is noticed that, with an exception
for cotton and rice, the crop yield starts to reduce at lower soil salinities than the
simulated crop évapotranspiration (table 11). The largest difference is observed for
the deciduous tree crops. For this crop the yield starts to decrease already at soil
salinity values above 2 mmho.cm'1, while évapotranspiration continues at maximum rates until a soil salinity of more than 3 times this threshold value (i.e. until 7.2 mmho.cm'1. In all cases the reported slope of the crop yield - soil salinity
relation is steeper than the slope of the évapotranspiration relation (table 11).

Table 11. Soil salinitythreshold values(mmho.cm')below whichno évapotranspiration
is not reduced(SIWAREmodel simulations) and crop yield is not reduced
(Maasand Hoffman,1977).Reduction in relativeévapotranspiration per unit
increaseof soil salinity (%.mmho'.cm) above the thresholdvalue (SIWARE
modelsimulations) and reduction in cropyieldper unit increase of soilsalinityabovethethreshold value(MaasandHoffman,1977). Soilsalinity measuredin thesoilwater extract.
évapotranspiration
crop
wheat
long berseem
short berseem
winter vegetables
cotton
maize
rice
summer vegetables
trees

crop pattern 1986

threshold
5.5
3.8
4.1
1.6
7.4
3.9
2.3
1.4
7.2

2.8

slope
4.5
4.7
5.0
9.0
5.0
8.5
11.0
14.0
4.0

crop yield
threshold
6.0
1.5
1.5
1.5 *
7.7
1.7
3.0
1.5 *
2.0 **

slope
7.1
5.7
5.7
15.0
5.2
12.0
12.0
15.0
14.0

6.0

* average values for strawberries, broad beans, beans, cabbage, lettuce, onions, potatoes and tomatoes have been
used;
**average values for dates, oranges, grapefruit and grapes have been used.

Relation between water supply and évapotranspiration
Looking at the relation between relative évapotranspiration of the long berseem
crop and the water supply (relative to agricultural demand; fig 46c), again no clearcut correlation between both can be established. When the supply is equal to, or
larger than, the agricultural demand, the relative évapotranspiration reduction varies
from 0% to 21% and for supply ranges between 75% and 65% of the agricultural demand this reduction varies from 4% to 32% (fig 46c). Singling out the simulation results of the areas having a soil salinity below the threshold value of 3.75
mmho.cm'1 for the relative évapotranspiration (fig 46b), a rather good correlation
between relative évapotranspiration and relative water supply is found (fig 46d).
According to this relation the crop water supply to long berseem can be reduced
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with 8% below the agricultural demand without reduction in évapotranspiration
(threshold value), and each subsequent reduction of water supply with one additional percent will result in an évapotranspiration reduction of 0.7%.
The above mentioned procedure has been repeated for all crops and for the cropping pattern of 1986 (table 12). For summer vegetables and for cotton the agricultural demand (water requirement) calculated with the model WDUTY seems to
be the most critical: a reduction of more than 1% for summer vegetables and 3%
for cotton already reduces crop évapotranspiration. The agricultural water requirements appear to be least critical for rice and winter vegetables: for rice a water
supply of 16% less than the agricultural demand, and for winter vegetables 15%
less, still gives the optimum crop évapotranspiration (table 12). Below this threshold water supply level, the most sensitive crops to reductions in the water supply are again the rice and winter vegetable crops, and the least sensitive are wheat
and short berseem. For the cropping pattern of 1986 the analysis points out (table
12) that the total crop water supply in the study area may be 8% below the agricultural demand, without affecting the crop évapotranspiration. Each reduction of
one % of water supply below this threshold value results in a reduction of évapotranspiration of 0.74%.
The crop response for the cropping pattern of 1986 in the study area, simulated
with the SIWARE model, is presented in figure 47.
Table12. Crop response (relative évapotranspiration) to water supply simulatedby
SIWARE in1986.
crop
wheat
long berseem
short berseem
winter vegetables
cotton
maize
rice
summer vegetables
trees
cropping pattern 1986

relative supply
threshold value
91
92
96
85
97
93
84
99
96
92

% évapotranspiration reduction
per %reductionwater supply
0.48
0.72
0.60
0.91
0.76
0.84
1.48
0.72
0.75
0.74

Relation between évapotranspiration and dry matter production
So far the crop reaction according to the SIWARE model simulations have been
considered in terms of relative évapotranspiration (relative to the optimum). Generally, évapotranspiration is linearly correlated to the total dry matter production
of the agricultural crops. The crop yield, which of course is the main interest to
farmers, may react differently to water stress conditions than the total dry matter
production. For crops like berseem for instance, soil moisture stress conditions may
induce additional root growth at the expense of shoots, resulting in a larger crop
yield decrease than the decrease in évapotranspiration. For some grain crops it is
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known that moisture stress conditions reduces first the straw production andtoa
lesser extent thegrain yield. The crop yield - water supply relations may berather
complicated, because of moisture sensitive growth periods such as the flowering
period.

Evapotranspiration(%)
100T

1

8

• .,- - V»ir t,•.,
•

"

1 • . . *."H,M»

90

•
^ «••

70H
60

©

•

80-I

• ^v

ALLCROPS
Supply > 0 9 5
Demands
— — curvefit

50

r

12
10
Soilsalinity(mmho•cm"^)

ALLCROPS
i

1

120 110 100 90

i

i

i

80

1

70

i

i

60

50

Supply v,„/,
Demand "'

Fig47.Aggregatedcrop response tosoilsalinityandwatersupply,basedon theSIWARE
simulation resultsfor 1986.
a -soil salinity response

b- water supply response

Relationbetweenévapotranspiration andcrop yield
The major effect of soil salinity oncrop response iscaused bytheincrease of the
soil water potential duetotheosmotic pressure. This means that themajor mechanism ofthe effect of soil salinity onévapotranspiration is similar totheeffect of
a lower moisture content in the crop root zone (physiological drought). Consequently, itcanbeassumed that thecrop yield decrease caused bythesoil salinity, andthecrop évapotranspiration decreases simulated bytheSIWARE modelas
a result of soil salinity (table 11)areconsistent with each other. Similarly, it can
be assumed that the évapotranspiration reductions due towater shortages (table12)
cause similar crop yield decreases. Under these conditions both relations canbe
combined andtherelation between relative crop évapotranspiration and crop yield
is obtained. The correlation found following this procedure israther good (fig 48).
The crops for which the yields are most sensitive to reductions in évapotranspiration appear to be deciduous trees and maize (table 13).Cotton is by farthe
least sensitive crop, which complies with the general knowledge that this crop
should begrown under stress conditions in order to promote theboll production.
Also thegrain yield of wheat andrice appear tobequite tolerant toreductionsin
évapotranspiration (table13).

126

Table13. Ratioofcropyieldreduction (%) andévapotranspiration reduction (%)andthe
threshold valuefor évapotranspiration reduction (%), abovewhichthisratio is
validfor themajorfieldcropsand theactualcropping pattern.Relations are
basedon SIWARE modelsimulation resultsfor the82 calculation unitsin the
studyareafor 1986.
crop yield/
évapotranspiration
ratio(-)

crop
wheat
long berseem
short berseem
winter vegetables
cotton
maize
rice
summer vegetables
trees

évapotranspiration
threshold value
(%)

2.0
1.3
1.5
2.9
1.8
-1.5
0.2
2.2
12.9

1.11
1.98
1.81
1.57
0.70
2.55
0.87
0.95
10.55

cropping pattern 1986
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Fig 48. Relation between crop yielddecrease andévapotranspiration reduction. The relationfound isbasedon comparison oftheSIWAREsimulation resultsfor 1986
with the international literature.
a - long berseem

b- cropping pattern 1986

For both thecotton andthemaize crop theestablished relationships (table 13) are
supported by data reported in the Egyptian literature. Chaudry (1969) investigated therelation between water use, nitrogen fertilization andcrop yield of cotton.
The water usewasvaried by changing theirrigation interval from 8 days (minimum) till 29 days (maximum). Omitting thedata for the irrigation interval of8
days, which is unrealistically lowfor the cotton crop, the following crop yield
decreases (in percents) as a result of thedecreases (in percents) in actual évapotranspiration canbe calculated:
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-1.16% crop yield decrease per % évapotranspiration reduction for 125 kg.ha"1N;
-0.80% crop yield decrease per % évapotranspiration reduction for 90 kg.ha'1N;
-0.73% crop yield decrease per % évapotranspiration reduction for 50 kg.ha'1 N;
-0.59% crop yield decrease per % évapotranspiration reduction when no N fertilization was applied;
This observed range of coefficients complies very well with the value of 0.70 extracted from the model simulations for cotton (table 13). For the maize crop a
coefficient of 2.5 can be calculated from the data reported by Talha (1966) and a
coefficient of 3.5 based on the data reported by Awadalla (1970). The last author
found that at lower production levels (crop yield lower than 20% of the optimum)
the crop yield reaction to reduction in évapotranspiration becomes less sensitive
with a coefficient of roughly 0.40, resulting in a weighted average value of 2.9.
Both reported researches comply very well with the value of 2.55 obtained from
the SIWARE model simulations in the Eastern Nile Delta for 1986.
Relationbetweenwater supplyand crop yield
Bycombining thecrop yield -évapotranspiration relations (table 13)with thewater
supply - évapotranspiration relationships (table 12), the dependence of the crop
yield on the actual water supply situation as simulated by the model can be established for each defined crop. The crop yield reactions established in this way
(fig 49) reflect the hydrological and climatological conditions as well as the irrigation regime which has been fixed (in terms of irrigation intervals; table 3).The
sensitivity for water shortages with respect to agricultural water requirements appears to be different for different crop production levels (fig 49). At 100% crop
yield vegetables are the most sensitive summer crop and berseem the most sensitive winter crop. At this level rice is the least sensitive summer crop and vegetables the least sensitive winter crop. At 75% crop production level, however,
maize and berseem are the most sensitive and cotton and wheat the least sensitive crops. Based on the cropping pattern of 1986 and the individual crop yield
reactions (figs 49a and 49b), the aggregated crop yield reduction as a consequence of water supply reductions can be calculated, assuming that the crop watersupply for each crop will be reduced proportionally. The resulting relationship (fig
49c) indicates that for water supply reductions up to 15% the crop yield reduction is less than proportional. Reductions in the water supply larger than 15%will
give a more or less linear reduction in crop yield of 1.2% per percent water supply reduction. Consequently, the optimum water supply most probably will be in
between the agricultural demand and 0.85 of this quantity. During 1986 the total
crop water supply to the study area (including unofficial reuse of drainage water
by farmers) was 1,750 mm.year1 andtheagricultural demand 1,840 mm.year1.This
means a supply of roughly 5% lower than the agricultural demand. Based on these
figures the conclusion can be drawn that on the average and on on-farm water
management level the system has been operated very close to the optimum during
1986.
The relative sensitivity of the crop yield of the major field crops to soil salinity
appears to be less complicated than the sensitivity towater supply (fig 50).Forthe
summer crops vegetables appears to be the most sensitive, closely followed by
maize. Rice is intermediate, and cotton is by far the least sensitive crop to soil
salinity (fig 50a). For the winter crops vegetables is again the most sensitive.
Berseem starts reducing at the same threshold value, but has the lowest decline in
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crop yield per unit increase in soil salinity and wheat is the least sensitive winter crop (fig 50b).
The crop response to soil salinity and water supply simulated by the SIWARE
model as discussed so far seems to be realistic and complies with the research
results performed on major field crops under Egyptian conditions. For the water
manager the crop yield versus water supply relationships (fig 49) are very useful,
because they may support decisions related to an optimization of the water supply.The cropyield versus soil salinity relationships on the other hand,are notvery
easy to interpret for the water manager. Soil salinity is the long term result of
on-farm water management. Consequently, soil salinity cannot easily be manipulated by the water manager. Soil salinity depends on the amount of water supply
and the salinity of the irrigation water, but also on the local hydrological conditions such as soil permeability, drainage conditions, aquifer pressure and salinity
of the aquifer. Last but not least, the irrigation regime as applied by farmers for
the different field crops may have aconsiderable influence on the soil salinity.The
parameter which is under largely control of the water manager (besides the amount
of water supply) influencing the soil salinity is the irrigation water salinity. The
operational question in this respect is: which salinity of the mixture of irrigation
water and reused drainage water is still acceptable for normal irrigation practice.
El Guindi and Amer (1979) give a summary of the irrigation water quality criteria based on the international literature available. The problem with applying such
criteria to other conditions than those for which they have been developed is that
they depend on the local climatologieal and hydrological conditions.The SIWARE
model simulations for the 82 calculation units in the study area offer the opportunity to test these salinity criteria to the local Egyptian conditions. The fact that
the model simulations are proven to be correct (within certain limits) supports this
suggestion.
Relationbetweenirrigation watersalinityand soil salinity
It seems logical to assume a certain relation between irrigation water salinity and
the resulting soil salinity. Examining this relationship for the crop long berseem
(fig 51a), it appears that such a relation may be present, but that the scatter of the
data is considerable. The scatter most probably can be attributed to differences in
hydrological conditions, but also to differences in the relative amount of water
supply. In an attempt to explain (at least part of) the scatter, the seasonal leaching fraction has been calculated for each of the calculation units distinguished in
the model analysis. This leaching fraction is defined as the amount of irrigation
applied (including unofficial reuse of drainage water) diminished with the seasonal amount of évapotranspiration. In the analysis this seasonal leaching has been
calculated as the difference between the sum of drainage and leakage diminished
with the quantity of upward seepage. The model simulation results for long berseem for the 82calculation units can beclassified according to this seasonal leaching percentage into three categories: the category with the lowest leaching percentages; one with the medium leaching percentages; and one with the highest
leaching percentages. For each category the relationship between irrigation salinity and soil salinity has been established (fig 51a, 51b, and 51c). For both the low
and the medium leaching fractions the scatter in the data points has been reduced
considerably by thisprocedure. For the highest leaching fraction this wasmuch less
thecase (fig 5Id). The average relationship for the three categories separately show
clear differences. On the average the soil salinity resulting from irrigation with a
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certain salinity ismuch higherunder low leachingconditions than that under higher
leakage conditions (figs 51b and5Id).
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Because of the importance of the leaching percentage on the ratio between soil
salinity andirrigation water salinity, it hasbeen decided to investigate this matter into more detail. Forthis purpose theleaching percentages andassociated soil
salinity andirrigation salinity values forallcrops inthestudy area have been tabulated according toincreasing leaching percentage. Next, thedata have been classified into groups with adifference of5%leaching between two successive groups.
Per group theaverage ratio between soil salinity andirrigation water salinityhas
been determined. Theminimum leaching percentage considered was 0% (fig 52a)
and the maximum was65%(fig 52b). This means that values below -3% and
above 67% have notbeen considered in this analysis. The difference betweenthe
two ratios obtained is considerable: the same irrigation salinity produces a 60%
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higher soil salinity when zero leaching is applied compared to 65% leaching (fig
52). The terminology 'zero leaching' seems contradictory. If no leaching takes
place, the soil salinity continues to increase until crop production is no longer
possible. In the present analysis leaching has been defined on the basis of the
complete soil profile, however, and zero leaching does not mean that the crop root
zone is not leached during the growing season. Moreover, the definition of the
seasonal leaching percentage, as used in this analysis, does not consider depletion
or supplementation of the soil moisture storage reservoir during the growing
season. Crops like cotton and wheat for instance, are kept extremely dry at theend
of the growing season and consequently the leaching percentages calculated give
an underestimation of the real leaching conditions. For crops like rice and vegetables the reverse holds true and the seasonal leaching percentages give an overestimation of the real leaching conditions.
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In order to check mutual dependencies in the relation between the ratio of soil
salinity and irrigation water salinity and the leaching percentage, also the irrigation salinity and the soil salinity have been plotted against the leaching percentages for each class (fig 54). Up to leaching fractions of 50% the irrigation salinity (including unofficial reuse of drainage water) varies around an average value of
400 g.m3. Above this leaching percentage the irrigation salinity appears to be
higher (fig 54a). In other words, the leaching percentage in the study area normally varies between 0 and 50%. For irrigation water salinities above 400 g.m3
farmers tend to apply more leaching than 50%, most probably to counteract the
salinization effect of these high irrigation water salinities. This observation is confirmedbyexamining the relation between soil salinity and leaching percentage (fig
54b). Higher leaching appears to have a favourable influence on the average soil
salinity, until the leaching percentage reaches a value of about 50%. Above this
leaching percentage the soil salinity increases with increasing leaching. Of course this increased salinity is not caused by the increased leaching, but by the higher irrigation water salinity (fig 54a).
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The ratio between soil salinity and irrigation water salinity obtained for the respective leaching percentage classes appears to show a very good correlation with
the leaching fraction of each class separately (fig 53). This relation can be used
by water managers to translate the irrigation water salinity to soil salinity, provided that the leaching percentage is known. Unfortunately, this is generally not the
case, however.
The relationships between irrigation salinity and soil salinity discussed before are
quite interesting, because they prove that the model simulations produce logical
results, which in itself can be considered as a model validation. The practical usefulness of the relations given in figures 53 and 54 is limited because the parameter to be known for using the relationships is the seasonal leaching percentage for
the crop considered. Moreover, specific soil and crop characteristics which are
important, such as crack formation, rooting depth soil moisture depletion, etc. are
neglected in this analysis.
For practical purposes it is more useful to divide per crop the simulation results
in three more or less equal classes of leaching fraction and determine the ratio between soil salinity and irrigation salinity per class. This analysis, which has been
done for long berseem (fig 51), has been performed for all crops and also for the
aggregated cropping pattern of 1986 (table 14). In this table the average leaching
percentage of each category has been included.Thecrops wheat,cotton,maize,and
deciduous trees appear to have lower leaching percentages than the average. The
crops berseem (both long and short),vegetables (both winter and summer) and rice
show above average leaching percentages (table 14). The average leaching percentage of the cotton crop for low leaching conditions of -19% indicates a groundwater contribution to the évapotranspiration of this crop under these circumstances.

Table 14. Leaching
percentages andratio of soilsalinity overirrigation water salinity
3
(10 .mmho.cm'lg.n?)for themainfieldcrops in thestudy area during 1986,
simulated with theSIWARE modelfor high, medium andlow leaching conditions.
leaching conditions

crop
wheat
long berseem
short berseem
winter vegetables
cotton
maize
rice
summer vegetables
trees
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favourable

medium

unfavourable

% leaching EC/c„

% leaching EC/c^

% leaching EC/c

33
51
53
55
20
35
62
57
30

6.02
4.17
3.99
4.17
5.46
4.89
4.86
5.04
11.03

22
42
42
46
13
28
52
44
20

5.60
4.31
4.92
4.56
5.81
4.87
5.41
4.75
11.73

3
33
34
25
-19
13
43
29
0

7.61
5.03
5.70
5.99
6.86
5.60
5.82
7.04
19.88

The ratio of soil salinity and irrigation water salinity and the average leaching
fraction appears to show a good correlation with each other (fig 55).For the summer crops the relations for rice and summer vegetables are significantly different
from those for cotton and maize. The reason for this difference must be sought in
the rooting depths of these crops (table 5). A larger rooting depth means extraction of soil moisture to a larger depth in the soil profile, and consequently leads
to a higher leaching efficiency (fig 55a). For the winter crops the differences in
rooting depth are less pronounced and the resulting relationships are closer together (fig 55b).
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Relationbetweenirrigation watersalinity and crop yield
The ratio between soil salinity and irrigation water salinity can be used to convert the relationships between crop yield and soil salinity (fig 50) to relationships
between crop yield and irrigation water salinity (fig 56).For average leaching conditions the cotton crop appears to be the least sensitive summer crop and vegetables the most sensitive for irrigation water salinity (fig 56a).Up tocrop yielddecreases of about 50% wheat is the least sensitive wintercrop, but below 50%crop
yield decrease berseem is the least sensitive (fig 56b). Vegetables appear to be the
most sensitive winter crop. In table 15 the threshold value's and the decline in
crop yield per unit (g.m"3)increase in irrigation water salinity for high,mediumand
low leaching conditions are given for the major field crops.
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Fig56.Relationship between crop yield and irrigation water salinityfor average leachingconditionsduring 1986inthestudyareabasedonSIWAREmodelsimulations.
a - summer crops

b- winter crops

For irrigation water salinities below 400 g.m"3 no major crop yield problems are
expected under average leaching conditions. For an irrigation water salinity of 800
g.m3, during summer time, the vegetable crop is seriously affected (crop yield
reduction of almost 50%). During the winter period the vegetable crop yield is
reduced with about 35% for such an irrigation water salinity and also the maize
crop suffers a crop yield decrease of about 30%. Consequently, under average
leaching conditions, vegetables and maize should be excluded from the cropping
pattern at irrigation water salinities above 800 g.m3. With an irrigation water salinity of 1,200 g.m'3 also the rice crop suffers a serious crop yield depression of
about 40% under average leaching conditions (fig 56). The berseem crop yield is
affected with about 15%at this irrigation water salinity level. Irrigation water salinities above 1,200 g.m'3 consequently prohibit, besides the vegetable crop, also
the successful cultivation of rice. For the summer period cotton is the only alternative left for irrigation water salinities above 1,200 g.m3 under average leaching
conditions. With an irrigation water salinity of about 1,600 g.m"3the cotton crop
is not yet seriously affected under average leaching conditions, but all winter crops
will suffer yield decreases. Wheat will produce about 30% less, while berseem
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shows a yield reduction of more than 35% (fig 56).
Summarizing, the following irrigation water salinity classification can be made for
average leaching conditions:
- salinity below 400 g.m'3:
- salinity from 400 - 800 g.m3:
-salinity from 800 - 1,200 g.m3:
- salinity above 1,200 g.m'3:

no problems;
increasing problems with vegetables and maize;
increasing problems with rice;
serious problems with vegetables and maize;
increasing problems with berseem and wheat;
serious problems with rice;
cultivation of vegetables and maize impossible.

Relation between irrigation water salinity and crop production
Combining the crop yield - irrigation water salinity relations (table 15) with the
cropping pattern for the Eastern Nile Delta for 1986, the relation between the total
crop production and the irrigation water salinity for the complete Eastern Nile
Delta can be drafted (fig 57). Large differences can be noticed for the different
leaching conditions which have been defined before. In this context high leaching conditions imply a sufficient water supply and good internal (soil profile)
drainage conditions. Low leaching conditions are caused either by an insufficient
water supply or bad internal drainage conditions (for instance due to low soil permeability or seepage conditions), or by a combination of both. The relationships
derived (fig 57) indicate that higher irrigation water salinities are permissible,
provided that the irrigation water supply is adequate and drainage conditions are
good, for instance by installing a subsurface drainage system. In the range of crop
production levels up to 75%, the irrigation water salinity apparently may be increased by roughly 50% on the condition that the drainage conditions are improved and the water supply is adequate. At 90% crop yield level the salinity of the
irrigation water may increase from 500 g.m 3 to 750 g.m'3 by changing low leaching conditions to high leaching conditions (fig 57). At 75% crop yield level the
salinity may rise from 800 g.m3 to 1,200 g.m3.
Table 15. Cropresponse to irrigation watersalinityfor high,medium, and low leaching
conditions. Threshold value(g.ni3)andyield decline(%)per unit increase of
irrigation salinity (gjn3).
leaching conditions
favourable

medium

unfavourable

crop

threshold decline

threshold decline

threshold decline

wheat
long berseem
short berseem
winter vegetables
cotton
maize
rice
summer vegetables
trees

1,070
370
370
370
1,360
310
620
330
200

960
330
300
320
1,300
300
560
270
150

810
300
260
250
1,090
270
520
220
100

0.039
0.024
0.024
0.061
0.028
0.057
0.058
0.069
0.149

0.044
0.027
0.030
0.070
0.029
0.060
0.065
0.083
0.185

0.052
0.030
0.034
0.089
0.034
0.067
0.070
0.100
0.270
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Fig57.Relation between relative crop yield and irrigation water salinityfor the averagecroppingpattern inthe EasternNileDeltafor low (22%), medium (35%), and
high (47%) leaching conditions.
The relation between crop yield and irrigation water salinity (fig 57) can also give
an indication of the crop yield increase due to improvement of drainage conditions. For an irrigation water salinity of 400 g.m3 the increase is roughly 6% and
for a salinity of 1200 g.m*the increase is about 26%. It should be kept in mind,
however, that the crop yield increase by improving drainage conditions derived
from figure 57 does not give the total potential crop yield increase that results
from improving drainage conditions. The installation of a subsurface drainage also implies in general the lowering of the groundwater table, whereby crop root
growth which may have been impeded by high groundwater tables, is no longer
limited.Under theseconditions the agricultural waterrequirement itself willchange
(increase) due to higher optimum évapotranspiration rates. In other words the potential crop yield of subsurface drained fields will be higher. This effect should
be superimposed on the crop yield increases which can be derived from the relationship given in figure 57.
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5. WATER MANAGEMENT STRATEGIES
5.1. Introduction
Before any simulation model can be used for predictions it should be sufficiently calibrated and validated. This has been shown in the previous chapter. Consequently, application of the SIWARE model to the Eastern Nile Delta for the evaluation of alternative water management strategies is warranted. Although the
SIWARE model has been sufficiently calibrated and validated, the simulation
results should still be interpreted with caution. Application of the model to ranges and conditions not covered during the validation, may cause deviations in the
absolute values of the simulations when compared to reality. Interpretation of
model simulation results should therefore be confined to the mutual comparison
of alternative water management strategies and not too much value should be attached to the absolute simulation results.
It has been mentioned before that the water management system in the Eastern
Nile Delta can be classified as rather efficient. Consequently, the margins for
changes in the present water management system are not very large. This means
also that changes in the model results, such as for instance total drainage discharge, soil salinity, crop transpiration, etc, will not be very large. When changing the
water management in an area such as the Eastern Nile Delta, generally two effects are superimposed: a short term effect as a result of the changes in the water
supply, its distribution, and its salinity; and a long term effect as a result of changes in the salinity of the distinguished water balance components. This long term
effect is sometimes also referred to as the 'memory' of the system. In order to
avoid disturbances of long term effects on the comparison between alternative
water management strategies, equilibrium soil salinity conditions should be obtained for each cluster of strategies. This 'clearing of the system's memory' is accomplished by running the SIWARE model for a period of at least 50 years for
a strictly defined reference situation. For all alternative strategies belonging tosuch
a cluster the sameinitial conditions for soil moisture and salinity obtained with this
long term reference simulation will be used.
One of the main objectives for the analysis of different water management strategies is todetermine the availability of reusable drainage water for irrigation. The
amount of reused drainage water is part of the water management strategy (fig 1),
because it reduces the amount of Nile water needed. On the other hand, the actual amount of drainage water available for reuse is the outcome of a certain water
management strategy. If both quantities (the assumed quantity when allocating the
Nile water, and the actual available quantity) differ, the water allocation was not
optimal. If the drainage water actually available is more than assumed by the water
manager, less Nile water could have been used. If the actual available drainage
water was less than assumed by the water manager, more Nile water should have
been used. With the SIWARE model this allocation of water, differentiated for the
distinguished irrigation command canals,can be simulated beforehand. During runtime a message file is created by the model in which differences between assumed and realized quantities of drainage water for reuse are reported. By updating
the reuse quantities for the water allocation and running the model again, a consistent water management strategy can be obtained.
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In practice not all simulated amounts of drainage water available for reuse is actually reused. Generally reuse pump stations are constructed in a small branch of
the main drain from where they withdraw the drainage water. In this way the
main drain itself functions as a by-pass for emergency cases, and excess water
which is not reused will continue in the main drain. During 1986 the reuse of
drainage water has been maximized, and still about 30% of the simulated available drainage water for reuse was not utilized for this purpose. The reasons for
this phenomenon may be a low demand for water in the winter period; mismatches between the pump unit capacities and the available amount of drainage water,
or calamities, such as electricity cuts. The percentage of unused available drainage water varies from 90% during the winter months with low demand and low
drainage flows, till 20% during the summer months with high demand and high
drainage flows. Based on the simulation results for 1986 and the actual reused
quantities the fractions of simulated drainage water which are actually reused have
been established (table 16).In the message file created by the SIWARE model the
simulated available quantities of reuse are multiplied with these fractions.
Table 16. Fraction of theavailable drainage water which isactually reusedfor irrigation. Results based on thesimulations and observations of1986.
fraction
pump station

winter

spring/autumn

Wadi
Blad El Ayed
Hanut
Saft

0.37
0.56
0.62
0.22

0.71
0.87
0.75
0.32
spring/autumn

winter = January - february
summer= June - september

SIMULATED REUSE 1986
(10 6 m 3 «month'1)
100-

summer
0.86
1.00
0.75
0.26

= march - may and October - december

SIMULATED REUSE 1988
( 1 0 6 m 3 * month-1)
100-1

50-

ACTUAL REUSE EASTERN
NILE DELTAIN 1986
( 1 0 6 m 3 * month-1)

50
100
ACTUAL REUSE EASTERN
NILE DELTA IN 1988
( 1 0 6 m 3 * month'1)

Fig 58. Comparison ofactual reuse ofdrainage water inthe Eastern Nile Delta with the
simulated reuse ofdrainage water (after multiplication with thefactors given in
table 16).
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Using these correction factors for the simulated available reuse, an average deviation in the monthly reuse quantities of 7% is obtained for the simulation (calibration) year 1986 (fig 58a). For the simulation (validation) year 1988 the average monthly deviation is larger, about 25% (fig 58b).
In consultation with the Steering Committee three groups of water management
scenarios have been selected for analysis with the SIWARE model. They are the
following:
- rice area and allocation duty strategies;
- extension of agricultural area strategies;
- local water management improvement strategies.
The rice crop is known to have large water requirements of about 2 to 3 times
those of the other summer crops. Savings of irrigation water can thus be realized
by exchanging the rice in the crop rotation by other summer crops. During 1988
this was the case, when the Ministry of Public Works and Water Resources was
faced with a serious water shortage. The decision was made then, to forbid the
growing of rice in the southern part of the Eastern Nile Delta and to replace this
crop in these areas by maize. During the implementation of this water management strategy a problem was encountered. The reuse of drainage water appeared
to be much less than anticipated beforehand. As a consequence, the water allocation had to be adjusted during the implementation of this strategy. The practical
question of the Ministry of Public Works and Water Resources regarding the rice
strategies is the following: which quantities of drainage water are available when
the rice areas are reduced step by step in the Eastern Nile Delta. Another method
of saving on Nile water supply to the Eastern Nile Delta is to reduce the allocation water requirement of the rice crop. The philosophy behind reducing the allocation water requirement for rice is that farmers may be forced to use the available water more efficiently, thereby reducing the losses of irrigation water. The
results of the rice strategies are treated in chapter 5.2.
Horizontal expansion of the agricultural area in the Eastern Desert is foreseen in
the planning of the Ministry of Public Works and Water Resources in the near
future. The extension anticipated is about 350,000 feddans, at a pace of 44,000
feddans per year. This would increase the present gross agricultural area in the
Eastern Nile Delta of about 1.8 million feddans with almost 20%. The practical
question of the Ministry of Public Works and Water Resources in this respect is
the following: which allocation of irrigation water has to be applied if, starting
from the cropping pattern and water supply of 1988, the irrigation water for an
additional area in the Eastern Delta of 44,000 feddans.year"1 has to bemade available, taking into account the reductions in the amounts of drainage water available for reuse. The results of the extension strategies are treated in chapter 5.3.
As has been mentioned before in chapter 4.4.2., there is a considerable discrepancy between the water duties used by the Ministry of Public Works and Water
Resources for the water allocation, target level control and gate opening procedures, and the agricultural, spatially variable water requirements as experienced by
the farmers. In the traditional irrigation water management in the Nile Delta, the
water management control was very tight. Farmers were obliged to use sakkias for
irrigating theirfields.The supply pipes to the sumps from where sakkias take their
water had a limited size and were under control of the Ministry of Public Works
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and Water Resources. Consequently, farmers were forced to irrigate during night
hours as well. The introduction of small capacity, movable diesel pumps has
created an overcapacity in the available irrigation tools, and farmers (located near
the intake gates of the irrigation system) are nolonger compelled to irrigate during
the night. As a result farmers at the downstream end of meskaas sometimes have
to use drainage water, because farmers upstream take more than their equal share.
The Ministry of Public Works and Water Resources is well aware of this problem.
The Steering Committee requested to evaluate with the SIWARE model the consequences of improving the local water management conditions by the elimination of these diesel pumps.The results of these strategies are treated in chapter 5.4.
For each of the three clusters of water management strategies defined above, a
reference situation has been defined. The initial conditions with respect to soil
moisture and soil salinity conditions have been obtained by running trie SIWARE
model for a period of 50 years. For each cluster of strategies this reference situation is different. Consequently, the results of a certain strategy from one cluster
cannot be compared to the results from a strategy from another cluster. Identical
initial conditions are a prerequisite for the mutual comparison of water management strategies.

5.2. Rice area and allocation duty strategies
5.2.1. Introduction
The rice crop is a very profitable crop for farmers and rice has become the main
staple food in Egypt. The rice crop, however, requires large amounts of irrigation
water, because it is grown under ponding conditions, thereby causing substantial
water losses. The function of rice in the cropping pattern is that it leaches salt,
accumulated in the root zone during the growing season of other crops (fig 41).
This leaching is more important in the northern part of the Eastern Nile Delta. In
the south, the soils are lighter textured (better internal drainage conditions), leakage conditions prevail, and the soil salinity is less.
Because of the high rice water requirements of almost 2 to 3 times those of other
summer crops, the Egyptian farmer is not allowed to grow any quantity of rice he
wants. The Ministry of Public Works and Water Resources has divided the Eastern Nile Delta in so-called rice zones (fig 59a). In the southern part of the Eastern Nile Delta (rice zone 5) the growing of rice is forbidden, because leaching of
salts is not necessary here. In the most northern part (rice zone 1) it is allowed to
plant 50% of the area with rice, because leaching of accumulated salts is a prerequisite in an area dominated by saline seepage from the aquifer (fig 59a).
For the rice strategies this practical subdivision of the Eastern Nile Delta in rice
zones has been followed in the model simulations. Five rice area reduction strategies can thus be recognized by taking the rice out of cultivation in zone 5first;
in zone 4 next; and so on. The alternative crop replacing the rice which is taken
out of cultivation is maize. The savings on water are considerable: the Ministry of
Public Works and Water Resources uses an allocation duty of 8,800m3.feddan"' for
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rice and 2,700 m3.feddan1 for maize, resulting in a water saving of 6,100 m3 for
each feddan of rice taken out of cultivation.

Rice z o n e s
1 1
5
4
3
ÜZZ3
l 1
2
1
1 1

Water requirement rice
(m3/feddan/year)
Ml
< 6000
6 0 0 0 - 7400
7 4 0 0 - 8800
8 8 0 0 - 10200
m
> 10200
I I
no rice grown

Fig 59. Rice growing zones in the Eastern Nile Delta and agricultural rice water requirements, simulated with the model WDUTY.
a - rice zones:
1: 50% rice; 2: 40% rice; 3: 30% rice; 4: 20%rice
b - agricultural water requirements of rice (m3.feddan ')

5: no rice

In principle rice is not allowed in the summer cropping pattern in zone 5 (fig 59a),
although in reality some rice is grown here. For the definition of the rice area
reductions strategies the reference cropping pattern has to be defined. For this purpose both the cropping patterns of 1984 and 1988 have been compared and the
maximum percentage of rice occurring in each calculation unit has been selected
as the reference. The water supply to the Eastern Nile Delta for this reference
strategy has been taken equal to the allocation requirements for this specific cropping pattern. Due to the interference of the official reuse of drainage water, which
can be deducted from the gross allocation requirements, a few iterations had to be
made. A 50 year run has been carried out to obtain equilibrium conditions for soil
salinity. These soil moisture and salinity conditions have been used for all rice
strategies as initial conditions. This facilitates the interpretation when comparing
the different rice strategies mutually.
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Theallocation waterduty used bythe Ministry of PublicWorks andWater Resources is considered uniform within the Eastern Nile Delta. Calculations with the
WDUTY sub-model showed that due to differences in climatic, soil and hydrological conditions, the actual water requirements on field level may vary from 5,500
to 13,300 m'.feddan'1 (fig 59b), with an average value of approximately 7,600
m'.feddan'1. The latter value is almost 15%less than the allocation duty of 8,800
m3.feddan1 used by the Ministry of Public Works and Water Resources. On the
average the actual seasonal realized évapotranspiration of the rice crop is about
3,300 m'.feddan1. Consequently the water losses from rice fields must be considerable, leading to relatively high drainage discharges during the rice growing
season. It is very well conceivable that by reducing the water supply during the
rice growing period farmers will be forced to use the irrigation water more efficiently. When their demand cannot be met by the irrigation water supply, they
can also turn to the drainage canals, where water is abundantly available.
Based on these considerations, it has been agreed with the Steering Committee to
supplement the strategies with thericeacreage reductions by reductions in therice
water allocation duties. Five alternatives have been considered: the highest water
allocation duty is the conventional one (fig 60a), and the lowest one has an allocation duty equal to the maize crop (fig 60f). The monthly distribution of the
water allocation duty for rice has been determined by averaging the official water
allocation duty used bythe Ministry of Public Works andWater Resources andthe
ricecrop water requirements simulated with WDUTY (fig 60b).This average relative distribution has been fixed, which finally resulted in the allocation duties
given in figures (60c - 60f).
In the discussions with the Steering Committee both the reductions of the rice allocation water duties till 7,400 and 6,000 m'.feddan"1 were considered realistic.
Further reductions below 6,000 m'.feddan'1 were felt tocontradict the existing evidence of the high water requirements of the rice crop. Some recent field studies,
conducted on both experimental and farmers fields, indicate that a lower actual
water use than 6,000 m'.feddan'1 for the rice crop may occur. El Atfy et al (1990)
report actual water uses of 9,500 m\feddan"' at King Osman experimental field in
the Western Delta, 6,700 m'.feddan"1 at the Zankalon experimental field near Zagazig in the Eastern Delta and 5,800 m'.feddan"1 at the Sakha experimental field
in the Middle Delta (table 17). On farmers fields El Guindi and Risseeuw (1987)
report even lower values of 5,900 m'.feddan"1 at the Anwar Hamad farm, 5,000
m'.feddan"1 at Nokrashi area and 4,800 m3.feddan"' in the Basal area, all located in
the Western Nile Delta (table 17).These reported values give the actual water use
on field level. For the water allocation the unavoidable operational irrigation water
losses have to be added, in order to assure a good water distribution among farmers fields.
Based on these field researches, the allocation water duty of 4,600 m3.feddan'1 has
been included in the rice strategies as the lower limit of a practical reduction in
the rice water allocation duty. As an absolute extreme water saving strategy, an
allocation duty of 2700 m3.feddan"1 for rice has been added. For this extreme, the
gross water savings are equal to the gross water savings obtained by removing all
rice from the cropping pattern in the complete Eastern Nile Delta. Both options
(removal of all rice and allocation duty for rice equal to that of maize, 2,700
nV.feddan'1) are considered unrealistic from a practical point of view.
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Fig60.Monthly distribution of thericewater allocation duties usedfor thericestrategies.
a - 8,800 m'ieddan'1 (conventional) b - agricultural requirements c - 7400 m'.feddanl
d - 6,000 m'.feddan '
e - 4,600 m'-feddan"1
f - 2700 m'.feddan '

Considering the monthly distribution of the water allocation duties for the reduction strategies (figs 60c - 60f) with those of thefieldresearches (fig 61),it can be
noticed that they resemble the monthly distribution of the field researches more
than that of the official allocation duty (fig 60a). In the Anwar Hammad farm, a
shortage of water at the start of the rice growing period is impeding the agricultural practices. As a result, the farmer has delayed the transplanting of rice, shifting the peak water use to August (fig 61a).The farmer also used drainage water
with a relatively high salinity to compensate for the shortage in irrigation water.
In the Nokrashi area the peak water use occurs in July. The water shortage in the
beginning of the rice growing season is less serious here. In the Basal area no
water shortage occurred and the water quality was good. The peak water use in
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this area is in the month June, during the rice transplanting period. In none of
the field observations the peak water demand of August as occurring in the official Ministry of Public Works and Water Resources (fig 60a) rice water allocation duty canbe observed.
Table17 Totalirrigation watergifts (m3.season')tothe rice cropinexperimental and
farmers fields.
seasonal reported water gift(m3)

area
King Osman (Western Delta)
Zankalon (Eastern Delta)
Sakha (Middle Delta)

9,525
6,709
5,783

Anwar Hamad (Western Delta)
Nokrashi (Western Delta)
Basal (Western Delta)

1977

1978

1979

5,670
5,292

6,300
5,334

5,628
4,956
4,893

ANWAR HAMAD
5900

©

®

NOKROSHI
5000
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month

Fig 61.Actualmonthly ricewaterusedistribution observed offarmersfieldsinthe Western Nile Delta during theperiod 1977- 1979reported byEl GuindyandRisseeuw (1987).
a • Anwar Hamad farm
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b - Nokrashi area

c - Basal area

Based on the before mentioned reductions in rice area and allocation waterduties,
the alternative rice strategies given in table 18 have been defined. In the ensuing
text in this chapter these strategies willbe referred to by the two parameters given
in table (18). The first parameter gives the rice area in thousands of feddans, the
second parameter gives the rice allocation duty in hundreds of m3 per feddan.
Table 18. Definition of rice area and water duty strategies.
Rice area
(feddans)

8,800

510,385
468,356
375,264
308,872
209,635
-

(510,88)
(468,88)
(375,88)
(309,88)
(210,88)
(0*8)

rice allocation duty (m'.feddan1)
~
7,400
6,000
4,600
(510,74)
(468,74)
(375,74)
(309,74)
(210,74)

(510,60)
(468,60)
(375,60)
(309,60)
(210,60)

(510,46)
(468,46)
(375,46)
(309,46)
(210,46)

-

-

-

2,700
(510^7)

In addition to these 22 rice area and water duty scenarios one more scenario has
been formulated. For this strategy the water allocation duty has been considered
spatially variable: 8,800 m'.feddan"1 in the southern part of the study area (rice
zone 5); 7,750 in rice zone 4; 6,700 in rice zone 3; 5,650 in rice zone 2; and
4,600 m'.feddan"1 in the most northern part of the study area (rice zone 1). The
spatial distribution of these water allocation duties follows more or less the agricultural water requirements of the rice crop (fig 59b). This scenario with variable
allocation duty is coded (SIO,VA).

S.22. Water savings
Reuse of drainage water through official reuse pump stations results in savings on
irrigation water. The area supplied with a mixture of fresh Nile water and reused
drainage water needs less water from the Nile supply. When water management
measures are introduced with the objective to save on irrigation water, possible
reductions in the amount of drainage water available for reuse have to be taken
into account. Replacing one feddan of rice by one feddan of maize reduces the
gross allocation requirement with the difference in allocation duties of both crops,
i.e. 8,800 - 2,700 = 6,100 m3 of irrigation water. If this feddan of rice to be replaced by maize is located inside the catchment of a reuse pump station, however,
the drainage water available for reuse reduces also. This reduction is the difference between the drainage of one feddan of rice and one feddan of maize. Consequently, the water supply to the irrigation canal in which this drainage water is
to be reused, has to be corrected for this difference. The net Nile water savings
of watermanagement measures, such asreplacing rice bymaize anddecreasing the
allocation duty of thericecrop,are therefore always less than thereductions in the
total gross allocation requirements, which includes the official reuse of drainage
water.
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Examining the results of the 23 rice area and allocation duty reduction strategies
(table 19) confirms this. In all strategies defined, where either the rice area or the
rice water duty has been reduced, the official reuse of drainage water falls short
of the amount calculated for the reference strategy (510,88).The maximum reduction in the gross waterrequirements (including the official reuse of drainage water)
considered is 3,195 million m'.year"1.Generally, there are two ways to achieve this
water allocation reduction: either by reducing the rice area, or byreducing the rice
water allocation duty.Thepractical question now is which method of saving water
is the best with the minimum of negative effects.
Table 19. Eastern Nile Delta water balancefor the123defined rice area andwater duty
strategies. Allfiguresinmillion ni.year'
The first number in the strategy identification refers to the rice area in thousands of feddans; the
second number refers to the allocation duty in hundreds of rnVfeddan"1.

strategy
number

gross water official
requirement reuse

irrigation
losses

drainage
to sea

(510,88)
(468,88)
(375,88)
(309,88)
(210,88)

12,760
12,491
11,903
11,488
10,868

851
787
704
641
565

11,909
11,704
11,199
10,848
10,302

3,444
3,369
3,137
.2,973
2,736

5,199
5,104
4,774
4,548
4,222

56
56
57
58
59

(0,88)

9,581

528

9,053

2,156

3,276

64

(510,74)
(468,74)
(375,74)
(309,74)
(210,74)

11,968
11,768
11,328
11,016
10,550

771
727
664
610
578

11,197
11,042
10,664
10,405
9,992

2,828
2,798
2,629
2,614
2,482

4,551
4,498
4,284
4,151
3,926

59
59
60
60
61

(510,60)
(468,60)
(375,60)
(309,60)
(210,60)

11,234
11,094
10,787
10,570
10,247

693
662
613
584
546

10,540
10,433
10,174
9,986
9,701

2,479
2,473
2,431
2,394
2,332

4,022
3,998
3,878
3,798
3,675

62
62
62
62
62

(510,46)
(468,46)
(375,46)
(309,46)
(210,46)

10,572
10,447
10,269
10,145
9,958

625
607
578
560
537

9,902
9,840
9,692
9,585
9,422

2,251
2,265
2,265
2,254
2,234

3,572
3,569
3,527
3,493
3,453

64
64
64
64
63

(510,27)

9,565

549

9,016

2,043

3,138

65

(510.VA)

11,364

740

10,624

2,569

4,031

62

Nile water
supply

system
efficiency

Effecton officialreuseof drainage water
By the reduction of the rice area, replacing the rice by maize in the southern part
of the Eastern Nile Delta first, the reuse of drainage water is affected (fig 62a).
If the allocation duty for rice is maintained at the present figure of 8,800
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m3.feddan'\ the official reuse of drainage water reduces with about 150million m3
for each 1,000 million m3 of reduction in total gross allocation requirements (fig
62a). This means that 15% of the water savings envisaged by reducing the rice
area are not realized due tothereduction in the reuse of drainage water. If therice
area is reduced below 210,000 feddans, the official reuse reduces much less with
Officialreuseofdrainage
water(106m3•year"1)

• 8800

800variable
8800/4600 *
700-

600

500

Officialreuseofdrainage
water(106m3•year1)

510000

800 -

©

700

600 . . _ • 210000

500

nonce
-i—

10

—i

11

1

1

12
13
Grosswaterrequirements
9 3
1
EasternNileDelta(10 m •year" )

Fig62. Relation between gross water requirements Eastern NileDelta andthe official
reuse ofdrainage waterfor the23distinguished rice area andallocation water
duty strategies.
a - the lines connect strategies with equal allocation duty and different rice areas
b - the lines connect strategies with equal rice area and different allocation duties
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only 15million m3per 1,000 million m3reduction in gross waterrequirements (fig
62a). The reason for this is that the reuse pump stations are mainly located in the
central and southern part of the Nile Delta. Taking rice out of cultivation in areas
outside the catchments of the reuse pump stations does not influence their discharge.
With the reduction of the allocation water duty of rice, the reduction in the official reuse is much less. If the rice area is maintained at the present figure of
510,000 feddan, the official reuse of drainage water reduces with about 100 million m3 for each 1,000 million m3 of reduction in the gross allocation requirements (fig 62b). This means that in this case about 10%of the water savings envisaged are not realized. This percentage is more or less constant over the complete range of allocation duties investigated. For the maximum reduction till 2,700
m3.feddan'', this results in an official reuse of drainage water of 20 million m3
more than for the complete removal of rice from the cropping pattern. Both strategies have the same gross allocation requirement.
The strategy with the variable allocation duty (SIO.VA) has a higher official reuse
of drainage water for the same gross water requirement than any other strategy
with a comparable gross water requirement (fig 62a). The highest allocation duty
is used in the southern part of the Eastern Nile Delta were the majority of the
drainage water is reused, and the lowest duty in the northern part were almost no
drainage water is reused.
By the reduction of the gross water allocation to the Eastern Nile Delta also the
reuse of drainage water reduces. The net water savings are therefore less than the
reduction in the total water allocation. Water savings by reducing the allocation
duty of rice is more efficient than through the reduction of the rice area. When
reducing the allocation duty, the reduction is effective for about 90% due to the
associated reduction in reuse of drainage water. When reducing the rice area, the
reduction is effective for 85%only, for the same reason.
Effecton irrigationwater losses
The rice crop requires large amounts of irrigation water because it is grown under ponding conditions. During the rice growing period the irrigation canals are
operated at their maximum capacity (peak demand). Consequently the irrigation
water losses are also at their maximum during this period. When substituting the
rice crop by maize, or by decreasing the allocation duty for rice, the total irrigation losses (the sum of conveyance, tail-end, and spillway losses) decrease (table
19).
Maintaining the allocation duty at the conventional 8,800 m3.feddan1, the reductionin the gross water requirements of 1,000 million m3 of water by reducing the
rice area results in a reduction of the irrigation losses of 400 million m3 (fig 63a).
This means that growing of the rice crop results in 40% more irrigation water
losses than growing the maize crop. In other words: by the elimination of rice
from the summer cropping pattern the operation of the irrigation system becomes
more efficient. This reduction in irrigation water losses is fairly constant over the
complete range of rice area reductions (from 510,000 feddan till zero).
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Also by reduction of the allocation duty the losses of irrigation water are reduced (fig 63b).In this case the reduction of the losses is the largest by reducing the
allocation from 8,800 till 7,400 m3.feddan"1, 775 million m3 per reduction of the
gross water requirements of 1,000 million m3.Further reductions of the allocation
duty for rice with 1,400 m3.feddan results in a reduction of the losses with 475
million m3 and 350 million m3 per reduction of the gross water requirement with
1,000 million m3 (fig 63b). The last reduction considered until an allocation duty
of 2,700 m3.feddan'' gives areduction of the irrigation losses of 20% of thereduction in gross water requirements only.
This last strategy (510,27)with a rice allocation duty equal to that of maize results
in 110 million m3 less irrigation water losses than the strategy without rice (o,88)
which has anequal gross waterrequirement (fig 63b).This difference iscaused by
the greater agricultural water requirements of strategy (510,27).
The savings of irrigation water by reducing the rice area are compensated with
about 40% by reduction in irrigation water losses. The savings of irrigation water
by the reduction of the allocation duty of rice are compensated by reductions in
the irrigation water losses to an even larger extent: 75% and 45%for the first two
reductions considered. For the next two subsequent reductions the compensations
are 35% and 20% respectively. Saving of irrigation water by reducing the rice allocation duty until 6,000 m3.feddan"1 is therefore superior to the reduction of the
rice area to reach comparable savings. This superiority is caused by the larger
reduction in irrigation water losses, resulting in a much smaller reduction in irrigation water uptake by farmers.
Effect on unofficial reuse
Two possible effects of the rice area and allocation duty strategies on the unofficial reuse of drainage water may be expected. Due to the reduction in the irrigation water losses and drainage quantities areduction in unofficial reuse as a result
of a lower availability of drainage water may occur. Due to the lower supply of
irrigation water to the agricultural areas, farmers will be compelled to use more
drainage water unofficially, in order to supply sufficient water to their crops.
By reducing the rice area, starting in the southern part of the Eastern Nile Delta,
the first effect appears to be dominant (fig 64a). For each 1,000 million m3 of
reduction in the gross water requirements, the unofficial reuse of drainage water
reduces with about 60 million m\ or 6% (fig 64a). Due to this reduction in official reuse the total crop water supply reduces more than the irrigation water uptake by farmers.
Maintaining the rice in the cropping pattern, but reducing the water supply by the
reduction in the rice allocation duty, results in an increase in unofficial reuse of
drainage water (fig 64b) for the first two reductions considered. The increase is
about 5% of the reduction in gross water requirements. This means that for each
1,000 million m3of reduction in gross water requirements fanners are abletocompensate about 50million m3of thisreduction by increasing the unofficial reuse.By
reducing the allocation duty for rice below 6,000 m3.feddan'1, however, the unofficialreuse drops sharply with 4% and 23%respectively. Apparently these reductions in the water supply have increased the irrigation efficiency to such an extent,
that the availability of drainage water for unofficial reuse becomes a limitation.
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Effecton crop water supply
All these changes in official and unofficial reuse of drainage water and changes
in irrigation water losses have effects on the net crop water supply. In order to
evaluate the different strategies these effects have to be combined. In the following discussion three levels of reduction in the gross water requirements will be
treated: a reduction of 1,000 million; 2,000 million; and a reduction of 3,000 million m\
Reducing the rice area to achieve a 1,000 million m3 reduction in water requirements results in a reduction of the official reuse of 170 m3 (fig 62a). The resulting net water savings are then 830 million m3. The irrigation water losses are
reduced with 370 million m3 in this case (fig 63a). Consequently the irrigation
water uptake by fanners reduces with 460 million m3 only. The reduction in unofficial reuse is 40 million m3 (fig 64a) and the total crop water irrigation reduces with 500 million m3 only. This reduction in crop water supply is a mere60%
of the net savings on Nile water supply to the Eastern Nile Delta.
If the allocation duty for rice is reduced to achieve a 1,000 million m3 reduction
in water requirements, a reduction of the official reuse of 100 million m3 is realized (fig 62b). In this case the net water savings are 900 million m3 . Since the
irrigation water losses are reduced with 750 million m3 for this alternative (fig
63b), the irrigation water uptake by farmers reduces with 150million m3only.The
unofficial reuse increases with about 55 million m3 (fig 64b), so the crop water
supply reduces with 95 million m3 only. This reduction in crop water supply is
11% of the net water savings only.
These remarkable results can be ascribed to the flexibility in the water management system in the Eastern Nile Delta. Apparently, saving of irrigation water by
reducing the allocation duty of rice makes a better use of this flexibility than the
alternative method of replacing rice by maize.
In a similar manner the reduction in crop water supply for a reduction of 2,000
million m3 in the gross water requirements can be calculated. In this case it turns
out that by reducing the rice area the crop water supply reduces with 62% of the
net Nile water savings, and by reducing the allocation duty of rice the crop water
supply reduces with 33%of the net savings.
If the gross water requirements are reduced with 3,000 million m3, the difference
between both approaches is much less. Reduction of the rice area results in a reduction in crop water supply of 62% and reducing the allocation duty leads to a
reduction of 53%in the crop water supply. This means that the flexibility of the
water management system is exploited profitably by reducing the allocation duty
ofricetill the value of 6,000 m3.feddan"1isreached, butbelow thisvalue notmuch
additional benefits are obtained in improving the efficiency, compared to reductions in the rice area.
Effecton drainageto thesea
Due to the savings on irrigation water the flow of drainage water to the sea can
be expected to reduce accordingly. Reducing the rice area to achieve a reduction
in gross water requirements of 1,000 million m3, results in a reduction of the total
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discharge from the Eastern Nile Delta to the sea with about 550 million m3 (fig
65a). This means that the total drainage reduces more than proportional to the
reduction in net irrigation water supply to the Eastern Nile Delta. Each percent
reduction in Nile water supply reduces the drainage with 1.4%.
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If the rice area is maintained and the gross water requirements are reduced by
reducing the allocation duty of rice, the drainage water discharge reduces more. In
this case a reduction in gross water requirements of 1,000 million m 3 results in a
reduction of total drainage of about 800 million m 3 (fig 65b). This means that in
this case a reduction in the net Nile water supply gives a 2 . 1 %reduction in drainage water discharge.
Effect on system efficiency
A practical definition of the water management system efficiency is the percentage of the Nile water supply which is not discharged through the main drainage
system to the sea. Both water management measures investigated have a positive
effect on the system efficiency. Maintaining the conventional allocation duty for
rice at the present value of 8,800 m3.feddan"1 and reducing the rice area increases
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the efficiency with about 2% for each 1,000 million m3 of Nile water saved (fig
66a).For the lower allocation duties theincrease inefficiency becomes less.Atthe
allocation duty of 4,600 m'.feddan"1 the efficiency even decreases upon adecreasing rice area (fig 66a). The maximum efficiency which can be reached by reducing the rice area is 64% (table 19; fig 66a).
Maintaining the rice and reducing the allocation duty of rice has a much larger
effect on the system efficiency (fig 66b).In this case the efficiency increases with
about 4% for each 1,000 million m3 of Nile water saved, which is almost double
theeffect of reducing thericearea.Themaximum efficiency which can bereached
by this water management measure (65%) is slightly higher than the maximum
which can be reached by reducing the rice area.
Conclusions
The total reduction in the net irrigation water supply considered with the studied
alternative strategies covers arange until 2,900 million m'.year1. For reductions of
the water supply till 50% of this maximum (till roughly 1,500 million m3), the
analysis of the water balance components points in the direction that it is better
to save on irrigation water by reducing the allocation duty of the rice crop instead of reducing the area grown with rice. For reductions of net Nile water supply larger than 1,500 million m3the model analysis still indicates an advantage of
reducing the allocation duty, but the difference with reducing the rice area is not
large.

5.23. Crop reaction
In the rice area and water allocation duty strategies discussed in this chapter, the
water supply to the Eastern Nile Delta during the summer period (rice growing
season) is reduced. In the previous paragraph it has been discussed that farmers
compensate the diminished water supply by using the available water more efficiently, and by increasing the unofficial reuse of drainage water.
The distribution of the amount of water available at farm level among the different crops, which are simultaneously in the field, is the responsibility of the farmer.He will give the crop which he considers the most important the largest share
of the (limited) available water. This means that a lower allocation duty for the
rice crop not only affects the rice production, but also that of the other summer
crops in the field. During the summer period rice is considered as the highest
priority crop, followed by vegetables and maize (table 6).Cotton is considered the
lowest priority crop, because it withstands stress conditions easily. Consequently,
it can be expected that the reduction of the water supply during summer has the
least influence on the rice crop, and the highest on cotton.
Since crop production is related to the realized évapotranspiration, the crop reactionwill be considered here as the relative évapotranspiration (table 20) with respect to the reference simulation run, strategy (51038).
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Table 20. Watersavingsandrelativeévapotranspirationofthemainsummercropsforthe
23rice area and allocation duty strategies.
strategy

relative évapotranspiration (%)

water
savings
(%)
.

nee

maize

cotton

cropping
pattern

100.0
99.2
97.2
96.1
94.5

100.0
99.5
98.6
97.0
93.4

100.0
99.7
99.6
98.8
97.6

100.0
99.4
98.7
97.9
96.4

(510,88)
(468,88)
(375,88)
(309,88)
(210,88)

1.7
5.9
8.9
13.4

(0,88)

23.9

-

89.2

96.1

94.0

(510,74)
(468,74)
(375,74)
(309,74)
(210,74)

5.9
7.2
10.4
12.6
16.0

99.9
99.0
97.1
95.9
94.4

99.2
99.0
98.1
96.4
93.3

99.5
99.2
99.0
98.4
97.6

99.7
99.2
98.4
97.7
96.3

(510,60)
(468,60)
(375,60)
(309,60)
(210,60)

11.4
12.4
14.5
16.1
18.5

98.8
97.9
96.0
95.1
94.0

97.5
97.7
97.2
95.7
93.0

97.6
97.5
97.5
97.4
96.9

98.7
98.4
97.8
97.2
96.0

(510,46)
(468,46)
(375,46)
(309,46)
(210,46)

16.8
17.3
18.6
19.5
20.8

95.7
94.9
92.8
92.7
92.0

95.5
96.2
96.2
94.9
92.6

94.8
94.9
95.3
95.6
95.8

97.0
96.9
96.6
96.3
95.5

(510,27)

24.2

82.7

91.6

88.4

92.3

(510.VA)

10.8

98.8

98.9

98.4

99.2

Ricecrop
In the northern part of the Eastern Nile Delta the evaporative demand is slightly
lower than in the southern part and in the desert fringes. Due to the reduction of
the rice area in the southern part of the Eastern Nile Delta, the irrigation water in
the north shows an increase (higher salinity of thereused drainage water).Bythese
two factors the rice crop évapotranspiration is reduced gradually by the reduction
in the rice grown area while maintaining the official allocation duty at 8,800
m'.feddan"1 (fig 67a). This reduction cannot be explained by the reduction in the
water supply, which is reduced only for the areas where the rice crop has been
exchanged for maize.Thereason for this reduction must therefore be sought in the
higher irrigation water and soil salinities in the northern part of the Eastern Nile
Delta.
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The crop reaction of rice to reducing the area grown with rice for the allocation
duties of 7,400 and 6,000 m'.feddan'1 follows more or less the same pattern (fig
67a). For the allocation duty of 4,600 m'.feddan'1, however, the relative évapotranspiration of rice reduces more drastically with almost 8%. Under these water
supplyconditions thericecrop apparently starts to suffer from water shortages and
the crop yields are reduced. For the allocation duty of 2,700 m'.feddan"1 this phenomenon is even more clear (fig 67a) and the évapotranspiration of the rice crop
is reduced with 17% (table 20).
Maintaining the rice area intact, but saving water by reducing the allocation duty
of rice results in much smaller reductions in relative rice évapotranspiration rates
compared to reducing the rice area (fig 67b). For the rice area of 510,000 feddan,reducingthe allocation dutyfrom 8,800m3.feddan'1to 7,400m3.feddan"1results
in a water saving of about 6% without noticeable reduction of évapotranspiration.
Therelation between netwater savingsandévapotranspirationreduction fortherice
area of 510,000 feddan and that of 210,000 feddan intersect at strategy (210,60) (fig
67b). The water savings at this intersection point are about 18.5%.The allocation
duty for the rice area of 510,000 feddans for this intersection point is about 4,400
m'.feddan'1. For water savings larger than this 18.5% the rice crop évapotranspiration rate is maintained at a higher level by reducing the rice area till 210,000
feddan with allocation duties above this 4,400 m'.feddan*1 (fig 67b).
Savings on the use of fresh irrigation water, and maintaining the productivity of
the rice crop at a highest possible level, is achieved by reducing the water allocation duty of rice from 8800 m3.feddan1 to 4,600 m'ieddan'1, rather than by reducing the rice area. By this procedure savings on irrigation water up to 18.5%
can be obtained at the expense of 7% évapotranspiration losses. If larger water
savings than 18.5% are required the growing of rice should be confined to the
northern rice zone only (zone 1).
Maizecrop
The effect of reducing the rice area, while maintaining the allocation duty of rice
at 8,800 m3.feddan"\ on the relative évapotranspiration of maize is small for the
first two reductions until 375,000 feddan (fig 68a). Further reduction of the rice
area by replacing rice by maize results in a sharper decrease in the average productivity of the maize crop. Maize is quite sensitive to high soil salinity and
produces less good in the northern part of the Eastern Nile Delta. For the lower
rice allocation duties of 6,000 and 4,600 m'.feddan"1, prohibition of rice cultivation
in the southern part of the Eastern Nile Delta appears to have a positive effect on
therelativeévapotranspiration ofmaize (fig 68a).Apparently,theagriculturalwater
requirements in the southern part of the delta are such, that for allocation duties
lower than 7400 m3.feddan1, the maize crop is suffering at the expense of water
given to the rice crop. This means, on the other hand, that for allocation duties
above 6,000 m3.feddanI, the maize crop in the south is benefitting from the water
allocated for the rice crop, but given to the maize crop by the farmer.
Reduction of the allocation duty of rice has a much smaller negative effect on the
productivity of the maize crop compared to reducing the rice area (fig 68b). For
water savings up to about 10% the minimum adverse effect is obtained by reducing the allocation duty of rice until 6,000 m3.feddan"1. Larger water savings,
maintaining the productivity of the maize crop at its maximum attainable level is
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obtained by prohibiting the growing of rice in the first two rice zones (4 and 5).
Reduction of the rice area below this 375,000 feddan is notrecommended from the
viewpoint of maintaining the maize productivity. The growing of rice in the most
northern belt only (rice area 1) is in all cases unfavourable for the average maize
crop yield (fig 68b).
The strategy with the variable water duty (SIO.VA) turns out to be quite effective
with respect to the relative évapotranspiration of the maize crop (table 20).
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Cotton crop
The reaction of the cotton crop to reductions in the rice areas and rice allocation
duties is quite different from that of rice and maize (fig 69). Maintaining the allocation duty of rice at 8,800 m3.feddan"\ reductions in the rice area result in onlyminimalreductions intherelativeévapotranspiration of thecottoncrop (fig 69a).
At 24% water savings the relative évapotranspiration goes down with only 4%.
Maintaining the rice area and reducing the allocation duty however results in large losses in relative évapotranspiration (fig 69b).
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The reason for this difference inreactionof the cotton crop compared to therice
and maize crop is the irrigation priority ranking of the cotton crop, which is the
lowest. As a consequence any shortage of irrigation water is felt first by the cotton crop, contrary to rice and maize. When the water allocation duty of rice is
reduced until 4,600 m'.feddan"1, the cotton crop is even benefitting from reductions in the area grownwith rice (fig 69a).For savings on irrigation waterof about
24%, the crop damage of cotton is even 3 times as large when rice is grown (12%
évapotranspiration reduction), compared to the alternative without rice (4% évapotranspiration reduction).
Cropping pattern
The overall effect of the 23 rice area and allocation duty strategies can be considered in terms of the composite effect on the évapotranspiration. For the strategies with a different rice area the differences in potential évapotranspiration have
to be taken into account, however. For the reference strategy (51038), the average
évapotranspirationof thericecropwas748mm.year1.Formaizethisaveragevalue
is 705 mm.year'1. Since in the different strategies the rice area and the maize area
are different, the total évapotranspiration, simulated by the SIWARE model for the
cropping pattern, has been corrected for this difference in évapotranspiration of 43
mm.year1. This correction has to be weighted with the change in the fraction of
the Eastern Nile Delta which is grown with rice. Since the percentage of rice for
the reference strategy is 27.45%, the maximum correction (increase) in the simulated évapotranspiration of the cropping pattern for strategy (038) was 12 mm.
This is about 1%of the reference strategy évapotranspiration.
The implication of comparing the évapotranspiration of thecomplete cropping pattern with that of the reference strategy is that each reduction in évapotranspiration is valued equally. In other words, the reduction in évapotranspiration of for
instance the rice crop with one mm is considered equal to one mm reduction in
each one of the other crops.
According to the composite reaction of the cropping pattern (table 20) water
savings up to 11.5% of the Nile water supply for the reference strategy are obtained with minimal crop damage by reducing the water allocation duty of rice
from 8,800nr.feddan1 till 6000 nr.feddan1 (fig 70).Water savings from 11.5 till
14.5% should be realized by the subsequent reduction of the rice area from
510,000 till 375,000 feddan. Water savings from 14.5 till 18.5% are best obtained byreducing thericeallocation duty from 6,000 nr.feddan'1 till 4,600 m\feddan'
\ Water savings larger than 18.5% should not be obtained by reducing the
allocation duty below 4,600 m'.feddan'1, but by further reduction of the rice cultivation(table 21).
All these conclusions are based on the implicit assumption that theeconomic value
of each crop is proportional to its actual évapotranspiration, because each mm
reduction in évapotranspiration is valued equally.
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Table 21. Combination of the water management measures reducing rice area and reducing rice allocation dutywhich give theminimalcroppingpattern évapotranspiration depression.
water savings
range (%)

rice duty range
(m'.feddan1)
0->
11.5 ->
14.5 ->
18.5 ->

11.5
14.5
18.5
24

évapotranspiration
reduction range(%)

water management measures

8,800 -> 6,000
6,000
6,000 -> 4,600
4,600

rice area range
(1,000 feddan)
510
510 -> 375
375
375 ->
0

0 -> 1.3
1.3 -> 2.2
2.2 -> 3.4
2.4 -> 4.5
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Fig70.Evapotranspiration reduction ofthe croppingpattern (correctedfor the differencesinrice andmaize areas) inrelation tothe netwater savingsfor the 23 distinguished rice area and allocation duty strategies.
Lines connect strategies with equal allocation duty and different rice areas

Crop production
In chapter 4 a relation has been established between the relative évapotranspiration and the relative crop yield (table 13). In principle for all crops considered in
this analysis these relationships can be used to convert the relative évapotranspiration values to relative crop yields. The results of such an analysis should be
considered as a rough indication of the real crop yields only, because the relationships used (table 13) are empirical and have been derived for the cropping
pattern of 1986, for the average leaching conditions in the Eastern Nile Delta
during this year. Due to the changes in the cropped areas of rice and maize in the
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distinguished strategies, the largest changes in total crop production take place for
these crops. Therefore the analysis of crop production for the 23 strategies is restricted here to the production of maize and rice (table 22).
The maximum rice area considered is about 510,000 feddans and the corresponding rninimum maize area roughly 500,000 feddans. A decrease of the rice area
with 100% therefore corresponds with an increase in the maize area of about
102%.
The relative total crop production of rice is obtained as follows: the relative évapotranspiration values for rice (table 20) are first corrected for the crop yield reduction (1% reduction in évapotranspiration corresponds to 0.87% reduction in
grain yield). Next, the relative crop yield is multiplied with the relative rice area
(table 22). The resulting relation between the net water savings and the relative
total rice production is given in figure 71a.

Table 22. Water savings, relative rice and maize yield, andrelative totalproduction of
rice and maizefor the 23rice area and water allocation duty strategies. All
figures arerelative tothe reference strategy (sio.ss).
strategy

water
savings

crop yields(%)

(%)

nee

maize

nee

maize

total

100.0
99.3
97.6
96.6
95.3

100.0
98.8
96.3
92.4
83.2

100.0
92.1
72.4
58.7
38.9

100.0
106.8
121.7
129.4
133.6

100.0
95.5
97.1
94.1
86.2

.

cropproduction(%)

(510,88)
(468^8)
(375^8)
(309,88)
(210,88)

1.7
5.9
8.9
13.4

(0,88)

23.9

-

72.6

-

147.0

73.5

(510,74)
(468,74)
(375,74)
(309,74)
(210,74)

5.9
7.2
10.4
12.6
16.0

99.9
99.1
97.4
96.5
95.1

98.1
97.4
95.2
90.9
83.0

99.9
91.3
72.3
58.6
38.8

98.1
105.3
120.3
127.4
1332

99.0
98.3
96.3
93.0
86.0

(510,60)
(468,60)
(375,60)
(309,60)
(210,60)

11.4
12.4
14.5
16.1
18.5

99.0
98.2
96.6
95.8
94.8

93.6
94.1
92.7
89.0
82.1

99.0
90.5
71.6
58.2
38.7

93.6
101.7
1172
124.7
131.8

96.3
96.1
94.4
91.4
85.2

(510,46)
(468,46)
(375,46)
(309,46)
(210,46)

16.8
17.3
18.6
19.5
20.8

96.3
95.5
94.7
93.6
93.0

88.6
90.3
90.2
87.1
81.0

96.3
88.0
69.5
56.9
38.0

88.6
97.6
114.0
122.0
130.1

92.4
92.8
91.8
89.4
84.0

(510^7)

24.2

85.0

78.5

85.0

78.5

81.7

(510.VA)

10.8

98.9

97.2

98.9

97.2

98.1
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Riceproduction(%)
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8800/4600* «,

Maizeproduction(%)
160-i

Netwatersavings(%)

Fig 71. Cropproduction ofthe 23rice area andallocation duty strategies relative to the
reference strategy (sioßs) in %.
Lines connect the strategies with the same allocation duties
arice
b- maize

About 10% of the net water savings may be obtained with about 55% of the original rice production by reducing the rice area with about 45% till about 290,000
feddan, maintaining the allocation duty at.8,800 m3.feddanI. The same water
savings can also be obtained with 75% of the original rice production by reducing the rice area with about 25% till about 390,000 feddan, reducing the allocation duty till 7,400 nrlfeddan'1. Water savings of 10% can also be obtained with
99% of the original rice production, by maintaining the original rice area at
510,000 feddan, but reducing the allocation duty till about 6,400 m'.feddan'1 (fig
71a).
Also for water savings of more than 10%,similar choices between alternatives can
be made resulting in different rice production levels for the same water savings.
For the maximum water savings considered (24%),ariceproduction of 0% results
from not cultivating rice, strategy (0,88).The maximum rice production that can be
obtained, saving 24% of water, is 85% of the original rice production. This is
realized byreducing the water allocation till 2,700m\feddan"' (fig 71a).Theresults
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of such a strategy (510,27) should be interpreted carefully, however, because the
reduction in allocation duty for rice is enormously lower than the 8,800 m\feddan1 used in the reference strategy.
For the maize crop the same procedure has been followed to convert the relative
évapotranspiration into crop production (table 22). For maize 1%évapotranspiration reduction corresponds to 2.55% grain yield reduction. Comparing the results
for maize (fig 71b) with those for rice, it is noticed that the reaction of the maize
production is opposite to that ofrice.This is logic,because a reduction in therice
areaautomatically increases the maize area.Since in thereference strategy thearea
of maize and rice are almost equal, the percentage increase of the maize area almost equals the percentage decrease of the rice area.
Due to the sensitivity of the maize crop to the top soil salinity, the crop yield in
thenorthern part of theEastern NileDelta ismuch lower than in the southern part,
resulting in a less than proportional increase in maize production (fig 71b).
The 10% water savings discussed above could be obtained with 55% of the
original rice production by reducing the rice area. The corresponding maize production is about 130% (fig 71b). For the same water savings the rice production
could also be maintained at 75% by reducing the allocation duty until 7,400
m'.feddan'1. Thecorresponding maizeproduction is 118%.If 10%of water issaved
with a rice production level of 99% by reducing the allocation duty until roughly 6,500 m'.feddan'1 and maintaining the rice in the cropping pattern, the corresponding maize production level is 95% (fig 71b).
Strategy appraisal
Nile water is a limited available commodity in Egypt and should therefore be
treasured. Since good productive soil is much less a limitation for agricultural
production compared to water, the available water should be used in the bestpossible way to achieve the maximum economic return.
Savings on the use of Nile water in the long term are therefore necessary to reclaim additional agricultural land. The practical question regarding the economical use of irrigation water is then: to what extent and in which way can water be
saved in the existing agricultural area in order to gain in total crop production by
reclaiming new lands.
For the selection of the best strategy, the total crop production of such a strategy has to be compared with the water savings. These water savings can be used
toreclaim new agricultural land,but in cases of foreseen water shortages the saved
water can also be stored for the next year to ascertain a sufficient water supply.
In the strategies studied,thelargest changes in cropproduction occur for themaize
and the rice crops. By adding both productions together, taking the reference strategy (510,88)as 100%,the relation between water savings and total production can
be established (table 22).
Generally, a water saving strategy can be classified as attractive when it contributes to the national economy. Considering water asthe only production factor, this
is the case when water savings are larger than the income losses due to crop production decreases. This is only true, of course, if the saved water can be used in
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other areas (land reclamation) or during other periods (storing for later use) successfully. In other words, the (future) benefits should be larger than the costs
(production decrease). Examining the strategies with the reductions in thericearea
and maintaining the rice allocation duty at 8,800 m'.feddan'1 (fig 72), it can be
seen that it seems attractive to decrease the rice area until the break even point of
210,000 feddan. Further reduction of the rice area below 210,000 feddan leads to
larger production losses than the water savings,meaning that usingthe savedwater
elsewhere no longer compensates for the production losses. The removal of rice
from the southern part of the Eastern Nile Delta causes relatively small production losses,or even increases the total production in case of a rice allocation duty
of 4,600 m3.feddan'1 (fig 72). This supports the official rule of the Ministry of
Public Works and Water Resources that in this area (rice zone 5) the cultivation
of rice is not allowed (fig 59a).

Productionlosses(%)
30-1

20-

10-

Netwatersavings (%)

Fig72.Relation between the production losses ofmaize andrice (in percentage ofthe
reference strategy (sio.ss)) andnet Nilewater savingsfor the23rice area and
allocation duty strategies. The production ofonefeddan ofmaize andonefeddan of rice have been assumed equal inthe reference strategy.
Lines connect strategies with the same allocation duties
break even line (water saving equal production losses)

Twoof the 23 strategies studied appear to be unattractive and should never be implemented. These are the strategies (21038) and (0,88),which are both dealing with
large reductions in the rice area (table 22). The most attractive strategy has the
largest difference between water savings and production losses. This is strategy
(375,46) with no rice in zone 4 and 5 and a water allocation duty of 4,600
m3.feddan"1 (fig 72). The production losses are 8.2% and the water savings 18.6%.
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The net gains of this strategy is then thedifference of 10.4%of saved waterwhich
can be used elsewhere, or during other periods, to produce additional rice and
maize.
Financial and economic analysis
For a proper comparison of water management strategies the crop yields of the
different crops have to be totalized. For this purpose the net income generated by
each crop has to be known. Such an analysis should be based on net income
because a certain crop yield reduction of, say 5%,does not necessarily mean that
also the production costs such as fertilizers, pesticides, and manual labour inputs
are decreased. Therefore the net changes in income are generally larger than the
reductions in crop production.
Furthermore, the restriction to the two major crops rice and maize as used above,
gives a too optimistic view of the real effects, which include other crops as well.
For the estimation of the financial returns of agriculture, use has been made of
results of farmers' interviews in a number of villages in the Nile Delta published
by El Guindi et al (1982a, 1982b, 1982c, and 1982d). The financial and economic prices of inputs and outputs have been taken from Beun (1981). These data
per crop are summarized in table 23.These crop yield andprice data are based on
theperiod around 1980.They have been used due to lack of more recent data,but
the analysis would better be based on more recent data of, say 1990.
Table 23. Average crop yield(ElGuindi etal,1981a, 1981b, 1981c, 1982d), financial
cost andproduction value (ElGuindi etal,1981a, 1981b, 1981c, 1982d) and
economic costandproduction value (Beun, 1981)for the sixmajorfieldcrops
inthe Nile Delta inEgypt. Prices andproduction levels of197911980.
financial analysis

crop

economic analysis

crop
gross
gross
yield
cost
income
cost
income
(*)
(kg.feddan1) (LE.feddan1) (LE.feddan-1) (LE.feddan1) (LE.feddan1)

long berseem 5,565
short berseem 1,595
wheat
1,719
rice
2,621
maize
1,702
cotton
1,371

28
20
53
50
67
70

223
64
170
179
154
411

47
30
96
97
116
180

223 (**)
64
292 (***)
430
181
1,027

* - excluding labour costs
** - economic prices assumed equal to financial prices
***- including the production value of straw

Assuming that the cost of production remains constant when the water supply is
reduced, the financial consequences (for the farmer) as well as the economic consequences (for the country) can be estimated. In this analysis it has been assumed
that the water which is saved by the distinguished strategies can be used in the
next year for crop production. This means that the economic (or financial) return
of the saved irrigation water is the same as the average benefits during die year
considered. In other words: the saved water increases the total area irrigated, not
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during the year considered, however, but during the next year. Savings of 10%
of Nile water, result than in securing the irrigation water for an additional 10/0.90
= 11.1% of the area for thenext year.The total benefits of such a strategy savings
of 10% is than the extra income of this 11.1% additional area, reduced with the
income losses of the present 100% area (losses due to water savings), diminished
by the cost of production of the 111.1% of the area cultivated.
The results of this analysis indicates that the farmers' income is in all cases positively influenced by the water saving strategies studied (table 24). It should be
kept in mind, however, that the results given are valid only for situations with a
serious water shortage, i.e. that without the water savings the water supply for the
next calendar year will be insufficient. In case of an abundant availability of Nile
water, the alternative value of the saved water is nil, and water savings are consequendy of no value.

Table 24. Water savings, increase in areacultivated, andchanges in thefarmers and
national incomefor the 23rice area and water allocation duty strategies. All
figures arerelative tothose ofthereference strategy (siojs).
strategy

water
savings
(%)

(510,88)

_

changes farmers' income
increase
agricultural
area
year 1 year 2 total

changesnational income
year 1

year 2

total

(%)

(%)

(%)

(%)

(%)

(%)

(%)

.

.

.

.

.

.

_

(210,88)

1.7
5.9
8.9
13.4

1.7
6.3
9.7
15.5

-1.2
-3.7
-6.3
-11.5

+1.7
+6.0
+9.1
+13.8

+0.5
+2.3
+2.8
+2.3

-2.4
-7.3
-11.5
-18.5

+1.7
+5.8
+8.6
+12.7

-0.7
-1.5
-2.9
-5.8

(0,88)

23.9

31.5

-20.4

+25.1

+4.7

-31.2

+21.7

-9.5

(510,74)

5.9
7.2
10.4
12.6
16.0

6.3
7.8
11.6
14.4
19.1

-0.5
-1.7
-4.2
-6.8
-11.5

+6.3
+7.7
+11.1
+13.4
+16.9

+5.8
+6.0
+6.9
+6.6
+5.4

-0.5
-2.7
-7.7
-12.0
-18.6

+6.3
+7.6
+10.7
+12.7
+15.6

+5.8
+4.9
+3.0
+0.7
-3.0

11.4
12.4
14.5
16.1
18.5

12.9
14.1
17.0
19.2
22.7

-2.1
-3.0
-5.3
-7.6
-12.0

+12.7
+13.7
+16.1
+17.8
+20.0

+10.6
+10.7
+10.8
+10.2
+8.0

-2.0
-4.5
-8.9
-12.6
-19.0

+12.7
+13.5
+15.5
+16.7
+18.4

+10.7
+9.0
+6.6
+4.2
-0.6

(210,46)

16.8
17.3
18.6
19.5
20.8

20.2
20.9
22.8
24.2
26.3

-4.3
-5.0
-7.0
-8.8
-12.8

+19.3
+19.9
+21.2
+22.1
+23.0

+15.0
+14.9
+14.2
+13.3
+10.2

-4.5
-6.3
-10.8
-14.2
-19.8

+19.3
+19.6
+20.4
+20.8
+21.1

+14.8
+13.3
+9.6
+6.6
+1.3

(510,27)

24.2

32.0

-10.5

+28.6

+18.1

-11.7

+28.3

+16.6

(510.VA)

10.8

12.0

-1.2

+11.9

+10.7

-1.3

+11.9

+10.6

(468,88)
(375,88)
(309,88)

(468,74)
(375,74)
(309,74)
(210,74)
(510,60)
(468,60)
(375,60)
(309,60)
(210,60)
(510,46)
(468,46)
(375,46)
(309,46)
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Reducing the rice area and maintaining the allocation duty of rice at 8,800
m'.feddan"1 in cases of serious water shortages appears to have only small effects
on the farmers' income (fig 73a).A reduction of the rice area below 309,000 feddan, however, results in a smaller benefit than the reduction until this value. For
the lower allocation duties the effect on the farmers income is always larger (fig
73a). At allocation duties of 7,400 and 6,000 m'.feddan"1, however, reducing the
rice area below 375,000 feddan already gives a lower increase of farmers income. For the allocation duty of 4,600 m3.feddan the highest increase in farmers'
income is obtained with the complete rice area of 510,000 feddan (fig 73a).

Increasefarmers'income (%)

w
8

202700i

D-oi600

TU

variableduty . 6 0 0 0
8800/4600 * • " " • •

10-

Increasefarmers'income(%)
20-,

Netwatersavings (%)

Fig73.Effect ofthe 23alternative water saving rice area and allocation duty strategies
onthefarmers' income incase ofserious water shortage.
a - lines connect points with equal allocation duty
b - lines connect points with equal rice area

Apparently, maintaining the rice area at 510,000 feddan, and reducing the allocation duty of rice, is the best method to save water in case of a serious water shortage, when the objective is to secure the farmers' income (fig 73b). The strategy
with the variable duty (SIO.VA) is not significantly different from the other scenarioswith the rice area maintained at 510,000 feddan. For the larger water savings
thedifferences in the financial analysis based on model simulations arelargest.For
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water savings around 24% for instance the simulated increase in farmers income
may be around 18% with strategy (520,27),or about 4.5% with strategy (038) (fig
73). It should be kept in mind however that the model results at such low water
duties are less reliable, and that the spatial distribution of the agricultural production may be unacceptably affected by these water supply reductions.
The effect of water saving strategies on the farmers' income is only one of the
aspects to be taken into account. Due to all kinds of subsidies and price distortions, implemented by the government to influence agricultural production, the
national income may be differently affected by these measures. Taking the economic prices of 1979/1980 (table 23), it turns out that reducing the rice area has
an unfavourable effect on the national income (fig 74). In total 7 out of the 23
strategies studied are economically unattractive. Reducing the allocation duty of
rice, on the other hand, appears to be the better method to save on Nile water in
case of a water shortage for safeguarding the national income.
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1
1
20
25
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Fig74.Effectofthe 23alternative water saving rice area and allocation duty strategies
on the national income incase ofserious water shortage.
lines connect points with equal allocation duty

The financial and economic analyses presented here point out that water savings
by reducing the rice allocation duty is better for both the farmers' income and the
national income, taking the prices of 1979/1980. The difference between both approaches indicates the sensitivity of the outcome for the prices and price ratios
used. It is therefore recommended that the analysis is repeated with more up-todate figures of say 1989/1990. The results presented are valid only for the condition that saving of water is absolutely necessary in order to guarantee agricultural activities for the next years on a more or less similar level. If the water availability is sufficient, saving of water serves no purpose.
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Spatial distribution
So far the crop reaction has been considered as the average value for the complete study area. It is conceivable that a certain strategy scores good in terms of
average crop yield for the study area, but that the negative effects (crop yield
depression) are not evenly distributed over the Eastern Nile Delta. If so, such a
strategy could be rejected, because this it may be socially unacceptable that arestricted group of fanners suffers from crop yield reductions, while the production
and income of other farmers are not, or only slightly, affected.
For the reference strategy (510,88)about 12%of the study area has a crop yield of
less than 75%(table 25).Only about 2% out of this 12%has a crop yield of less
than 50%. For water savings in the order of magnitude of 6% two options are
available: reducing the rice area till 375,000 feddan or reducing the rice allocation duty till 7,400 m'.feddan1. Reducing the allocation duty is less unfavourable
for the yearly average farmers' income (99% of the reference strategy) compared
to reducing the rice area (yearly average farmers' income of 96%). The percentage of the study area with a crop yield of less than 75% appears to be equal for
both strategies (table 25). In case of reducing the rice area the percentage of the
study area with crop yields less than 50% is 3%;reduction of the allocation duty
results in only 2% of the area with crop yields less than 50%.

Table 25. Water savings, average yearlyfarmers' income, andpercentages ofthe study
area with crop yieldreductionsfor a number ofrice area and water allocation duty strategies. Thewatersavings andfarmers' income are relative to the
reference strategy (siojss).
strategy

water
savings

fanners'
income

% of study area with relative crop yield

(%)

(%)

>75%

50-75%

<50%

(510^8)

-

100.0

88

10

2

(375^8)
(510,74)

5.9
5.9

96.2
99.5

88
88

9
10

3
2

(309,88)
(375,74)
(510,60)
(510,VA)

8.9
10.4
11.4
10.8

93.7
95.8
98.0
98.8

88
88
88
88

9
9
9
10

3
3
3
2

(210,74)
(309,60)
(510,46)

16.0
16.1
16.8

88.5
92.4
95.7

82
88
79

15
9
17

3
3
4

(0,88)
(51<U7)

23.9
24.2

79.6
89.5

79
66

16
28

5
6
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Water savings in the order of magnitude of about 10% can be achieved by four
alternative strategies (table 25). The strategy with variable rice allocation duties
(510.VA)obviously scores the best with respect to farmers' income (99%), closely
followed by the strategy with the reduced allocation duty (sio,6o) (98%). The spatial distribution for the variable duty strategy is slightly better than that of the
reduced allocation duty strategy (table 25). Both strategies with the reduced rice
areas (30938)and (375,74)score lower for the average farm income and have a comparable frequency distribution of crop yield reductions with the other two scenarios.
For water savings of about 16% three scenarios can be considered (table 25).Reducing the allocation duty of rice till 4,600 m'.feddan'1 results in an average decline in farmers' income of 4% only, but in crop yield depressions of more than
25% in about 21%of the study area. The alternatives, with smaller reductions in
the allocation duty, reveal larger decreases in the farmers' income, and slightly
lower percentages (18% and 12%) of the study area with crop yield reductions of
more than 25% (table 25).
So far thedifferences in thecrop yield distribution for strategies with similar water
savings did not differ much. For water savings in the order of magnitude of 24%
a large difference can be noticed (table 25). Reducing the allocation duty of rice
to a value as low as 2,700 m3.feddan'1 for strategy (510,27) results in an average
decline of farmers income of 10%only, but in a crop yield reduction of more than
25% in 34% of the study area. In about 6% of the study area the crop yield decline is even more than 50%. Taking the rice completely out of cultivation for
strategy (0,88)results in a double decrease of the average farmers' income of about
20%, but the crop yield reductions are more evenly distributed. For this strategy
only 21%of the study area suffers from crop yield decreases of more than 25%.
Areas suffering large crop yield reductions are mainly located at the tail-ends of
the irrigation canal system for the strategy with the lowest rice allocation duty,
saving some 24% of Nile water (fig 75b). The same phenomenon can be observed for the alternative (where rice is taken out of cultivation), but to a lesser extent (fig 75c).
Based on the above considerations regarding the spatial crop yield reduction distribution, it can be concluded that reduction of the allocation duty appears to be
the superior method to save on Nile water, compared to reducing the rice area.
Below allocation duties of 4,600 m3.feddan1, however, the water shortages caused
by these reductions in the water supply while maintaining the agricultural water
requirements by maintaining the rice in the cropping pattern, cause an unequal
water distribution. As a consequence farmers at the tail-ends of the irrigation system receive less than their equal share of the irrigation water, and are suffering
more than proportionally with respect to crop production and thus in income. This
may be socially unacceptable.
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Strategy (510,88)
Crop yield indication
(% of optimum)

Strategy (510,27)
Crop yield indication
(% of optimum)
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< 40
40 - 60
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Fig 75. Spatialdistribution of relative cropyields (relative to theoptimum) in thestudy
areafor threerice area and allocation duty strategies.
a - reference strategy (510,88), no water savings
b - strategy (510,27), saving 24% Nile water by reducing the allocation duty till 2,700 m'.feddan '
c - strategy (0,88), saving 24% of Nile water by taking the rice out of cultivation
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Strategyof 1988
During 1988 the Ministry of Public Works and Water Resources was facing a seriousshortage of Nile water in the storage reservoir behind the Aswan High Dam.
In order to cope with this shortage it was decided to reduce the rice area in the
Eastern Nile Delta till 355,000 feddans and to save 925 million m3 of Nile water,
or about 7.5% of the original supply.
The water management strategy of 1988 has resulted in a reduction of the rice
production of about 35% (fig 71a), and an increase in maize production of about
25% (fig 71b). The same net savings on irrigation water could also have been
obtained by maintaining the rice area as it was before 1988, and reducing the allocation duty toroughly 7,000 m\feddan'1. For this alternative the SIWARE model
simulations show that the rice production would have been maintained at the same
level (100%), but that the maize would have suffered a 5% production loss (fig
71). The productivity of the cotton crop would have been more or less the same
for this alternative (fig 69).
Using the price levels of 1979/1980 it can be concluded that the water management strategy of 1988 has resulted in a decrease of the average farmers' income
during 1988 of about 5% (table 24). By reducing the allocation duty to reach
comparable savings of Nile water till 7,000 m'.feddan"1 this reduction would'have
been 1% only. The differences for the effect on the national income are even larger. The strategy of 1988 resulted in a decrease of the national income of about
9% (table 24), while the alternative strategy would have resulted in a decrease of
the national income of a mere 1%.
The above comparison should be interpreted carefully. Due to the sensitivity of the
economic and financial results to the price levels used, the absolute levels of income reductions may differ considerably. The relative advantage of the strategy
with a reduced rice allocation duty over the strategy of 1988 is expected to be the
same for the price levels of 1989/1990, however.
Conclusions
Due to the reduction in the rice area as well as to the reduction in the rice allocation duty the actual évapotranspiration of the summer crops are affected. The
effect of reducing the rice area on the actual évapotranspiration rates of the summer crops, except for cotton, are larger compared to reducing the rice allocation
duties to reach comparable savings.
Going from the south to the north, the exchange of rice by maize results in increasing production losses ofrice.These losses are not completely compensated by
the increase in the total maize production, due to the higher soil and irrigation
water salinities in the northern part of the study area. In rice zones 1 and 2 the
exchange of rice by maize is therefore not recommended.
The negative effect on the average farmers' income of water saving measures is
less if water savings are realized by reducing the rice allocation duty compared to
replacing rice by maize. In case of serious water shortages, endangering the crop
production of the coming period, however, none of the strategies studied has a
negative effect on the farmers' income, if these future effects are taken into ac176

count in the financial analysis. Lowering the rice allocation duty to the lowest
value studied (2,700 mf.feddan'1) however, results in an unacceptably unequal distribution of crop yield reductions. Reduction of the rice allocation duty below
4,600 m3.feddan"1 should therefore not be recommended as a good water management measure to save on water.
The negative effect on the national income of water saving measures is larger
when these water savings are realized through replacing rice by maize when compared toreducing the allocation duty ofrice.Maintaining the allocation duty at the
present figure of 8,800 m'.feddan"1 and reducing the rice area has a negative effect on the national income, even when the positive effects of the saved water for
the next years is taken into account.
The water management strategy used by the Ministry of Public Works and Water
Resources during 1988 has resulted in a decrease in farmers income of about 5%
and a decrease of the national income of about 9%. Both figures could have been
reduced to roughly 1%, if the rice allocation duty would have been reduced to
about 7,000 m3.feddan'1, to reach comparable savings on Nile water for the Eastern Nile Delta. It is therefore recommended that in the future, in cases of water
shortages,thereduction of the allocation duty forricewill beconsidered as a good
alternative to replacing the rice crop by maize.

5.2.4. Long term effects
When changing the water management in a region such as the Eastern Nile Delta, two effects can be expected. The first effect is immediate as a result of the
changes in volumes of both irrigation and drainage water. Crop évapotranspiration is affected in the same year in which such measures are implemented. On the
longer term (a few years), secondary effects on crop évapotranspiration can be
expected as a result of changing soil salinities. This, on its turn, will change the
drainage salinity of such a field with increasing soil salinity. The use of this drainage water further downstream can then further decrease évapotranspiration rates in
the receiving areas where this drainage water is being reused.
In order to investigate these long term effects the 23 distinguished rice area and
allocation duty strategies have been simulated with the SIWARE model for a
period of 50years.This period was considered long enough toobtain more or less
equilibrium conditions as far as salinity is concerned.
Changes with time
Reducing the rice area appears to increase the average soil salinity in the study
area fast during the first years, and slower during the subsequent period (fig 76a).
The average soil salinity of the reference strategy (510,88),which has been taken as
the starting point, is about 2.9 mmho.cm"1.For strategy (o,88),i.e. replacing allrice
by maize, this soil salinity increases during the first 5 years of implementing this
strategy with 0.8 mmho.cm"1, or about 6% per year. During the next period of 5
years, the average soil salinity build-up slows down to about 1.2% per year until
it reaches the value of 3.9 mmho.cm"1 after 10 years (fig 76a). The next increase
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Fig 76. Long term (50 years) effect of reducing the rice area on the average soil salinity in the study area and on the relative évapotranspiration rate (relative to the
optimum) of the cropping pattern.
a - soil salinity (mmho.cm 1 )
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b - relative évapotranspiration (%)

of soil salinity with 0.1 mmho.cm"1takes about 5 years,which is another 0.4% per
year. Finally, it takes the last 35 years of the simulation, to increase the average
soil salinity in the study area with another 0.1 mmho.cm'1 (0.01% per year). The
total increase of soil salinity of this strategy is 41%, of which only a 6% increase is realized during the first year of implementing this strategy, and 35%during
the ensuing period. Moreover, it can be observed from the simulated average soil
salinity time-series (fig 76a), that the soil salinity build-up is not yet completed
after a simulation period of 50 years, but continues at a fairly constant rate beyond this period. Most probably this is the result of the cascade effect through
which soil salinity increases in the southern part of the study area are causing increases in drainage water salinities. This increased drainage salinity causes, in
turn, additional soil salinity increases in the northern parts through the (unofficial reuse of drainage water. Therefore, soil salinity equilibrium conditions will be
reacheddepending on the number of serial cascades (calculation units) which are
using drainage water from the previous ones.
Complementary to the increase in soil salinity, the relative évapotranspiration of
the cropping pattern (relative to the optimum, i.e. ample water supply and no soil
salinity problems) decreases (fig 76b). The soil salinity build-up appears to be
more gradual than the decrease in relative évapotranspiration (fig 76).For the reference strategy (51038) the average relative évapotranspiration for the study area
is 91%. Thereductionduring the first year for strategy (038),replacingallriceby
maize, is about 2.5% (fig 76b). During the next 4 years thereductionin relative
évapotranspiration is 2.5%, or 0.6% per year. The reduction in the first year is
caused by the composite effect of a changing water supply and soil salinity. The
reduction in the subsequent years may be ascribed to the soil salinity increase only. Extrapolating the soil salinity effect on relative évapotranspiration to the first
simulation year, it can be concluded that due to the changed water supply therelative crop évapotranspiration rate reduces with about 2% for this strategy, and
that during thefirst5 yearsan additional 3%évapotranspirationreduction iscaused
by the increasing soil salinity. Similar to the increase of soil salinity, the decreasein relative évapotranspiration slows downintime:0.6%per yearduring the first
5 years;0.1%per year for the second 5 years;0.06% per year for the third period
of 5 years; and 0.005% per year for the last 35 years simulated.The total decrease ofrelativeévapotranspiration due toreplacingall rice by maize is 6% after 50
years (fig 76b), of which a reduction of 2.5% isrealizedduring the first year and
3.5% during the ensuing 49 years. The decrease ofrelativeévapotranspiration will
continue beyond the period of 50 years studied, be it, at a very slow pace. This
means that the ultimate effect of these strategies is not yetrealized after 50years.
The salinity of the crop drainage (excluding the spillway losses) reveals even larger changes during the first year (fig 77), compared to the relative évapotranspiration. The average crop drainage salinity of thereferencestrategy (510,88),which
has been used as a starting point for thereducedricearea strategies,is about 1,430
g.m"3. In the first simulation year of strategy (0,88), where all rice isreplacedby
maize,this salinity increases to 1,790 g.m'3, or about 25%.During the next 4years
the drainage salinity increases with 5.5% only (1.4% per year). The fast reaction
of the crop drainage salinity during the first year must be explained by the phenomenon of the fast drainage through cracks in theclayey soils in the Eastern Nile
Delta. Due to this fast drainage effect of the reduced water supply (reduced irrigation water losses), the drainage water salinity reacts faster than the soil salini179

ty. During the subsequent years the increase in crop drainage salinity is caused by
the gradual salinization of the soil at greater depth: 0.7% per year during the
second 5 year period; 0.55% per year during the third period of 5 years; and
0.08% per year during the last 35 years of model simulations. The total increase
of the crop drainage salinity during the 50 year period studied is equal to the increase in soil salinity, 41%(fig 77). The increase of the crop drainage salinity in
the first year is 25% (for soil salinity 6%), and during the ensuing period 16%
(for soil salinity 35%).
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Fig77.Long term (50years)
effectofreducing the rice area on the average crop drainagesalinity (g.m3)for thecropping pattern in thestudy area. (Crop drainage
excludes the spillway losses at the tail-ends of the distributary and meskaa
canals.)
Summer and winter crops can be expected toreact differently to the water savings
realized by reducing the rice area and/or reducing the rice allocation duty. The
water savings will occur in the summer period during the rice growing period. In
winter time the water supply remains the same.Consequently, for the winter crops
the only effect of the water savings expected will be through the increased soil
salinity and, possibly, the irrigation water salinity. For the berseem crop the average soil salinity for the study area increases from 2.2 mmho.cm'1 for the reference strategy (510,88)till 3.3 mmho.cm"1 after 5 years for strategy (038),replacing all
riceby maize (fig 78a).This is about 10%per year. After 5 years the soil salinity
build-up slows down to 1.8% per year during the second 5 year period; 0.6% per
year during the third 5 year period; and 0.015% per year during the last 35 years
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Fig 78. Long term (50years) effectof reducing the ricearea on the averagesoilsalinityareaandtherelative évapotranspiration rate(relative totheoptimum) in the
studyareafor the longberseem crop.
a - soil salinity (mmho.cm')

b - relative évapotranspiration (%)
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of the simulation period. The total soil salinity increases during this 50 years
amounts to about 65% (41%for the cropping pattern), of which 10% is realized
during the first year (6% for the complete cropping pattern). The changes in soil
salinity of the winter crop berseem appears not to differ much from the average
development of soil salinity for the complete cropping pattern (fig 78a). The relative increase is more (65% for berseem; 41%for the cropping pattern), but the
initial soil salinity level of both is also different (from 2.2 till 3.6 mmho.cm'1 for
berseem and from 2.9 till 4.0 mmho.cm'1 for the cropping pattern).
For the relative évapotranspiration (relative to the optimum) of the cropping pattern it has been discussed before that two effects are superimposed. The first (immediate) effect is the reduction of évapotranspiration rates due to the changes in
water supply. The second effect is a reduction due to increases in soil salinity.
For the winter crop long berseem the first effect should be absent, because the
water supply conditions during the winter period are not affected by reducing the
rice area or the rice allocation duty (fig 78b). During the first year of simulation
the relative évapotranspiration changes with 0.5% from 95 to 94.5% by replacing
all rice by maize in strategy (0,88) (fig 78b). During the subsequent 4 years of
simulation therelative évapotranspiration changes with approximately 1%per year.
The explanation for the phenomenon that during the first year of simulation this
decrease is only half the decrease afterwards may be the fact that berseem is
grown from OctobertillMay,whereas the water savingmeasures startinJune.The
simulations for berseem for the first year start in January, taking the unchanged
soil salinity of the reference strategy (510,88).Until the month May the simulations
for strategy (0,88) for the berseem crop are identical to those obtained for the reference strategy. When in October the berseem crop is sown, i.e. after the summer crops have been in the field, the simulations for berseem continue with the
increased soil salinity. During the first year of simulations berseem has a low soil
(normal) salinity during the first half the growing period, and during the next half
of the growing period an increased soil salinity. The average increase during the
first year is therefore 50% only. After the first 5 years of simulation the decrease in relative évapotranspiration slows down to 0.1%per year during the second
5 year period; 0.02% for the third 5 year period; and 0.001% per year for the last
35 years of simulation (fig 78b). The total decrease of relative évapotranspiration
of the berseem crop due to replacing all rice by maize is about 5.5% (6%for the
average cropping pattern), of which 0.5% decrease is realized during thefirstyear
of implementing such a strategy (2.5% for the average cropping pattern) and 5%
during the ensuing 49 year period (3.5% for the cropping pattern). These results
show that changing the water management during the summer period may have a
negligible effect on the winter crops on short notice (during the first year of implementing such changes), but that on the long term the changed soil salinity conditions cause a similar crop reaction as for the summer crops.
Also the development of the crop drainage salinity of the berseem crop withtime
(fig 79) differs considerably from that of the average cropping pattern. The crop
drainage salinity of the reference strategy of 1,800 g.m"3 for berseem increases
during the first year of simulation with about 1% only till 1,820 g.m"3 by replacing all rice by maize (fig 79). During the next 4 years it increases with about
1.5% per year. After the first 5 years of simulation the increase in crop drainage
salinity slows down to 0.65% per year during the second 5 yearperiod;0.45%per
year during the third 5 year period; and 0.1%per year during the last 35 years of
model simulations (fig 79). The total increase of the berseem crop drainage sali182

nity is 17% (41% for the cropping pattern), of which 1% is realized during the
first year (25% for the cropping pattern) and 16% during the ensuing period of 49
years (16% for the complete cropping pattern). The large increase during thefirst
year for the cropping pattern has been ascribed to the lower irrigation water supply to the crops due to the changed water management. The limited increase of
crop drainage salinity for the winter crop berseem supports this explanation: for
this crop the water supply has not changed and consequently this sudden change
in salinity is absent.
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Fig79.Long term (50years) effect
ofreducingthe riceareaon theaverage berseem crop
drainage salinity (g.m'3> inthestudy area. (Crop drainage excludes the spillway
losses atthetail-ends ofthe distributary and meskaa canals.)
Long termspatial distribution
The increase in soil salinity due to replacing rice by maize, strategy (038),are expected to be concentrated mainly in the areas where the largest percentages of
rice were located in the reference strategy (510,88). Comparing the short term effect on the soil salinity of replacing rice by maize (fig 80b) with the soil salinity in the reference strategy (fig 80a), only small differences can be observed. The
spatial distribution of the soil salinity appears to be affected only minimal by this
change in cropping pattern. On the long term, however, the changes are much larger (fig 80c). The percentage of the study area with a soil salinity above 4
mmho.cm"1, which is about 12% for both the reference strategy and the short term
183
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Fig 80. Spatial distribution of the average soil salinity (mmho.cm') for the cropping pattern.
a - reference strategy (510,88)
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b - short term strategy (0,88)

c - long term strategy (0,88)

Strategy (510,88)
Evapotranspiration
(% of optimum)

CZ2

Strategy (0,88), short term
Evapotranspiration
(% of optimum)

5 0 - 75
7 5 - 85
8 5 - 90
9 0 - 95
9 5 - 100

Strategy (0,88), long term
Evapotranspiration
(%of optimum)

Fig 81. Spatialdistribution of the relativeévapotranspiration rates(relativeto theoptimum) in %for the cropping pattern.
a - reference strategy (510,88)

b- short term strategy (0,88)

c - long term strategy (0,88)
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Fig 82. Spatialdistribution of thecropdrainage salinity (excluding thespillway losses of
distributary canalsand meskaasin g.m'3for the cropping pattern.
a - reference strategy (510,88)
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b - short term strategy (0,88)

c - long term strategy (0,88)

strategy (038), more than doubles to about 27%.This area with high soil salinity
is mainly located in the north-eastern part of the study area, and covers partly the
areas with high percentages of rice in the cropping pattern for the reference strategy (see figure 59a). Dominant over the effect of the original rice area appears
to be the location of the calculation units at the tail-ends of the irrigation system
(compare figure 80c and figure 4). Also the effect of the official reuse of drainage water by Blad El Ayed,Wadi, and Hanut pump stations can be recognized in
the soil salinity pattern simulated after 50 years, and may be an explanation.
Thechangesinrelativeévapotranspirationduetoreplacingricebymaize aremuch
more irregularly distributed than the soil salinity. For the reference strategy (fig
81a) about 10%of the study area has arelative évapotranspiration rate lower than
75% of the optimum. Replacing allriceby maizeresults in an increase of the area
with relative évapotranspiration rates below 75%of the optimum until about 12%
of the study area (fig 81b), and on the long term until roughly 18%of the study
area (fig 81c). In about 5% of the area these low relative évapotranspiration rates
are located in the southern part of the study area, and are caused by the differences between the spatially variable crop water requirements and the fixed allocation duties used by the Ministry of Public Works and Water Resources.
For the spatial distribution of the crop drainage salinity (fig 82), the combined
effect of water supply and soil salinity is clearly visible. Comparing the reference strategy (fig 82a) with the short term strategy replacing all rice by maize (fig
82b), and the effect of the long term strategy on the crop drainage salinity (fig
82c),the areawith high crop drainage salinities appears toincrease from thenortheastern part (tail-ends of the irrigation system) in western direction. In otherwords,
the area with high crop drainage salinities is growing in upstream direction of the
irrigation system.
Long term crop reaction
The difference between the short term effect and the long term effect is caused by
the changes in the soil and water balance components' salinity. For the winter
crops reductions in the rice area, or reducing the rice allocation duty, had almost
no effect on crop évapotranspiration during the first year of implementing such
measures. On the long term the effect on crop évapotranspiration may be considerable, however (table 26).
The largest long term effect on the relative évapotranspiration of replacing rice by
maize in strategy (0,88) appears to occur for maize (-15.2%), followed by wheat
(-12.1%). The smallest long term effect on évapotranspiration of this strategy is
realized for cotton (-5.0%), followed by short berseem (-5.7%).
The largest effect on the relative crop évapotranspiration of strategy (510,27), i.e.
reducing theallocation duty to2,700m3.feddan'1whilemaintaining theoriginalrice
area,isoccurring for rice (-20.1%),followed by cotton (-12.1%).The smallest long
termeffect of this strategy isrealized for long berseem (-1.7%), followed by wheat
(-2.1%) (table 26).
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Table 26. Longterm(after50years)relative crop évapotranspiration rates relative tothe
reference strategy (siojs)for the 23rice area andwater allocation duty strategies.
strategy water
savings
(%)
.

relative évapotranspiration (%) per crop

i

short
long
wheat
berseem berseem

nee

maize

cotton

cropping
pattern

100.0
99.1
96.7
95.1
92.9

100.0
98.7
96.6
94.4
90.0

100.0
99.6
99.1
98.1
96.7

100.0
99.0
97.5
96.3
93.9

(510,88)
(468,88)
(375,88)
(309,88)
(210,88)

1.7
5.9
8.9
13.4

100.0
99.6
98.8
98.1
96.4

100.0
99.8
99.2
98.2
96.9

100.0
98.6
95.9
94.3
91.8

(0*8)

23.9

93.6

94.3

87.9

-

84.8

95.0

90.6

(510,74)
(«58,74)
(375,74)
(309,74)
(210,74)

5.9
7.2
10.4
12.6
16.0

99.8
99.4
98.7
98.0
96.3

99.9
99.7
99.2
98.0
96.7

99.8
98.5
95.7
94.0
91.7

99.4
98.4
96.1
94.4
92.1

99.1
98.1
96.0
93.8
89.9

99.5
99.1
98.5
97.6
96.7

99.4
98.6
98.1
96.9
94.8

(510,60)
(468,60)
(375,60)
(309,60)
(210,60)

11.4
12.4
14.5
16.1
18.5

99.5
99.1
98.4
97.7
96.1

99.6
99.5
98.9
97.8
96.7

99.4
98.0
95.3
93.8
91.5

97.5
96.5
94.3
92.5
90.3

97.2
96.6
95.0
93.0
89.4

97.5
97.2
96.9
96.6
96.0

98.1
97.4
96.2
95.1
93.3

(510,46)
(468,46)
(375,46)
(309,46)
(210,46)

16.8
17.3
18.6
19.5
20.8

99.1
98.8
98.1
97.4
95.9

98.6
98.5
98.1
97.1
96.1

98.9
97.6
94.9
93.4
91.2

93.4
92.3
89.8
89.1
87.0

95.1
95.0
93.9
92.1
89.0

94.5
94.6
94.7
94.8
95.0

96.0
95.5
94.5
94.0
92.6

(510^7)

24.2

98.3

96.5

97.9

79.9

90.8

87.9

90.6

(510.VA)

10.8

99.7

99.5

99.6

97.8

98.8

98.2

98.8

The intensity of the crop reaction of wheat to replacing all rice by maize for strategy (o*8) seems to contradict the fact that wheat is relatively tolerant for high
soil salinities. The average soil salinity of the wheat crop for strategy (510,27) increases with about 27% from 3.0 mmho.cm"1 for the reference strategy till about
3.8 mmho.cm"1 after 50 years. For the alternative strategy (038) the average soil
salinity of wheat increases with about 40% until 4.2 mmho.cm1. Given the wheat
crop reaction of about 2% évapotranspiration reduction for reducing the allocation
duty of rice from 8,800 m3.feddan1 to 2,700 m3.feddan'\ the maximum reduction
expected for replacing rice by maize would be double this effect (about 4%),and
not the 12% predicted by the model for strategy (0*8) (fig 83).
Due tothe removal of rice in thecropping pattern the growing period of the wheat
crop is restricted. The first priority succeeding crop of wheat is rice (table 4).The
second priority succeeding crop is maize. The weighted average planting date of
rice (table 3) is the 10th of June (from May 15 till July 1) and for maize the 10th
of May (from May 1 till May 20). The removal of rice from the cropping pat188

tern consequently causes in the model simulations a 13% shorter growing period
of wheat from 180 days in the situation with rice included (510,000 feddans) to
157 days when no rice is cultivated. For all other crops the length of the growing period remains more or less the same.
Evapotranspiration reduction (%)
15

"

WHEAT-LONG TERM

10-

5-

10

*vyial?lgtfUftgSQ0/4WQ
r
15

-1
1
20
25
Netwatersavings(%)

Fig83.Long term (50 years) relative évapotranspiration rates ofthe wheat cropfor the
23distinguished rice area andallocation duty strategies in relation to the net
water savings.
Lines connect strategies with equal allocation duty and different rice areas

Financialand economic analysis
Along the same lines, and with similar assumptions as used for the short term
model simulations, the simulated évapotranspiration results can be converted into
changes in farmers' income and the effects on the national income can be quantified (table 27). Comparing these results for the long term with those for the
short term (table 27), it is noticed that the differences (decreases in financial and
economic returns) are larger for the strategies reducing thericearea than for those
reducing the rice allocation duty.
The differences between the short and the long term results on the farmers' income are caused by soil salinity increases. Apparently these increases are more dominant for the strategies with reduced rice areas (fig 84). For the short term evaluation all strategies considered had a positive overall effect on the farmers' income (fig 73),under the condition, of course, that a serious water shortage threatens the security of the water supply in the near future. If these strategies are maintained for a period of 50 years, however, six out of the 23 strategies studied
should be rejected, because the overall effect is negative. These are all the strategies with a reduced rice area and a rice allocation duty of 8,800m\feddan"\ and
strategy (210,74) (fig 84).
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Table27. Water savings, increase inareacultivated, andshortterm (firstyear)and long
term (50years) changes in thefarmers' and nationalincomefor the23 rice
area andwater allocation dutystrategies. All figures are relativeto those of
the reference strategy(siojs).
strategy

water
savings
(%)

increase
changes in income
agricultural
area
farmers' income
national income
(%)

.

long term

short term

long term

(%)

(%)

(%)

(%)

.

_

.

1.7
6.3
9.7
15.5

+0.5
+2.3
+2.8
+2.3

-0.3
-0.1
-0.9
-3.9

-0.7
-1.5
-2.9
-5.8

-1.2
-3.2
-5.6
-10.2

23.9

31.5

+4.7

-6.4

-9.5

-17.1

(510,74)
(«58,74)
(375,74)
(309,74)
(210,74)

5.9
7.2
10.4
12.6
16.0

6.3
7.8
11.6
14.4
19.1

+5.8
+6.0
+6.9
+6.6
+5.4

+5.4
+4.9
+4.7
+2.4
-1.2

+5.8
+4.8
+3.0
+0.7
-3.0

+5.5
+4.0
+0.9
-2.4
-7.7

(510,60)
(468,60)
(375,60)
(309,60)
(210,60)

11.4
12.4
14.5
16.1
18.5

12.9
14.1
17.0
19.2
22.7

+10.6
+10.7
+10.8
+10.2
+8.0

+9.6
+8.9
+7.3
+5.4
+0.8

+10.7
+9.0
+6.6
+4.2
-0.6

+9.7
+7.9
+3.9
+0.6
-5.9

(510,46)
(468,46)
(375,46)
(309,46)
(210,46)

16.8
17.3
18.6
19.5
20.8

20.2
20.9
22.8
24.2
26.3

+15.0
+14.9
+14.2
+13.3
+10.2

+13.1
+11.8
+9.9
+7.4
+2.4

+14.8
+13.3
+9.6
+6.6
+1.3

+13.0
+10.4
+6.2
+2.3
-4.5

(510,27)

24.2

32.0

+18.1

+14.6

+16.6

+13.6

(510.VA)

10.8

12.0

+10.7

+10.0

+10.6

+10.0

(510,88)
(468,88)
(375,88)
(309,88)
(210,88)

1.7
5.9
8.9
13.4

(0,88)

_

short term

.

The difference between the short term and the long term effect of the 23 water
saving strategies on the national income shows the same trend as the effects on the
farmers' income (fig 85). Compared to the short term calculations, the national
income of the strategies with the reduced rice areas decreases more than the strategies with the reduced rice allocation duties. On the short term (fig 74) 7 out of
the 23 strategies studied were economically unattractive. On the long term 9 strategies are unattractive: all strategies with a reduced rice area and a rice allocation
duty of 8,800 m'.feddan'1; all strategies with the rice confined to rice zone 1,
(210,000 feddans rice area); and strategy (309,74) (table 27 and fig 85).
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Fig 84. Longterm(50years) effectof the23 alternative watersavingrice areaandallocation dutystrategies on thefarmers' income in caseof seriouswater shortage.
Lines connect points with equal allocation duty
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The difference between the short and the long term effects on the farmers' and
national income is mainly based on the differences in soil salinity between the
short term and the long term model simulations. The sensitivity of the outcome for
the soil salinity can be visualized by plotting the long term effect on the farmers'
income against the short term effect (fig 86). The larger the reduction in therice
area, the larger the difference between the short term and the long term change in
farmers' income appears to be (fig 86).In the previous paragraph it has been concluded that reducing the allocation duty of rice is a superior method of water
saving compared to reducing the rice area with respect to the effect on the farmers' income. The results of the simulation period of 50 years for the distinguished strategies confirm this conclusion. On the long term the superior method (reducing the allocation duty) gives only slightly lower changes in farmers' income,
arid the inferior method (reducing the rice area) results in significant decreases in
farmers' income, compared to the short term simulations (fig 86).

Longtermincreasefarmers'income(%)
20-i

Shorttermincreasefarmers'income(%)

Fig86. Relation between the overall long term effect (50 years) andshortterm effect on
thefarmers'incomefor 22ofthe 23distinguished rice area and allocation duty
strategies.
Lines connect the strategies with equal allocation duties and different rice areas

The same procedure has been followed for the differences between the changes in
the national income on the short and long term (fig 87). The main conclusion of
this comparison is the same as for the effects on the farmers' income.On the long
term the superior water saving method (reducing the allocation duty) gives only
slighdy lower increases in national income, and the inferior water saving method
(reducing the rice area) results in significant decreases in national income, compared to the short term simulations (fig 87).
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Longtermincrease nationalincome (%)
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Fig 87. Relation between the overall long term effect (50 years) and short term effecton
the national incomefor 22ofthe 23distinguished rice area andallocation duty
strategies.
Lines connect the strategies with equal allocation duties and different rice areas

Comparing the long term effects on farmers' income and on the national income
of the various water saving strategies, it can be concluded that the farmers' income is more sensitive to increased soil salinities than the national income. The
reason for this different sensitivity is mainly caused by the large difference in the
financial return of the cotton crop and the economic return of this crop (340
LRfeddan'1 versus 847 LE-feddan"1, table 22). Due to the tolerance of cotton to
high soil salinities its crop yield is only slightly affected, and consequently dominates the results of the economic analysis more than the financial analysis due
to the more than double returns.
Spatialcropyield distribution
In addition to the effects on the average farmers' income, the spatial distribution
of the crop yields 0ocal farmers' income) is a second important consideration for
the selection of water saving strategies.For the short term model simulation results
it has been concluded before (previous paragraph) that reducing the allocation duty
of rice results in a similar spatial crop yield distribution compared toreducing the
rice area for water savings till about 16%.In order toreach such water savings the
rice area has to be reduced to 210,000 feddans, or the allocation duty for rice till
4,600 m'.feddan"1 (table 25). Although for the long term outcome of the spatial
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crop yield distribution the results are less good compared to the short term, the
same conclusion can be drafted (table 28). Obviously, when the spatial distribution is more or less equal, the strategy with the least effect on farmers' income
should be selected as the best alternative approach. These are the strategies with
reduced rice allocation duties (table 28).
Table 28. Water savings, long term (after50years) averageyearlyfarmers' income, and
percentages of the study area with crop yieldreductionsfor a number ofrice
areaandwater allocation duty strategies. The water savings andlong term
farmers'income arerelative tothereference strategy (sioßs).
strategy

water
savings

farmers'
income

% of study area with relative crop yield

(%)

(%)

>75%

50-75%

<50%

(510,88)

-

100.0

88

10

2

(375,88)
(510,74)

5.9
5.9

94.0
99.2

85
88

11
10

4
2

(309,88)
(375,74)
(510,60)
(510.VA)

8.9
10.4
11.4
10.8

90.3
93.8
97.0
98.2

85
85
86
86

11
11
10
10

4
4
4
4

(210,74)
(309,60)
(510,46)

16.0
16.1
16.8

82.9
88.4
94.1

78
81
76

17
13
18

5
6
6

(0,88)
(510,27)

23.9
24.2

71.2
86.8

73
63

20
26

7
11

For water savings in the order of magnitude of 24% the difference in the spatial
crop yield distribution between both approaches (reducing the allocation duty of
rice and replacing all rice by maize) is significant (table 28). Reducing the allocation duty of rice to a value as low as 2,700 m'.feddan'1 for strategy (510,27)
results on the long term in an average decline of farmers' income of 13%(10%
on the short term), but in a crop yield reduction of more than 25%in 37%of the
study area (34% on the short term). In about 11% of the study area (6% on the
short term) the crop yield decline is even more than 50%. Taking the rice completely out of cultivation for strategy (038) results on the long term in a more
than double decrease of the average farmers' income of about 28% (20% on the
short term), but the crop yield reductions are more evenly distributed. For this
strategy only 27% of the study area (21% on the short term) suffers from crop
yield decreases of more than 25%on the long term.
Conclusions
During the first year of introducing water saving measures byreducing thericeallocation duty or replacing rice by maize, the winter crops are only slightly affected. If such water saving measures are maintained for a longer period of time,the
winter crops are affected by the soil salinity build-up taking place during the sum194

mer period.
Thechange in évapotranspirationratesof summer crops after introducing theabove
mentioned water saving measures can be characterized by a«sudden reduction in
the first year (year of introducing such measures), followed by a slow deterioration of the évapotranspiration rates as a result of soil salinity build-up. For winter crops this jump is absent, and the crop reaction is limited to a gradual change.
According to the model simulations, these slow changes in crop reaction due to
soil salinization are not yet completed after 50 years, but continue beyond this
period. This means that the time required to reach soil salinity equilibrium conditions after changing the water management in the Eastern Nile Delta is more
than 50 years.
The financial and economic analysis of the long term SIWARE model simulations
results for the 23 distinguished rice area and allocation duty strategies reveals.that
the superiority of reducing the allocation duty of rice over reducing the rice area
is more pronounced after 50 years, compared to the year of introduction of such
measures.
Reducing the allocation duty of rice below 4,600 mlfeddan"1 should not berecommended on the long term,however, because farmers located at the tail-ends of the
irrigation system suffer more than proportional from crop yield decreases.

5.3 Extension of the agricultural lands
5.3.1 Introduction
The currently prevailing high imports of foodstuffs in Egypt are likely to grow
when the population expands further and the cultivated area recedes accordingly.
Reclamation of desert and deltaic areas seems the only way to control an undesirable steep increase of the imports.
During the recent decades several studies have been carried out by various Egyptian Authorities, marking areas suitable for reclamation. In a study conducted by
theLand Master Plan Project (Assen, 1986),a total area of 2.6 million feddan was
identified asreclaimable.Themajor part of this area comprised desert soils.Based
on economic criteria, about 1.0 million feddan was marked as priority area, of
which roughly 80% was situated in Lower Egypt, adjacent to the Nile Delta and
along the shore of the Mediterranean Sea. In 1987 more than 300,000 feddan were
brought undercultivation.For 1992thetarget has been setat an additional 600,000
feddan, while by the year 2000 the remaining area should be reclaimed.
Only 7 to 8% of the total reclaimable area will be supplied with groundwater,
whereas the remaining lands will be fed with Nile water. Since the total yearly
amount of Nile water available for irrigation is not likely to be raised before the
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Fig 88. EasternNileDelta including alreadyreclaimed areas.
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year 2000, the supply to thereclaimedareas will largely go on the account of the
supply to the old lands in the Nile Delta and Valley. Reuse of drainage water,
withdrawal of groundwater, storage reservoirs, an improved water distribution, and
other irrigation methods are expected to offset water shortages.
The reclamation of desert areas requires high investments in infrastructure. It has
been envisaged that, depending on the permeability of the generally light textured soils,canals should be lined or even closed conduits should be applied. In the
study carried out under the Land Master Plan it appeared that the elevation of the
land relative to the waterlevel in the Nile had a considerable impact on the costs
of development. The topography, i.e. from a flat to an undulating landscape, may
limit the choice of the irrigation method. On flat clay soils the standard basin irrigation can be applied, but undulating sandy soils require the more advanced, and
more expensive, sprinkler and/or drip irrigation. Gated pipe irrigation can be used
for flat to undulating sandy soils with an intermediate permeability. Extra costs
made for the irrigation system can be offset by postponing or even leaving out the
installation of a drainage system.
The climatic conditions in the desert areas are generally such that the evaporative
demand of the crops will be higher. Also the hydrological conditions will have a
large influence on the crop waterrequirements,although this factor can partly be
compensated by more efficient irrigation methods. For the priority areas in the
desert, the annual water requirements are estimated by the Ministry of Public
Works andWater Resources at a4,000m'-feddan"1 for an adapted cropping pattern.
The remaining areas are estimated at a 5,500 m'-feddan'1 annually. The cropping
pattern itself follows climate, soil texture and salinity, and irrigation water availability along with its salinity.Apart from thereclaimed clay soils,which constitute
a very small segment of the total reclaimed areas, no rice is grown. Cotton occupies its usual share on the clay soils, but only a relative small area on the sandy
loam and silty clay soils is assigned to this crop. Corn, fruit, and vegetables are
the predominant crops on the latter and the sandy soils.
Sofar model simulations have only been performed for theEastern NileDeltawith
an estimated gross agricultural area of 1.83 million feddan, which already includes
severalreclaimed areas (fig 88).In these simulations the existing situation of 1988
has been taken as areference.From this starting point onwards, 8 strategies with
an extension of 44,000 feddans gross agricultural area each have been simulated.
It has been assumed that the extensions follow a yearly sequence, i.e. only one
extension will be cultivated per year, succeeded by a new area in the next year.
In thisway themaximum expansion amounts to350,000feddan gross area(+19%),
or, starting from 1.43 million feddan net area,245,000 feddan (+17%). The calculations were concluded by a long term run (50 years) for the maximum extension
with 350,000 feddan.
Two specific assumptions underlie the model simulations. These assumptions are
directly related to strategies dealing with the reclamation of desert areas.Although
the difference in soil moisture retention between desert soils and deltaic soils did
not encounter difficulties in the model input data, the productivity of the former
soils is generally lower. Actual use of fertilizers in the less fertile reclaimed areas
is not known, and therefore the fertility in thereclaimedareas has been assumed
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at an equal level as for the old lands. Depending on the soil type and the topography, several irrigation methods are applied in the reclaimed areas. In the model
simulations no such distinction can be made and,consequently, basin irrigation has
been used throughout the whole modelled area. In order to approach the efficiency
of the other methods as close as possible, relative small plot sizes have been
chosen for the reclaimed desert areas.
Apart from limitations in modelling, a major restriction was given by the fact that
no extra water could be made available for agriculture in the reclaimed desert
areas. Thus requirements here would have to go on the account of the old lands
in the Eastern Nile Delta. Such a policy dictates a optimum use of the available
irrigation water. This has been procured by an allocation of the total amount of
water over the 6 main intakes, serving the Eastern Nile Delta and the desert areas,
proportional to the allocation water duties of the Ministry of Public Works and
Water Resources.Furthermore thepossibilities for both official andunofficial reuse
of drainage water have been fully utilized.
Considering the model input data, the actual cropping pattern in the reclaimed
areas has been obtained by extrapolating figures available for existing reclaimed
desert areas (Ismaileya District). It has also been assumed that each extension will
follow a similar pattern. In the reference simulation part of the desert area is
already cultivated. For the extensions these areas are filled with crops first, completely fallow desert areas are followed later.
The initial conditions for model simulations have been acquired from a 50 year
run for the 1988 situation with a total connected desert area of 350,000 feddan
without crops. The initial soil salinity in these extensions is therefore governed
by seepage and bare soil evaporation, which generally leads to high values. This
procedure provides a more realistic estimation for initial soil salinity and moisture
content Moreover, assumed equilibrium after 50 years results in horizontal lines
for the all the model output reference variables related to salinity, facilitating the
interpretation of the results obtained with the various extension strategies. Each
simulated strategy has been labelled with an unique number as follows:
short term (1 year)
- 0 , reference run for 1988
- 1 , extension of the area with 44,000 feddan gross agricultural area
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- 10 , extension of the area with 350,000 feddan
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5.3.2 Changes in the supply and discharge system
5.3.2.1. The irrigation system
Starting from the main intakes of the irrigation canal system, the following major
components are affected by a step-wise increment of the agricultural area:
- allocation of irrigation water to the 6 main intakes;
- drainage water pumped back into the irrigation canal system (official reuse);
- irrigation water uptake by the farmers;
- irrigation system losses over spillways and to the deep groundwater.
The first two components mainly determine the amount of water available for the
farmers. The actual uptake by the farmers depends on both the total supply and
their water requirements. The difference between supply and uptake, and what
cannot be stored temporarily in the irrigation canal, should be released over the
spillways to the drainage canal system.
Allocation
The allocation of the irrigation water to the intakes and the distribution of this
water over the major irrigation canals fall under the prime responsibility of the
Ministry of Public Works and Water Resources.The Nile water supply to theEastern Nile Delta has been secured by 6 canal intakes, starting just north of Cairo
with the Ismaileya canal, Abu Managga pumps and Sharkawiah canal. Finally
Basousiah canal, Tawfiki canal and Mansouriah canal receive their water from the
Damietta Nile branch (fig 4). Of these 6 canals, only Ismaileya canal serves the
reclaimed desert areas,i.e.both the desert areasincludedin the 1988modelledarea
and the extension areas. Taking into account that the total available quantity of
irrigation water is fixed, the allocation to Ismaileya canal will show anincrease for
each extension with 44,000 feddan gross area (table 29). On the other hand, the
cumulated supply to the other canals will go down with a similar amount
In figures 90a and 90b the contents of table 29 are plotted for Ismaileya canal
and the other canals combined together. Until strategy 40, i.e. an extension of the
initial area with 132,000 feddan (gross), the relation between area and allocation
is moreor lesslinear. Bringing new areas under cultivation in the succeeding years
results in a flattening of both curves. This effect is caused by the allocation
procedure. Although the available water is distributed proportionally to the water
allocation duties of the Ministry of Public Works and Water Resources in the area
served by a canal intake, the procedure also includes corrections for the amount
of official reuse in this area. As already established in chapter 4,reductions in the
supply to the old lands (where the official reuse pump stations are located) are
followed by a much higher relative reduction in the total annual reuse of drainage
water (fig 90d).
In fact, changes in the official reuse cause a re-distribution of the available water
over the main canal intakes. A drop in the allocation to the old lands is followed
by a drop in the reuse, which on its turn requires a higher share of the Nile water
diverted to the old lands (fig 90b). The effects in terms of a deviation from the
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Table29. Annualallocation ofirrigation water tothe6 mainintakes of the Eastern Nile
Deltafor the reference run and the8 extension strategies.
#5 = extension with220,000 f
#6=
„
„ 264,000 f
#7 =
„
„ 308,000 f
#8 = extension with350,000 f
(extensions in feddan gross area)

#0 = reference run for 1988
#1 = extension with44,000 f
#2 =
„
„ 88,000 f
#3 =
„
„ 132,000 f
#4 = extension witli76,000 f

irrigation water allocation (10*m3)
strat. Ismaileya Abu Managga Sharkawia
canal
canal
canal

#0
#1
#2
#3
#4
#5
#6
#7
#8

336
329
322
316
309
304
298
292
287

2,926
3,068
3,209
3,343
3,471
3,596
3,719
3,833
3,944

Basousiah Tawfiki
canal
canal

475
466
456
447
438
430
422
414
406

Allocation
(10 6 m3-month"1)
500-i

297
291
285
280
274
269
264
259
254

Mansouriah
canal

3,342
3,280
3,219
3,164
3,110
3,058
3,005
2,955
2,908

ISMAILEYACANAL

2,810
2,751
2,693
2,635
2,580
2,528
2,477
2,429
2,383

CO

s

400-

n

300

II
IP

200-

100-

jan

feb

mar

apr may

jun

jul

aug

sep oct

nov

dec

+0f(réf.)
[

\ +176,000f

I

| +350,000f

Fig 89. Monthlydistribution of the irrigation waterallocation toIsmaileya canalfor an
extensionof theEasternNileDelta with 176,000feddan and350,000feddan.
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linear allocation arequite small, however, since theofficial reuse amounts toless
than 10%ofthe total Nile water supply, and the changes are limited toonly 30%
of the total reuse quantity (figs 90aand90b). Theaccumulated allocation to the
other 5 canals, notincluding Ismaileya canal, follows the curve for the official
reuse, beit ina less pronounced way because Ismaileya canal also serves asubstantial part of the oldlands (fig90b).
The interest ofthe Ministry ofPublic Works and Water Resources isaimed at the
time distribution ofthe allocation tothedifferent intakes.Infigure 89amonthly
distribution is given forIsmaileya canal showing results of the reference run,an
extension with 176,000 feddan, andthe maximum extension of 350,000 feddan.
The barchart reveals that changes in theofficial reuse affect themonthly allocation (non-linearity!) toaminor extent asindicated before.
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Fig 90. Annual irrigation water allocation toIsmaileya canal (a),cumulated allocation
tothe 5other canals (b),official reuse discharges (c),and the relative changes
inthe discharges (d)for the 8extension strategies.
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Official reuse
Figure 90c presents the total amount of drainage water which can be reused officially for the 8 extension strategies. Although the fall from 622 million m3 (reference) to 448 million m3 (maximum extension) will be hardly noticeable on the
total Nile water supply of 10,310 million m3, it still represents 28% of the total
official reuse (figs 90c and 90d).Unfortunately, reductions in the allocation to the
old lands are followed by approximately two times higher drops in the official
reuse, when expressed in percentages (fig 90d). Constructing new pump stations
at locations where sufficient drainage water with a reasonable quality is still
available could offer some compensation.
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Farmers' uptake
The distribution of an equal amount of irrigation water over a larger area will undoubtedly result in a lower supply to the distributary canals serving the agricultural calculation units located in the old lands.Farmers lifting their irrigation water
from thesecanals will feel the effects. The uptake as an aggregated total, however,
increases for the whole modelled area with each increment (fig 91a). Since the
total amount of irrigation water remains the same, and the water balance must fit,
the increase in uptake should equal the reduction in total irrigation system losses
minus the reduction in official reuse.Consequently, the irrigation system efficiency
improves, resulting in a 4% higher withdrawal from the canals for the maximum
extension with 350,000 feddan (fig 91b).The individual farmers, however, do not
profit since the net cropped area has been increased with more than 17%,leaving
them with less water than before.
Irrigation system losses
Surplus water, i.e. beyond the farmers' water requirements or uptake capacity,
should be released from the irrigation system to prevent local inundation. Part of
the water, however, may be stored temporarily in the canals.When waterlevelsrise
excessively, spillways will start functioning.
The total system losses are made up by the spillway losses in the calculation units
internally, the spillway losses at the tail-ends of the irrigation canals, and the
conveyance losses to the deep groundwater. Since a larger area has to be irrigated
with the same amount of Nile water, losses should decrease. Generally, tightly
operated systems tend to be more efficient. Figures 91c and 9Id show that the
accumulated losses fall considerably with 481million m3or 18%for the maximum
extension.

5.3.2.2. The drainage system
On the supply side of the drainage canal system the losses originating from the
spillways of the irrigation canals reveal a substantial decrease (fig 91c). Figures
92a and 92b show that also the crop drainage goes down as a result of the higher
on-farm efficiency obtained with alowercropwater supply perunit area. Both,the
official and the unofficial reuse will depend on the available quantities in the
drainage canals.
Figures 92c and 92d make clear that the fall in total reuse is not as dramatic as
for the official reuse only. Where the official reuse went down with 174 million
m3, the unofficial reuse decreases with not more than 30 million m\ and thus the
total reuse drops from 1,755 to 1,551 million m3(-11.6%)for the maximum extension with 350,000 feddan. Clearly, the diffuse distribution of the unofficial reuse
uptake from the drainage canals is affected toa lesser extent by the lower discharges in these canals.
.As a result of the much lower discharges to the drainage canal system, and the
moderate decline in total reuse, the discharges simulated at the outfalls of the
203

( D RELATIVECHANGE
(curvefit)

® CROP DRAINAGE
(curvefit)
discharge (10 9 m 3 «year -1 )
2.90

changedischarge(%)
100O.

2.8095

Ni

X

\ o

2.70

902.60

-i

-i

r—r-

1

© TOTALREUSE
(curvefit)
9

3

1.72-

X

1.681.641.601.56-

1

1

1

1

1

NN

3.90

1

X

95-

X

90

© RELATIVE CHANGE
(curvefit)
changedischarge(%)
100 -a

X
\

X N.

X

90

3.70-

0

1

x,_

95 -

X

1

1

( f ) SUMDRAINOUTFALL DISCHARGES
(curvefit)
discharge (10 9 rr^-year- 1 )
4.30-j

4.10

1

changedischarge(%)
100 n ^

X
XX

1

1

© RELATIVE CHANGE
(curvefit)

-1

discharge (10 m -year )
1.76 u,

1

\ _

85

1

-i

2

3

1

4

r

-1

5

6

7

1

8
strategy

1

0

1

1

1

2

1

3

1

4

1

5

1

6

1

7
8
strategy

Fig 92. Annualcrop drainage (a),total reuse(c),andcumulated discharges at the drain
outfalls(e),together withtheirrelativechanges (b, d, andf) for the8 extension
strategies.
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drainage canals nearLakeManzala show adistinct fall from 4,265 to3,537 million
m3 (-12%) for the maximum extension (figs 92e and 92f).

5.3.3 Crop reaction
5.33.1 Introduction
From the model output, the calculated évapotranspiration can be used as a standard of comparison for the crop reaction of the different strategies. The crop
production is, within certain limits, linearly correlated to the évapotranspiration as
has been explained in chapter 4. Therefore differences in évapotranspiration can
give an impression in what way acrop will respond in terms of actual yield when
compared to the reference simulation. Alsocomparisons between thedifferent strategies mutually can be carried out, provided that these strategies are based on the
same conceptual approach.
The évapotranspiration depends on quite a number of variables. Since crop type,
cropped areas,climatic zone,etc.,come along with the modelinput data, andinput
parameters as sowing and harvesting date, irrigation priority and frequency, crop
height, rooting depth, soilcover, andmaximum pondingperiod are calibrated,only
the actual crop water supply and the (top) soil salinity can be considered as process variables for the évapotranspiration in the model. The crop water supply is
composed of the following 3 components:
- uptake from the irrigation canals;
- unofficial reuse;
- groundwater abstraction.
The salinity of the top soil strongly depends on the amount of water applied to
the crop, along with its salinity, in relation to the actual évapotranspiration
(leaching efficiency). For the short term analysis (1 year) both the crop water
supply and the top soil salinity may affect the transpiration rate. In the long term
analysis (50 years), however, the salinization or desalinization of the top soil will
govern the transpiration rate to a large extent.

5.33.2 Short term effects
An extension of the total cropped area will reduce the local irrigation wateruptake
by farmers when supplied with an amount of Nile water which does not follow the
expansion. Moreover, quantities of official and unofficial reuse will decrease as
shown before. As a consequence, the local crop water supply will be lower, although its salinity may improve slightly due to a lower contribution of the more
saline reuse. When considering the évapotranspiration, it seems unrealistic to
assume that a reduced salt content of the crop water supply can offset shortages
resulting from expanding the cultivated area.
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Agricultural production in the old lands will show a decline. In the reclaimed
areas,production should more than compensate for these losses in order toremain
economically attractive. In table 30 thepercentages occupied by each cropperunit
reclaimed area are given. They have been derived from the tables of the Ministry
of Public Works for the Ismaileya Irrigation District, which partly comprises already reclaimed desert areas. Furthermore it has been assumed that all the extensions will follow the same crop distribution.
Table 31 presents the simulated crop évapotranspiration in the total area. The
figures are corrected for each increment in area of the distinguished crop, and the
reference évapotranspiration (run #0) has been set at 100. All the extension runs
show an increase in évapotranspiration, with the exception of rice which is not
grown in the reclaimed areas. This means that, despite a reduction in évapotranspiration per unit areain theold lands,theévapotranspiration in thereclaimed areas
overcompensates the lossesthere.This alsoindicates that, under the given assumptions and for the limited amount of Nile water, an expansion of the arable l.and
may indeed raise the country's crop production.
The contents of table 31 are graphically presented in figure 93, together with the
relative increase in cultivated area for each crop. The évapotranspiration of winter
crops like long and short berseem and wheat follows the area extension ratherclosely (figs 93a, 93c, and 93g),implying an adequate crop water supply during their
growing season. Figure 93a shows that values for long berseem even surpass the
relative arealexpansion,probably duetoclimaticalreasons (higherpotentialévapotranspiration). The response of die summer crops is less pronounced, although all
crops except rice score better than thereference (figs 93b,93d, 93f, and 93h).The
already tight Nile water supply in summer seems to be unable toprovide the total
extended area adequately. Among these crops, maize shows the best performance
with a 21%higher total évapotranspiration placed against a 26% higher cropped
area for an extension with 350,000 feddan (fig 93b).
None of the curves drawn in figure 93 appears to be very smooth. This is demonstrated most prominently by the crops which do not perform very well, namely
winter and summer vegetables (figs 93e and 93f)- Both crops are known to be
sensitive for salt. Salinity effects are exposed in the step-wise ascent of the
évapotranspiration for both crops (figs 93e and 93f, encircled points). The initial
salinity of the top soil in the envisaged reclaimable areas will be high, due to
seepage and bare soil evaporation. Only excessive leaching and the occurrence of
other 'leaching crops' in the rotation can incite the vegetable plants to pickup
growth. Each time when a new extension is put into use, the aggregated évapotranspiration for the vegetables will be the superimposed result of an increasing
production inpreviously attachedareasduetoleaching,andastagnatingproduction
in the new area, depending on the initial soil salinities. The same phenomenon
holds for the other crops, be it in a less pronounced way. The old lands in the
Eastern Nile Delta, alsoreferred to as the study area, should not display these effects. In fact, figure 94 shows declining and generally smooth curves for all crops
in the study area. Reductions in évapotranspiration are moderate considering the
huge cut in the water supply, and do not exceed the 10%for themaximum extension of 350,000feddan (table 32,run #8).In the simulations theévapotranspiration
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Table30. Relativeareas occupied by the different
cropsin the extension areas.
crop

relative area (%)

winter crops
- long berseem
- wheat
- winter vegetables
- short berseem

29
30
16
10

summer crops
- rice
- cotton
- maize
- summer vegetables

10
53
22

deciduous trees

15

Table31. Evapotranspiration ofthesummer crops, wintercrops,perennial trees, andthe
aggregated valuefor allcropsin thetotal area (Eastern NileDelta including
therelevant reclaimed areas),correctedfor theactual cropped areaand with
the reference valuesset at 100.
#0 = reference run for 1988
#1 = extension with44,000 f
#2 =
„
„ 88.000 f
#3 =
„
„ 132,000 f
#4 = extension witH76,000 f

#5 = extension with220,000 f
#6=
„
„ 264,000 f
#7 =
„
„ 308,000 f
#8 = extension with350,000 f
(extensions in feddan gross area)

évapotranspiration (%)
crop

#0

#1

#2

100
100
100
100

103
102
100
101

106
104
100
102

#3

#4

#5

#6

#7

114
110
106
107

116
112
109
107

119
113
111
109

#8

winter crops
- long berseem
- wheat
- winter vegetables
- short berseem

109
106
104
104

111
108
106
105

121
115
111
110

summer crops
- rice
- cotton
- maize
- summer vegetables
deciduous trees
aggregated value
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100 100
100 101
100 103
100 99

100 99 98
102 102 103
106 109 111
100 100 99

100 102

104 105 107 108 109 111 113

100 101

103 105 106 107 109 110 111

97 97 96 95
104 104 105 105
114 116 119 121
100 103 102 103
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209

Table 32. Evapotranspirationofthesummercrops,wintercrops,perennial trees, andthe
aggregatedvaluefor allcrops inthestudyarea (old lands intheEastern Nile
Delta), correctedfortheactual croppedareaandwith the referencevaluesset
at 100.
#5 = extension with220,000 f
„ 264,000 f
#6 =
»•
#7 =
„ 308,000 f
•t
#8 = extension with350,000 f
(extensions in feddan gross area)

#0 = reference run for 1988
#1 = extension with 44,000 f
#2 =
„
„ 88,000 f
#3=
„
„ 132,000 f
#4 = extension withl76,000f

évapotranspiration(%)
crop

#0

#1

#2

#3

#4

#5

#6

#7

#8

100
100
100
100

100
100
99
100

99
99
98
99

99
99
97
99

98
98
96
98

98
97
94
98

97
97
94
97

97
96
92
97

96
96
91
96

- rice
- cotton
- maize
- summer vegetables

100
100
100
100

100
100
99
99

100
99
98
98

99
99
98
97

98
98
97
96

98
97
96
95

97
97
95
93

96
96
94
93

96
96
94
92

deciduous trees

100

99

99

98

97

96

95

94

94

aggregated value

100

99

99

98

97

97

96

95

95

winter crops
- long berseem
- wheat
- winter vegetables
- short berseem
summer crops

is controlled by 2 process variables as indicated before. By comparing the output
values for the crop water supply and the soil salinity with tables 11 and 12 of
chapter 4,an impression can be obtained which variable impaired theévapotranspiration of a specific crop in the old lands.
Table 33 gives the average values for the ratio of crop water supply over agricultural demand,the crop water salinity, and the soil salinity for the reference and
the maximum extension simulations. From the comparison with tables 11 and 12,
it appears that winter and summer vegetables are affected by stress conditions for
crop water supply and especially soil salinity, whereas other crops mainly suffer
from watershortages.Ahigh thresholdvaluefor the supply (winter vegetables) and
very low threshold values for the salinity (both winter and summer vegetables),
together with the rather steep slopes for the reduction in évapotranspiration (tables
11and 12)can be hold accountable.This fully confirms the low, calculated évapotranspiration given in table 32 (run #8) for the winter and summer vegetables.
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Table 33. Ratio of average crop water supply over agricultural demand, average crop
water salinity, and average soilsalinityfor the summer crops, winter crops,
andtheperennial trees inthe study area (old lands).
#0 = reference run for 1988

#8 = extension with 350,000 f

(supplyoverdemandexpressedasapercentage,soilsalinity
inmmho-cnv'andirrigation watersalinity in g-m')
#0
crop

#8

supp
/dem

soil
sal.

irr.
sal.

supp
/dem

soil
sal.

irr.
sal.

92
86
87
85

2.51
3.25
2.54
2.64

489
511
501
550

85
78
80
78

2.82
3.60
2.81
2.99

536
567
546
607 •

- rice
- cotton
- maize
- summer vegetables

97
95
96
95

3.00
3.08
2.68
2.65

441
452
421
439

88
88
89
88

3.35
3.45
3.00
2.94

488
503
469
490

deciduous trees

96

6.42

451

88

6.94

493

winter crops
- long berseem
- wheat
- winter vegetables
- short berseem
summer crops

5.333 Long term effects
Long term effects are related to a salinization or desalinization of the top soil. It
has been assumed in the simulations that the crop water supply remains unchanged
during the considered period. The crop water salinity might be slightly influenced
through the official and unofficial reuse, which are on their turn affected by the
salinity of the crop drainage.
A salt accumulation in the top soil is likely to occur in the old lands. A lower
crop water supply, causedby a lower share of the available Nile water,will almost
certainly reduce the quantities applied for leaching. Also the salinity of the crop
water supply is negatively affected by the areal expansion as shown in table 33.
The lower salt contribution to the crop water supply by lower reuse quantities is
overtaken by the latter's much higher salinity. As a consequence, a salinization
of the soil profile becomes unavoidable, which is illustrated for the old lands
(study area) in figure 95. The initial average soil salinity equals 3.11 mmhocm'1,
but after extending the cultivated area for 8 years with 44,000 feddan yearly, the
average soil salinity climbs till 3.46 mmhocm"1. Finally, the average soil salinity
in the old lands reaches its equilibrium value at 3.57 mmho-cm"1 after approximately 20 years with a total extension of 350,000 feddan gross area.
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Fig95. Development ofthe average soilsalinity inthe total area and the study areafor
the 8 extension strategies with time.

In the reclaimed areas, however, another process is set in motion. Bare soils generally have ahigh salinity, requiring leaching and salt tolerant crops with a leaching
potential to remove salts until an acceptable level for the more salt sensitive crops
has been reached. This process can be illustrated by figure 96. The curves of the
average salinity over the soil profile for the calculation units 89 through 91 show
a steep decline from around 5.8 mmho-cm"1 to more acceptable levels around 3.1
mmho-cm"1 (table 11, chapter 4). The soil salinity for the last 2 units drawn in
figures 96d and 96e develops less well. Both units suffer from water shortages
inherent to their location at the tail-end of the irrigation canal system.Unit 92 still
seems to be able to offer some agricultural production with an aggregated relative
évapotranspiration of 74% (average value for the complete cropping pattern and
relative to the optimum évapotranspiration), and an average soil salinity of 4.29
mmho-cm1four years after reclamation started (run #8).However, ariseof the soil
salinity till 4.49 mmho-cm'1 at the 50 year encircled point will cause further
reductions of the évapotranspiration (fig 96d). Unit 93 on the other hand shows
an aggregated relative évapotranspiration of only 52%,and an average soil salinity
of 5.35 mmho-cm1 one year after reclamation (run #8). Due to severe water shortages hardly any leaching will occur, and subsequently soil salinity rises till 6.19
mmho-cm"1 at the 50 year encircled point (fig 96e). The transpiration of all crops,
except cotton, trees, and to a lesser extent wheat, will be seriously affected (table
11). Figure 95 shows the effects of a desalinization in the reclaimed areas on the
total area. After the 4thextension (run #4, 4th year), the average soil salinity in the
total area increases again due to the salinization in the old lands.
Table 34 presents the long,term values for the évapotranspiration, adjusted for the
increments in area and with the long term reference évapotranspiration set at 100.
The absolute values of the long term reference évapotranspiration do not differ
from those acquired with the short termreference run,enabling adirect comparison
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Table 34. Long term (50 years) évapotranspiration ofthesummer crops, winter crops,
perennial trees,and theaggregated value for all crops in the total area
(Eastern Nile Delta including the relevant reclaimed areas), correctedfor the
actual cropped area and with thereference values setat 100.
#0 = reference run for 1988

#10 = extension with 350,000 f (50 y.)

total area (%)

study area (%)

crop
#0

#10

#0

#10

100
100
100
100

122
115
113
111

100
100
100
100

96
95 .
90
96

- rice
- cotton
- maize
- summer vegetables

100
100
100
100

95
105
121
106

100
100
100
100

95
96
93
91

deciduous trees

100

111

100

93

aggregated value

100

111

100

94

winter crops
- long berseem
- wheat
- winter vegetables
- short berseem
summer crops

between long (table 34, run #10) and short term values (tables 31 and 32, run
#8).
In the old lands a further salinization of the soil in the long run causes additional
reductions in évapotranspiration. All crops, except long and short berseem and
cotton, are affected when comparing the right-most columns of tables 32 and 34
(extension with 350,000 feddan).
For the total area the desalinization effects of the reclaimed desert areas offsets
the salinization of the soil in the old lands. Especially the winter crops are able
to increase their évapotranspiration (table 31 right-most column versus table 34
second column). Apart from the summer vegetables, the summer crops maintain
their shorttermévapotranspirationvalues.Notably, both summerandwintervegetables show the largest increase in évapotranspiration after 50 years. The leaching
of the reclaimed desert areas also provides productive conditions for these crops,
although it will take a considerable longer period than for other crops. This indicates that for growing vegetables in such areas more sophisticated irrigation
methods should be employed. Sprinkler, and especially drip irrigation, can offer a
higher leaching efficiency, and are actually used on a large scale already.
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Remarkably is also that the perennial trees are finally affected by the increasing
soil salinity. Long term simulations show that the average soil salinity under the
trees climbs till 7.36 mmho-cm"1compared to 6.94 mmho-cm'1 for strategy #8, i.e.
one year after themaximum area of 350,000feddan has been taken into production
(table 33).Table 11shows that 7.36 mmho-cm'1lies above theempirically obtained
threshold value of 7.2 mmho-cm'1 for trees, thus indicating salinity stress.
Aninteresting phenomenon is that, despite an increasing average soil salinity in the
total area between the 8th and the 50th year (fig 95), the total crop production can
be maintained or even slightly elevated.The spatial distribution of the soil salinity,
with an intensive desalinization in the reclaimed areas andarelative small increase
of the soil salinity in the old lands, offers the only explanation. It also turns out
that the winter crops profit to a higher extent, probably due to their better crop
water supplywhichcankeep the soil salinity at lowervaluesonboththe short and
the long term.

5.4 Conclusions
Eight consecutive extension strategies have been simulated with the SIWARE
model package. Each extension comprised a gross area of 44,000 feddan located
in the desert eastwards of the Eastern Nile Delta. The maximum reclaimed area
therefore amounted to 350,000 feddan, which is about 19% of the existing cultivated area of roughly 1.8 million feddan used in the model simulations for 1988.
Areference run hasbeen performed with the SIWAREpackage for the comparison
and justification of the acquired simulation results. Also the long term effects of
the maximum extension have been analyzed.
The Ministry of Public Works and Water Resources made clear that no extra irrigation water could be diverted to the reclaimed areas. Consequently, the water
requirements in these areas had to be satisfied on the account of the allocation to
the old lands in the Eastern Nile Delta.
In order toensure an optimum allocation of the available Nile water tothe various
canals, the Ministry of Public Works and Water Resources allocation water duty
has been used as adistribution parameter in the model simulations. In addition,the
available quantities in the drainage canals at thepump station sites,multiplied with
their calibrated percentage, have been fully utilized for official reuse.
A number of assumptions related to the reclamation of desert areas have been followed in the model simulations:
-Thecropping pattern inthe desert areas has been extrapolatedfrom data provided
by theMinistry of Public Works and WaterResources for theIsmaileya Irrigation
District, an existingreclaimeddesert area;
-In Egypt, part of the desert areas is irrigated by sprinkler and/or drip irrigation.
In order to approach the irrigation efficiency of these irrigation methods as close
. as possible, relative small plot sizes have been chosen in the reclaimed areas;
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-The productivity of desert soils in Egypt is generally lower than for deltaic clay
soils. This is caused by two main soil characteristics, namely the soil moisture
retention and the soil fertility level. In the model simulations differences in the
soilfertility havenot been accounted for, andconsequendy a similarfertility level
has been assumed for the desert soils.
The conclusions will comprise the following simulation results:
- major water balance components in the irrigation and drainage system;
- crop reaction in terms of évapotranspiration.
Irrigationand drainage system
The Nile water allocation to the old deltaic area between the Damietta Nile branch
and the Suez canal (fig 3) decreases as a result of cultivating new areas. Until an
extension with 132,000 feddan the reduction in allocation follows the reduction in
area more or less linearly for the canals serving the old lands. Afurther expansion
causes a relative higher share of the total supply to be diverted to the old lands,
due to a disproportional fall in the official reuse in this area.
Without extension (reference run) the calculated maximum official reuse amounts
to 622 million m3 annually. With an extension of 132,000 feddan (+7%) the reuse
comes down to 553 million m3 (-11%), and with the maximum extension of
350,000 feddan (+19%) the reuse equals 448 million m3 (-28%). Therefore this
sharp fall in official reuse cannot be seen separately from the heavycut in the Nile
waterquota,both seriously endangering thecropwater supply andleachingrequirements in the old lands.Fortunately, the absolute quantities of official reuse arenot
that high when compared to an annual Nile water supply of 10,310 million m3.
The annual farmers' uptake from the irrigation canals increases with 4% from
7,775 million m3for the reference run to 8,092million m3 for the strategy with an
extension of 350,000 feddan. The net agricultural area, however, increased with
more than 17%,clearly showing the adverse effects for the individual farmers in
the old lands.
The irrigation system losses fall from 2,697 million m3for the reference run until
2,216 million m3 (-18%) for the strategy with an extension of 350,000 feddan as
a result of a more efficiently operated irrigation system.
The lower crop drainage and the lower losses from the irrigation system cause
lower discharges in the drainage system. Having less water available in the canals
immediately affects the quantities withdrawn for reuse.
The official reuse is pressed most severely, and goes down with 28% for the
maximum extension with 350,000 feddan as mentioned before.
The unofficial reuse on the other hand drops with only 3%,from 1,133 million m3
for the reference till 1,103 million m3 for the maximum extension, which also
underlines its importance to keep the crop water supply on an acceptable level.
As a consequence of the lower irrigation water losses and crop drainage, the simulated total discharge at the drainage canal outfalls goes down considerably, from
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4,265 million m3 for the reference till 3,537 million m3 (-17%) for the maximum
extension with 350,000 feddan.
Crop reaction
Differences in the évapotranspiration as simulated for the various crops are considered to be indicative for the changes in crop production. All crops cultivated in
the old lands also occur in thereclaimeddesert areas, except rice.
The total évapotranspiration of almost all individual crops shows an increase for
each extension taken into production. The best performance, expressed in terms
of a relative increase in seasonal évapotranspiration related to the relative areal
expansion, is obtained with the winter crops, notably long and short berseem and
wheat. The relative increase in évapotranspiration of these three crops follows the
relative areal expansion quite closely, or even overtakes the latter in the case of
long berseem. Most probably the higher evaporative demand in the desert areas
causes higher évapotranspiration rates, apparently hardly being limited by water or
salinity stress.
Summer crops perform less well. Theirrelativeincrease in évapotranspiration lags
substantially behindtherelativeincrease in netcultivated area.Amongthem,maize
shows the best performance with a 21% higher total évapotranspiration placed
against a 26% higher cropped area for an extension with 350,000 feddan. The
production of rice,with its unchanged area, will godown as a result of a 5%drop
in the évapotranspiration.
In most cases irrigation water shortages occurring during summertime can behold
accountable for the lowresponsein évapotranspiration of the summer crops. Holding on a fixed allotment of irrigation water for the Eastern Nile Delta, thepotential of supplementing this quantity with drainage water during the summer season
should be investigated (higher official reuse).
Problems are faced with the vegetables in thereclaimeddesert areas. High initial
soil salinities around the 5.7 mmhocm"1 impede plant growth, and a major part
of the accumulated salts should be flushed first from the top soil.
Despite a substantial fall of the average soil salinity till around 3 mmho-cm"1in
mostreclaimed areas,the évapotranspiration of summer vegetables in the total area
reaches only 3%above the reference value 8 years after the firstreclamationstarted (or the year in which the maximum extension was realized). In fact, this situation is even more critical since the area cultivated with summer crops has been
enlarged with not less than 32%. Clearly, the reclaimed areas are barely able to
offset production losses in the old lands caused by water shortages and a salinization of the top soil. Notwithstanding an intensive leaching of the soil in the reclaimed areas, salinity problems will continue to afflict production of these salt
sensitive crops.
At first sight it seems recommendable to exclude the vegetables from the cropping
pattern in the reclaimed desert areas. However, the application of more sophisticated methods as for instance sprinkler or drip irrigation may lift the vegetable
-production considerably. Such equipment offers a much higher leaching efficiency,
and may even be a prerequisite for growing vegetables. In fact, sprinkler irrigation
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is already used in these areas on a large scale.
Generally, crop production in the old lands will decline as a direct result of the
fixed Nile water allotment for the total area, leading to water and/or salinity stress
conditions for the crops. Production in the reclaimed areas should compensate for
these losses, and should yield areasonable extra quantity in relation totheir actual
area for being economically attractive.
It appears from the model simulations that an expansion of the arable land may
indeed raise the country's crop production. The simulations show an 11%higher
aggregated (allcrops)évapotranspiration after thelastextension has been takeninto
production, i.e. after 8 years. Confronting the 11% with the 17%expansion of the
total net cropped area, the conclusion can be drawn that the reclaimed areas perform quite well. The more so because the aggregated évapotranspiration in the
old land goes down with more than 5%, which can be largely compensated by an
increase in évapotranspiration in the reclaimed desert areas.
The simulations alsoreveal that the aggregated évapotranspiration can bemaintainedduring a period of 50 years in the total area,despite a small increase in average
soil salinity, mainly concentrated in the old lands.

5.4 Local water management strategies
5.4.1 Introduction
Measures related to water management can be implemented on different levels.
First, the authorities have the option to interfere in the total available amount of
irrigation water for the region. Next to this option they also have the possibility
to change the allocation of the water with respect totime.
On a lower level, the internal distribution can be adapted in such a way that the
supply follows the agricultural demand more closely, both in time and in space,
reducing losses and thus improving the system efficiency. Although falling within
the scope of the underlying report these options are not considered.
A strategy put forward by the Reuse Steering Committee concerned measures on
the lowest level as schematized in the SIWARE model. For this level, i.e. the
agricultural calculation unit, the following two options will be treated:
- a prohibition to use the small diesel pumps for lifting water from the irrigation
canals for field irrigation;
- a total ban on the use of small diesel pumps for lifting water from irrigation as
well as drainage canals.
The use of small capacity, movable diesel pumps is common practice nowadays
in Egypt's irrigated agriculture. When the current trend continues, and fuel prices
remain low, the water-wheel (sakkia) powered by animal force will soon become
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obsolete. Apparently the first farmers who replaced their sakkias by pumps saved
a considerable amount of time and became more flexible in their planning.Aswith
so many innovations, however, benefits tend to decrease when larger numbersbecome involved. The higher capacity together with the higher lifting head of the
pumps have introduced a less uniform water distribution pattern over the area. As
a result, farmers with plots located at the tail-ends of the irrigation canals were the
first to feel the adverse effects, forcing them to irrigate during night hours. Step
by step the consequences were felt in upstream areas,first affecting the flexibility
of the investment with respect totheinput (operating hours),andlater on alsowith
respect to the output (lifted quantity).
Nowadays, the economic returns of the investment will no longer be the only consideration. Farmers along the tail-ends may be forced to replace their sakkias for
sheer agricultural survival. The expectations are that water shortages will appear
more frequently because farmers having sufficient waterat theirdisposal aretempted to withdraw more than their equal share of the supply, thus facing other farmers downstream with shortages. Low waterlevels and the lack of water during
certain periods of the day will necessitate the useof pumps.When the downstream
situation deteriorates too much,farmers will turn tothe drainage canalswhen these
are situated adjacent to their plots. For lifting water from this source they do not
have any other choice then using diesel pumps. Applying substantial amounts of
drainage water may cause an increase in soil salinity, which may result in lower
crop yields.
The idea behind the Steering Committee's request is that, although the use of the
small pump may be an improvement for the individual farmer, the effects for the
whole population of farmers will be adverse when nothing will be done to limit
the capacity and the lifting head. The use of sakkias has the advantage that it
automatically re-introduces a continuous (24 hours) irrigation uptake by farmers.
Moreover, the total capacity of the sakkias has been designed in such a way that
it is in accordance with the total supply under control of the Ministry of Public
Works and Water Resources.
Although it is possible to eliminate the pumps in the input data of the SIWARE
model package entirely, the effects are expected to be small.The point being that
for the calibration and validation runs of the SIWARE model package the maximumrequired uptake capacity has beenprovidedbymeans of sakkias.Atthe same
time this capacity has been augmented by adding a small number of diesel pumps
to cover emergency situations as for instance low waterlevels. When these situations do not occur, being the case for the larger part of the year, sakkia capacity
is sufficient to handle the demand for water, andpumps will be superfluous. Since
reliable data on type and numbers of working irrigation tools are lacking, as well
as the actual quantitative effects on the irrigation water distribution, it is difficult
to predict how much the real improvements will be after elimination of the diesel
pumps. Simulations can only show how the distribution, andrelated output results
as évapotranspiration, quantity and salinity of drainage water, etc., could have
looked like before the introduction of the pumps.
A factor which will have aconsiderable influence on theresults is the scale. Inthe
model approach it has been assumed that the water distribution within the calculation unit is uniform. The units themselves range from 2,000 to40,000 feddan, with
an average sizeof 15,750 feddan, while each unit is served by only one imaginary
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distributary canal. In reality the average area served by a distributary canal lies
around 6,000 feddan. From this difference it will be clear that model calculations
are not able to give a good perception of the non-uniformity in the water distribution caused by pumps. This non-uniformity will be mainly concentrated within
the schematized calculation units. Simulations, however, can give an idea what the
reciprocal effects on the distinguished units will be with a more uniform
abstraction pattern over the day.
Prohibiting the unofficial reuse of drainage water will have a pronounced effect
on crop yields, soil salinity, official reuse, etc. A combination made up by the
elimination of the diesel pumps for lifting both irrigation and drainage water has
been regarded feasible, because a more uniform water distribution may set aside
the need for using drainage water. Although there will always be farmers facing
shortages, such a strategy deserves attention if it were only for a better control of
the whole agricultural system. The problem with a non-uniform distribution of irrigation water within the calculation unit, as occurs in reality, has been circumvented by using an over-irrigation factor of for instance 1.25 in the reference
simulations when determining the required amounts of unofficial reuse.
In the various paragraphs the effects of the two strategies will be discussed. They
are mainly confined to changes in irrigation and drainage discharges and salinities,
évapotranspiration, and the long term consequences on évapotranspiration and soil
salinity. As a reference, the cropping pattern and water supply for 1988have been
used. The allocation to the intakes of the 6 command canals has been calculated
proportional to the official Ministry of Public Works and Water Resources allocation water duties, corrected for official reuse of drainage water, groundwater use,
rainfall, andpotable andindustrialprocess water.The initial conditions withrespect
to soil salinity and soil moisture content have been acquired from a 100 year run,
so that the reference for the long strategy runs would be a horizontal line (equilibrium) for the model salinity output variables,facilitating theinterpretation of the
results. In total six runs have been carried out and examined, the two aforementioned strategies with their reference, and two long term runs. In the last paragraph the results obtained will be discussed.

5.4.2 Changes in the supply and discharge system
5.4.2.1 The irrigation system
Predictions with respect to changes in the supply and discharge system can be
provided by 3 short term runs, i.e. a reference and 2 strategy runs. The runs have
been numbered as follows:
#0-reference run with diesel pumps, with unofficial reuse, and
QNae»ppiy,i988= 10,310 million m'-yr1;
#1- strategy without diesel pumps and without unofficial reuse;
#2- strategy without diesel pumps only.
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Changes in the irrigation supply system can be related to the following factors:
- allocation and distribution;
- actual farmers' uptake;
- spillway and conveyance losses.
Allocation and distribution
The total amount of Nile water diverted to the Eastern Nile Delta remains fixed
on the value for 1988 for both strategies. The allocation to the different intakes is
distributed proportionally tothe individual canaldemand,according totheMinistry
of Public Works and Water Resources allocation water duties,during each 10day
period. This distribution takes into account the local available amounts of official
reuse, groundwater and rainfall, as well as additional demands for potable and
industrial process water. Among these 'correction' factors only the official reuse
can vary, because the discharges of the various pump stations will depend on the
quantities of water available in the drainage canals. Generally, each strategy will
simulate different drain discharges.
Contrary to the allocation procedure, which is quite straightforward, the waterdistribution is amore dynamicprocess.Where the water allocation willonly be affected by changes in the official reuse, the internal water distribution in the area will
also depend on the number and type of the irrigation tools. Next to this dependan
ce on the irrigation tools, the farmers' uptake and system losses are directly linked
to the internal distribution in the modelled area.
For both the water allocation and distribution the feed-back effects through the
official reuse have been accounted for by running the complete SIWARE model
for a number of iteration steps.After each simulation, the contents of the file with
the reuse pump station discharges are updated with values regarding the actual
simulated flows in the drainage canal system, or a fixed percentage thereof.
Table 35 shows higher reuse discharges for the strategy without diesel pumps and
unofficial reuse (#1) when compared to the reference run (#0).Obviously, die absence of unofficial reuse in the catchments of reuse pump stations causes higher
drain discharges, which will increase the amounts available for official reuse. The
total yearly official reuse goes up with 8.5%, from 630 to 684 million m3, for this
strategy.
The elimination of the diesel pumps alone (#2) results in lower discharges of the
reuse pump stations, i.e. 538 million m3 or -14.6%.Most likely lower losses from
the irrigation system,caused by abetter distributed abstraction pattern over theday
of the sakkias, result in lower available quantities in the drainage canals at the
pump station sites.
Farmers' uptake
The quantity of waterlifted by farmers from the distributary canals willdepend on:
- the supply to the distributary canal;
.- the number and type of the irrigation tools;
- the farmers' water requirements.
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Table 35. Themonthly supply tothe Eastern Nile Delta with Nile water, and the calculated monthly quantities ofofficial reuse and irrigation uptake byfarmers.
#0 = reference run with diesel pumps and unofficial reuse
#1 = strategy without diesel pumps and unofficial reuse
#2 = strategy without diesel pumps

(allquantitiesexpressedin 106 m3)
month

Nile supply

irrigation uptake

official reuse
(#0)

(#1)

(#2)

(#0)

(#1)

(#2)

aug
sep
oct
nov
dec

314
453
759
886
582
1,480
1,420
1,524
1,199
453
540
701

46
29
47
52
35
49
62
69
79
62
47
55

52
35
55
55
39
62
72
72
75
60
48
58

38
27
45
43
27
40
52
59
65
51
43
48

284
226
511
647
489
1,118
1,317
1,265
807
335
328
462

264
223
560
686
515
1,089
1,292
1,201
842
307
345
490

263
221
557
683
508
1,116
1,314
1,244
846
306
343
489

tot

10,310

630

684

538

7,788

7,810

7,888

(ref.)

(+8.5%)

(-14.6%)

(ref.)

(+0.3%)

(+1.2%)

jan
feb
mar
apr
may
jun

Jul

The supply to the distributary canal is part of the aforementioned dynamic process
in the irrigation canal system. The inflow depends on quite a number of variables,
upstream as well as downstream of the distributary canal intake. Among those are
the water allocation to the main intakes of the command canal system, official
reuse of drainage water, the discharge to other distributary canals, the irrigation
system losses, the uptake by farmers and the losses from the distributary canal
under consideration, etc.
Since the official reuse is the only parameter on the supply side which should be
adjusted by an iteration procedure, it has been tried to establish arelation with the
uptake. The reused quantities, however, amount to 7-8% of the total Nile water
supply. Moreover, reuse pump stations only serve part of the Eastern Nile Delta,
and when the supply exceeds the local demand the water will be partly spilled to
the drainage system. Therefore a change of say 10% in 7-8% of the total supply
will be hardly noticeable in the farmers' uptake. This view is supported by the
year totals of table 35,where no relation can be found between the official reuse
and the irrigation uptake columns. Other factors like an improved water distribution, in relation to a change in the number and type of the irrigation tools, are
more likely to explain differences in the farmers' uptake.
Banning the use of diesel pumps for lifting water from the distributary canals will
result in a more uniform abstraction pattern over the day for two reasons. The
first is that the capacity and lifting head of the remaining sakkias are lower,
resulting in a higher numberof operating hours tomeet the farmers' waterrequire222

merits. The second reason is that the maximum number of daily operating hours
has been increased to 24 for both strategies.
Simulation results make clear that, apart from the summer season, the amounts
lifted from the irrigation canals are higher for both strategies as illustrated in tables
35 and 36.The year totals of the tables may differ slightly, because table 35 holds
values for the complete modelled area, whereas table 36 is related tothe study area
only with 13% less net area.
Table 36. Average seasonalfarmers' uptakefromtheirrigation system within the study
area.
#0 = reference run with diesel pumps and unofficial reuse
#1 = strategy without diesel pumps and unofficial reuse
#2 = strategy without diesel pumps

farmers' uptake (mmday1)
strategy
#0
#1
#2

winter

spring

summer

1.8
2.0
2.0

2.9
3.2
3.1

7.0
6.7
6.9

autumn
3.0
3.1
3.1

year
3.5
3.5
3.6

The better distributed abstraction pattern over the day without the diesel pumps
also results in a spatial water distribution which follows the farmers' requirements
more closely. Figure 97 shows the yearly irrigation water supply to the different
calculation units in the study area for the reference run and the two strategies.
Generally, a shift in the supply will occur. Lower quantities of irrigation water will
be diverted to the units upstream, close to the intakes along the river Nile (southwest), and higher quantities will be supplied to the units downstream of the canal
system (north-east).
For all simulation runs the yearly average deviation between farmers' uptake and
farmers' water requirements have been calculated for the total area. The average
deviation using the Ministry of Public Works and Water Resources (MPWWR)
water allocation duty instead of the farmers' requirements has been added between
brackets. For the reference run (#0) the average yearly deviation equals to 21.6%
(35.2%). For the strategy without diesel pumps and unofficial reuse (#1) the average deviation reduces till 19.0% (32.5%), and for the strategy without the pumps
only (#2) the deviation hovers in between at 20.6% (31.6%).
The presented deviations between the farmers' uptake and the MPWWR duty are
higher than for the farmers' requirements. This can logically be explained by the
fact that the MPWWR duty is used on a higher level, i.e. for the irrigation water
distribution, and that the farmers' requirements directly govern the uptake on the
lowest level.
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Strategy #1
Irrigation supply
(mm/year)

Strategy #0
Irrigation supply
(mm/year)

Strategy #2
Irrigation supply
(mm/year)

ÜZ3

ÜZ3

<1000
1000-1250
1250-1350
1350-1450
1450-1925

Fig 97. Spatialdistribution of theyearly irrigation watersupplyto the agricultural
calculation units in the studyarea for the reference runand both strategies.
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Although the differences are not that large, all strategies score better than the
reference. The first percentages imply that the strategy without diesel pumps and
unofficial reuse (#1) gives the best performance with respect to the farmers' uptake. Such acomparison, however, should be interpreted cautiously because of the
variations in the calculated farmers' rice water requirements for the different
strategies. This will not be the case for the MPWWR duty, and here the strategy
without diesel pumps (#2) produces the bestresults.
Notably, the farmers' uptake during the summer season islower for both strategies
(tables 35 and 36).Anumber ofreasonscan beconsidered.Foremost amongthem
is the already mentioned calculated rice water requirements. The spatial variability
of these requirements, due to hydrological and climatic conditions, will not differ
among the various strategies, but the iteration procedure necessary to obtain a
correct estimation of the official reuse will cause other changes. Depending on
the salinity of the crop water supply, which includes the uptake from the irrigation
canals, groundwater abstraction, and unofficial reuse, the rice water requirements
may show alarge variation.Low salinitieswill leadtolowerrequirements,whereas
high salinities will require larger amounts of water in order to maintain a favourable salinity of the standing water layer. Obviously, the uptake from the irrigation
canals will depend on the water requirements during the rice growing season.
The strategy without diesel pumps and unofficial reuse (#1) will have a much better salinity of theirrigation water and therefore a lower averagericewaterrequirement, i.e. around 6,500 m'-feddan' for the growing season. The reference run (#0)
and the strategy without pumps (#2) will require around 7,400 m'-feddan"1. This is
directly reflected in the farmers' uptake during the months June,July and August
(table 35), and the summer column of table 36.
The small decrease in the uptake during summer for the strategy without the diesel
pumps (#2) cannot be explained by differences in the farmers' rice water requirements. The irrigation water salinity will hardly deviate from thereferencevalues.
In this case the combination of a lower maximum uptake capacity and the use of
the 1988 cropping pattern appears to be unprofitable. The 1988 cropping pattern
shows a concentration of rice in a northerly belt with an extensive maize area
upstream, i.e. in the southern and central part of the Eastern Nile Delta. For both
crops the calculated, spatially variable farmers' water requirements can diverge
considerably from the fixed allocation crop water duty used by the Ministry of
Public Works and Water Resources.
In chapter 4 it has been established that the calculated, average fanners' water
requirements for rice are lower and for maize higher whencompared tothe Ministry of Public Works and Water Resources crop duties.With an actual (and modelled!) water distribution based on the MPWWR duties, and an uptake largely controlled by the farmers' waterrequirements,the lack of diesel pumps (lifting head!)
will lead to a lower gift for the maize crop. As a consequence, more water will
be available for the rice, where spillway losses will increase when the actual farmers' water requirements for this crop are lower than the MPWWR duty. The net
result will be a slightly lower farmers' uptake during the summer for the strategy
without diesel pumps (run#2,table 36),despite abetterdistributed water allocation
to the crops according to the MPWWR duties.
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Summarizing it can be concluded that on amonthly basis the irrigation uptake can
be up to 8% higher for either strategy. On a yearly basis, however, the differences
are restricted to amargin of 0.3 and 1.3% respectively, caused by the lower calculated rice water requirements related to the improved irrigation water salinity, and
therestrictedfarmers' uptakecapacity during summerincombination with differences between the calculated crop water requirements and the MPWWR duties (table
35).
Losses
Losses are the positive difference between irrigation water supply and farmers'
uptake during a certain time interval. The largest component of these losses is
made up by the spillway releases within the calculation units and at the tail-ends
of theirrigation canals.Apart from mis-matches between supply anddemand,spillway losses can also be induced by the inertia of the system, which can vary
strongly because of seasonal variations in the growth of water plants.
Considering the total yearly spillway losses (table 37), two observations can be
made:
- these losses are lowest when the small diesel pumps areeliminated, but theunofficial reuse remains permitted (strategy #2);
- elimination of the diesel pumps results in a shift of these losses from the spillways within the calculation units to the tail-ends of the command canals (both
strategies #1 and #2).
Table 37. Yearly spillway losses within the calculation units, spillway losses atthe tailends ofthecommand canals, conveyance bssesofthe command canals, and
thetotal lossesfromtheirrigation canal system inthe Eastern Nile Delta.
#0 = reference run with diesel pumps and unofficial reuse
#1 = strategy without diesel pumps and unofficial reuse
#2 = strategy without diesel pumps

(all quantities expressed in 10sm3)
strategy

spillway losses

tail-end losses

conveyance losses

total losses

#0
#1
#2

2,065 (ref. )
1,649 (-20.1%)
1,573 (-23.8%)

290 (ref. )
618 (+113%)
468 ( +61%)

303 (ref.)
327 (+7.9%)
324 (+6.9%)

2,658 (ref. )
2,595 ( -2.4%)
2,366 (-11.0%)

One of the reasons for the lower spillway losses obtained with the strategy without
the diesel pumps (#2) is the lower total irrigation water supply, caused by a decrease in the official reuse (table 35). This cannot explain the full reduction, nor
does it explain why also the total losses in the strategy without diesel pumps and
unofficial reuse (#1) show a decrease, where official reuse discharges are higher
and rice water requirements are lower.The only explanation could be that the total
losses and their shift inlocation, from calculation units totail-ends,are interrelated.
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Spillway losses within the agricultural calculation units appear to be very sensitive
for the daily abstraction pattern. The use of diesel pumps will result in large
fluctuations of the waterlevel in the distributary canals, and a low uptake during
night hours will substantially increase spillway losses. With the introduction of
night irrigation in both strategies, thedistinction between day and night disappears,
and the withdrawal will be spread more smoothly over the day, hence minimizing
losses.Since surplus irrigation water should bereleased from the irrigation system,
only the tail-ends of the main irrigation canals can serve as an additional escape.
Also the lack of withdrawal capacity in upstream areas,together with the observed
discrepancies between the allocation water duties used by the Ministry of Public
Works and Water Resources and the calculated farmers' requirements, will cause
unused water to flow in the direction of thecanal tail-ends.Especially during peak
periods in the summer, the absence of diesel pumps in maize areas, with their
low allocation duty and high crop water requirements, will result in a shift of
water to the tail-ends.
In principle, the shift in location of the spillway losses, from the calculation units
internally to the tail-ends of the irrigation canals, can be considered as beneficial.
It does notonly contribute tolower losses,but, apart from the summer season,also
promotes an irrigation water distribution which matches the demand more closely
(fig 97).Water which is not withdrawn from a distributary canal located upstream,
can now be utilized in downstream agricultural areas.
Table 38. Yearly external uptakefromtheirrigation canalsfor potable and industrial
process water inthe Eastern Nile Delta.
#0 - reference run with diesel pumps and unofficial reuse
#1 = strategy without diesel pumps and unofficial reuse
#2 = strategy without diesel pumps

strategy

external uptake (106 m3)

#0
#1
#2

502 ( ref.)
593 (+18.1%)
598 (+19.1%)

One of the side-effects of the higher tail-end losses is that waterlevelsin the main
irrigation system will increase for both strategies, thus adding to the conveyance
losses (table 37) and the uptake for sanitation and industrial process water (table
38). This will diminish part of the advantage gained. Nevertheless, the net result
will be an increase in the farmers' uptake during the major part of the year (tables
35 and 36).
Notably, the tail-end losses for the strategy without diesel pumps and unofficial
reuse (#1) exceeds by far similar losses for the other simulation runs (table 37).
The aforementioned much lower farmers' rice crop water requirements, together
with the downstream location of the rice areas, can explain this phenomenon. The
Ministry of Public Works and Water Resources allocation water duty for rice is
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Table 39. Differentcomponents of theyearly irrigationwatersupply tothecrops together
with thetotal cropsupplyand the cropdrainage in theEastern NileDelta.
#0 s reference run with diesel pumps and unofficial reuse
#1 = strategy without diesel pumps and unofficial reuse
#2 = strategy without diesel pumps

m3)

(all quantities expressed in l(f
strat.

farmers' uptake

#1
#2

7,788 (ref.)
7,810 (+0.3%)
7,888 (+1.3%)

unoff. reuse
1,131 ( ref.)
0 (-100%)
1,028 (-9.1%)

groundwater

total supply

crop drainage

379
379
379

9,298 ( ref. )
8,189 (-n.9%)
9,295 (-0.0%)

2,859 ( ref. )
2,170 (-24.1%)
2,897•( +1.3%)

Table 40. Yearly officialreuse,unofficial reuse, andthesumof bothin theEastern Nile
Delta.
#0 = reference run with diesel pumps and unofficial reuse
#1 = strategy without diesel pumps and unofficial reuse
#2 = strategy without diesel pumps

(all quantities expressed Iin 106m3)
strategy
#0
#1
#2

official reuse

unofficial reuse

629 ( ref. )
683 (+8.6%)
537 (-14.6%)

1,131 ( ref. )
0 (-100%)
1,028 ( -9.1%)

total reuse
1,760 ( ref. )
683 (-61.2%)
1,566 (-11.0%)

Table 4L Yearly Nilewatersupply,totaldrainage discharge, andthepercentage of the
Nile water supplywhich is not discharged to the Mediterranean Sea in the
EasternNile Delta('system efficiency').
#0 = reference run with diesel pumps and unofficial reuse
#1 = strategy without diesel pumps and unofficial reuse
#2 = strategy without diesel pumps

(all quantities expressed in 106m'and the 'system efficiency' in%)
strategy
#0
#1
#2
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Nile water supply
10,310
10,310
10,310

total drainage discharge
4,230 (ref.)
4,622 (+9.3%)
4,244 (+0.3%)

'system efficiency'
59
55
59

with its 8,800 m'feddan'1 considerably higher than the average farmers' requirements of a mere 6,500 m'-feddan"1, thus giving way to higher tail-end losses. Also
spillway losses in the rice areas will increase.
Less fluctuation in thewaterlevel of adistributary canal feeding anagricultural unit
will not only cause lower spillway losses,but will alsocontribute to a better internal water distribution in the unit. The scale used for modelling is almost a factor
three higher than the real area served by adistributary canal.Therefore no answers
can be given for the irrigation waterdistribution within the agricultural calculation
unit considered, although improvements can certainly be expected on this level.

5.4.2.2 The drainage system
In the water balance of the drainage canal system, the cropdrainage shows alarge
difference between the reference run and the strategy without diesel pumps and
unofficial reuse (table 39). This can be directly related to the absence of the unofficial reuse. The total crop water supply is composed of the irrigation uptake,
unofficial reuse, and groundwater abstraction. Since the groundwater abstraction
does not change in the strategies considered, it will be clear that the total available
amount for irrigation in the strategy withoutdiesel pumps andunofficial reuse (#1)
will be lowest, hence resulting in the lowest drainage rates.
Table 39 makes clear that a decrease of almost 12%in the total crop water supply
is followed by a twofold decrease of 24% in crop drainage for the strategy without
diesel pumps and unofficial reuse (#1). This high reduction in the drainage rate
indicates that severecropwater shortages mayhaveoccurred.Thesomewhathigher
crop drainage simulated by the strategy without diesel pumps only (run #2, table
39) can be attributed to the higher irrigation water supply in winter, spring, and
autumn (tables 35 and 36).
The aforementioned shift in the irrigation water losses, from spillways to tailends, also has repercussions for the drainage system. Spillway water originating
from the calculation units are more or less diffusely released to the drainage
canals, whereas losses from the canal tail-ends are spilled at a limited number of
locations. The number of these tail-ends will not exceed the number of irrigation
canals, and the majority will be located in the northern part of the modelled area,
close tothe Coastal Lakes and the Mediterranean Sea.This implies that by shifting
losses from the spillways to the tail-ends, the possibilities for both official and
unofficial reuse are reduced. Banning the use of diesel pumps for irrigation purposes (#2) shows a drop of 14.6%in the official and a drop of 9.1% in the unofficialreuse (table 40).
As a yardstick for the system efficiency the percentage of the Nile water supply
which is not discharged to the Coastal Lakes or the Mediterranean Sea can be
taken.Table 41 shows thatthepresent system,i.e. with dieselpumpsandpermitted
unofficial reuse (#0) and the strategy without the diesel pumps (#2) are on the
same level. The 'system efficiency' for the strategy without diesel pumps and
unofficial reuse (#1) is noticeably lower, indicating that, on the short term, the
prohibition of the unofficial reuse leads to a less efficient use of water.
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Whether the crop production will follow this 'yardstick for system efficiency'
remains questionable. The net effect of a better functioning irrigation system for
both strategies, in combination with a better irrigation water salinity (lower reuse
quantities), may result in a higher crop production, even despite a decrease in the
system efficiency.

5.43 Crop reaction
5.4.3.1 Short term effects
The crop production is, within certain limits, linearly related to the crop évapotranspiration. Because the évapotranspiration is standard output in the SIWARE
model package, indicative remarks for the crop production can be based on this
variable. The relation between crop production and évapotranspiration has been
explained extensively in paragraph 4.4.3.
In table 42 the figures for the relative évapotranspiration are arranged for both
strategy runs relative to thereference run. In the same table a distinction has been
made between summer crops, winter crops, perennial trees, and the aggregated
value for all the crops.
The two major variables exerting their influence on changes in the évapotranspiration are the net quantity of irrigation water given to the crop andthe soil salinity
under the crop. Changes in the top soil salinity are strongly governed by the
amount of irrigation water available for leaching and the salinity of the irrigation
water. However, for simulations as short as one year major changes in the soil
salinity are unlikely to occur. Therefore the most important factor controlling the
évapotranspiration is the net quantity of irrigation water, which is composed of:
- uptake from the irrigation canals;
- unofficial reuse;
- groundwater abstraction.
Generally, it can be expected that crops sensitive for water shortages will suffer
in their transpiration when theunofficial reusecomponent is lacking.Under similar
conditions, crops which are sensitive for salt will slighdy profit from the reduced
salt content of the water supply, because the unofficial reuse and the groundwater
abstraction are the largest contributors to the crop water salinity. The amount and
salinity of the groundwater component have been assumed constant throughout the
various simulations.
Previously it has been shown that, despite a better distribution over the Eastern
Nile Delta, the yearly irrigation uptake for the strategy without diesel pumps and
unofficial reuse (#1) was in the same order of magnitude as for the reference run
(#0).The seasonal variations were such that during winter thequantities withdrawn
from the canals were slightly higher and during summer slightly lower (tables 35
and 36). The lower farmers' uptake in summer have been fully attributed to the
lower requirements of the rice crop for this strategy. Other summer crops profit
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Table 42. Shortterm relative évapotranspirationfor thesummer crops, winter crops,
perennial trees, andtheaggregatedvalueforall the crops intheEasternNile
Delta with thereference values setat 100.
#0 = reference run with diesel pumps and unofficial reuse
#1 = strategy without diesel pumps and unofficial reuse
#2 = strategy without diesel pumps

évapotranspiration(%)
crop

run#0

run#1

run#2

winter crops
100
100
100
100

97
95
98
94

101
100
101
100

- rice
- cotton
- maize
- summer vegetables

100
100
100
100

99
93
96
97

100
99
99
100

deciduous trees

100

97

100

aggregated value

100

96

100

- long berseem
- wheat
- winter vegetables
- short berseem
summer crops

fromthe improved water distribution. The unofficial reuse, however, has been eliminated in the strategy without diesel pumps and unofficial reuse (#1), resulting
in a lower irrigation gift to all the crops. On the other hand, due to the absence
of the unofficial reuse, the average salinity of this water improves from 445 g-m3
for the reference run till 356 g-m3.
Examining therelativeévapotranspirationvaluesintable42for thestrategy without
diesel pumps and unofficial reuse (#1),it turns out that all crops suffer from water
shortages. The increase in uptake from the irrigation canals over the year, together
with the reduced salinity of the crop water supply, is unable to offset évapotranspiration losses caused by the absence of the local unofficial reuse.
Notably,thericecropperforms relatively wellwithrespect toitsévapotranspiration
for the strategy without diesel pumps andunofficial reuse (#1).On the other hand,
drought resistant crops like wheat and cotton clearly do not display their advantage
(table 42). This difference stems from the calibrated irrigation priority ranking of
the farmers when watering their crops (table 6). A similar classification can be
observed in the évapotranspirationfiguresof table 42 under water shortage conditions (run #1).
The reduced salt content of the crop water supply in the strategy without diesel
pumps and unofficial reuse (#1), together with the relative high irrigation priority,
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also favours the extremely salt sensitive vegetables. Summer vegetables, and especially winter vegetables, show relative low reductions in évapotranspiration when
compared to the other crops (table 42).
However, considering that not a single crop is able to surpass thereference évapotranspiration for the strategy without diesel pumps and unofficial reuse (#1),it can
be concluded from table 42 that banning the use of diesel pumps for lifting water
from the irrigation canals and the drainage canals does not offer a realistic alternative when crop yields should be maintained at thecurrent level or when authorities aim for an increase.
From the strategy without diesel pumps only (#2), it can be said that the results
in terms of évapotranspiration are very close to the reference run (table 42).
Following the same trend in the irrigation water uptake by farmers (tables 35 and
36), the évapotranspiration for the winter crops is somewhat higher and for the
summer crops slightly lower (table 42). The aggregated value for all considered
crops does not differ from the reference run (#0).
During the summer season the simulated irrigation water uptake by farmers turned
out to be slightly lower for the strategy without diesel pumps (#2). This has been
ascribed to the specific cropping pattern during 1988 and the difference between
the calculated farmers' crop water requirements and the Ministry of Public Works
and Water Resources water duties when distributing the irrigation water. As a
result of thesefactors,ricereceives water inexcess onthe account of maize,which
could only be compensated partially by additional uptake capacity in the maize
areas. However, the strategy without diesel pumps (#2) lacks this capacity.
Afar more serious restriction for theévapotranspiration of the summer cropsis the
reduced availability of water in the drainage canals. Due to the shift in irrigation
water losses, from the spillways within the calculation units to the spillways at the
tail-ends of the irrigation canals,less water will be available in the upstream areas.
Consequently, less water can be reused unofficially by farmers (table 40) to cover
local shortages likely to occur in summertime.
Table 42showsthat among the summercrops bothmaize and cotton are negatively
affected in theirévapotranspirationfor the strategy without diesel pumps (#2)when
compared to thereference run (#0).For these crops the combination of local water
shortages and their intermediate or low irrigation priority ranking leads to areduced évapotranspiration.
The cultivated rice areais located downstream (fig 59a).Extra irrigation water will
be available for the rice (mostly at the expense of the maize crop), when surplus
uptake capacity is missing in maize areas as stated before. Besides, part of the
additional tail-end losses of the irrigation canals will be available for unofficial
reuse to supplement local shortages.Finally,thehighest irrigation priority whenthe
available water has to be distributed over the crops decides in favour of the rice.
Model simulations therefore produce avalue equal tothe reference évapotranspirationfor the strategy without diesel pumps (run #2,table 42). It should be realized,
however, that during the summer period peak demands occur, in combination with
an extremely tight water supply, and substantial improvements will be difficult to
realize.
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Also the summer vegetables show their ability to maintain an évapotranspiration
rate equal to the reference run (table 42, run #2). A relative moderate decline of
the évapotranspiration under water shortage conditions and, above all, a high irrigation priority ranking determines the fate of this crop.
Salinity considerations are of minor importance. The average salinity of the crop
water supply improves from 445 g-m3 for the reference run till 440 g-m3 for the
strategy without diesel pumps (#2). For the individual crops, the salinity moves
within a range of 0-3% below the reference crop water salinities, which hardly
leads to noticeable changes in the soil salinity, and thus to changes in the évapotranspiration. Only rice and vegetables are affected to some extent by the soil
salinity under the existing reference conditions.
For both strategies it appears that the unofficial reuse is a vital source of water to
supplement locally occurring shortages of irrigation water. Neither strategy offers
such improvements in theirrigation waterdistribution that the need for unofficially
reusing large amounts of drainage water can be set aside. Summing up the.total
annual crop water supply, the strategy without diesel pumps and unofficial reuse
(#1) arrives at a 10.6%lower value when compared tothereference run (#0).Also
the strategy withoutdiesel pumpsonly (#2)yields a 1%lower value,mainly affecting some summer crops, but not the aggregated évapotranspiration for all the
crops.
Simulations performed with the present model schematization of the Eastern Nile
Delta cannot predict how much the évapotranspiration rate of the different crops
will increase as a result of an improvement in the water distribution within acalculation unit It is very well conceivable that at this level the effects are much
larger than on the inter-unit scale.Although it seems unlikely thatthecropproduction of the strategy without diesel pumps and unofficial reuse (#1) will be able to
surpass the reference, the strategy without the diesel pumps only (#2) may yield
values way ahead of the reference run.

5.43.2 Long term effects
Long term effects arerelated tochanges in soil salinity.When thecropping pattern
remains unchanged,the availability and the saltcontent of theirrigation waterhave
a major impact on a salinization or desalinization of the soil. Also the upward
seepage from the deep aquifer can contribute to a considerable extent, especially
in those areas where high groundwater salinities prevail.The saltcontent of thetop
soil will have a distinct influence on the crop production.
Two long runs have been carried out for a period of 50 years. They have been
numbered as follows:
-#3 for the strategy without diesel pumps and unofficial reuse (#1);
-#4 for the strategy without diesel pumps only (#2).
In figure 98 the average soil salinity in the Eastern Nile Delta is given during a
period of 50 years for both strategies. Due to the much lower salinity of the irri233
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gation water, when not mixed with the more saline unofficial reuse and with unchanged leaching fractions, the long term average soil salinity for the strategy
without diesel pumps and unofficial reuse (#3) decreases from 3.51 mmho-cm' to
3.28 mmho-cm', or almost 7%. The gap between both values is bridged for 90%
within a time-span of approximately 9 years. The soil salinity found for the strategy without diesel pumps only (#4) remains more or less the same as for the reference run (#0), i.e. 3.50 mmho-cm'.
Table 43. Longtermrelative évapotranspiration for thesummer crops, winter crops,
perennial trees, and the aggregated valueforallthe crops inthe Eastern Nile
Delta with thereference values setat 100.
#0 = reference run with diesel pumps and unofficial reuse
#3 = long term strategy without diesel pumps and unofficial reuse (50 yr.)
#4 = long term strategy without diesel pumps (50 yr.)

évapotranspiration(%)
crop

run #0

run #1

run#2

winter crops
- long berseem
- wheat
- winter vegetables
- short berseem

100
100
100
100

97
95
99
94

101
101
101
100

- rice
- cotton
- maize
- summer vegetables

100
100
100
100

101
94
96
98

100
99
99
100

deciduous trees

100

97

99

aggregated value

100

97

100

summer crops

Table 43 presents the long term évapotranspiration values for the individual crops,
as well as the aggregated value for all the crops combined. Only minor changes
can be detected for the winter crops for either strategy when compared to the
values as given in table 42. Apart from the vegetables, the average soil salinities
under the winter crops do not indicate salinity stress. Locally, of course, hazardous
conditions may occur. The winter vegetables profit from the lower salt content of
the crop water supply in the strategy without diesel pumps and unofficial reuse
(#3), and show an increase of 1%in the évapotranspiration (tables 42 and 43,runs
#1 and #3). A similar increase in the strategy without diesel pumps only (#4) for
wheat is deceptive, because it concerns only a rounding-off matter here.
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The long term évapotranspiration of the summer crops shows significant improvements for the strategy without diesel pumps and unofficial reuse (#3). Comparing
tables 42 and 43 (runs #1 and #3) reveals an increase for all the crops except
maize. The lower salinity of the crop water supply caused by the absence of the
unofficial reuse provides better conditions for the crop transpiration.
Notably, rice performs best with a raise of 2% for the strategy without diesel
pumps and unofficial reuse (#3). Moreover, rice appears to be the only crop which
can overcome the loss of the unofficial reuse in terms of évapotranspiration when
compared to the reference run (#0), be it only after 50 years (table 43). Figure 99
shows an intensive soil desalinization under rice when irrigating with a better irrigation water quality. After only7 years,90% of the ultimate soil salinity value can
be reached, which is faster then the aforementioned 9 years for the composite
value. Higher évapotranspiration rates are therefore already to be expected after a
few years.
Although the elimination of the diesel pumps,combined with prohibiting the unofficial reuse, has a favourable effect on the soil salinity and thus on crop production on the long term, it is not sufficient to offset the shortages in crop water
supply. For all crops, except rice, the long term évapotranspiration values are
lower when compared to the reference run (table 43). Like the conclusion drawn

Evapotranspiration rice
(% of optimum)
HI
<73
HZ3 7 3 - 86
I 1
8 6 - 91
9 1 - 96
r~-~i
9 6 - 100

no rice grown
Fig100. Spatial distribution of therelative évapotranspiration of ricefor the reference
run.
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based on the short term évapotranspiration figures, the strategy without diesel
pumps and unofficial reuse (#l/#3) does not offer a suitable alternative for the
present local water management practices.
As has been observed for the winter crops, the long term évapotranspiration for the
summer crops does not deviate from the values obtained with the short term simulations for the strategy without diesel pumps only (tables 42 and 43, runs #2 and
#4). Since it has been established that the crop water salinity is only affected to
a minor extent, no long term effects on the évapotranspiration are to be expected.

5.43.3 Spatial distribution
AU évapotranspiration values given, either in table 42 or in table 43, are averages
for the complete Eastern Nile Delta as schematized for the model simulations.
Local conditions may cause large variations, which is clearly illustrated in figure
100 showing the spatial distribution in the évapotranspiration of rice for the
reference run (#0).
In case the spatial variability in the évapotranspiration for a certain strategy is
higher than for the reference run (#0), then this strategy can be excluded as undesirable. A good indicator is given by the standard deviation of the spatially distributed évapotranspiration. In table 44 both the average value and the standard deviation are tabulated for the reference, the short, and the long term aggregated
évapotranspiration. Like figure 100, table 44 only provides information concerning
the study area, and not the complete Eastern Nile Delta. Furthermore, all calculations are based on évapotranspiration values relative to the optimum évapotranspiration, and not relative to the reference run (#0).
Table44. The average value and the standarddeviationof the spatially distributed
évapotranspirationfor the reference run andall theperformed strategies.
#0 = reference run with diesel pumps and unofficial reuse
#1 = strategy without diesel pumps and unofficial reuse
#2 = strategy without diesel pumps
#3 = long term strategy without diesel pumps and unofficial reuse (50 yr.)
#4 = long term strategy without diesel pumps (50 yr.)

évapotranspiration(%)
strategy

average value

standard deviation

#0
#1
#2

88.5
85.1
88.4

11.0
9.9
10.4

#3
#4

85.8
88.8

9.3
9.8
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The average, short term aggregated relative évapotranspiration for the strategy
without diesel pumps (#2)hardly differs from thereference run (#0),as wasalso
the case for the complete Eastern Nile Delta. The standard deviation, however,
appears to be significantly lower with 10.4% against 11.0% for the reference run
(#0). Long term results (#4)even indicate a clear superiority of this strategy for
both average value and standard deviation. It should be denoted, however, that
these conclusions only hold for the study area, which constitutes around 87% of
the total net area.
Intermsof standard deviations merely,thestrategy without dieselpumpsandunofficial reuse (#1)performs best with 9.9% against 11.0%forthereference run (#0).
Nevertheless, the more than 3% lower value for the average évapotranspiration
leaves this strategy asuncompetitive,whichisinaccordancewithpreviously found
results. Despite small improvements, the strategy without diesel pumps andunofficial reuse (#3)remains also unattractive in thelong runwith an average relative
évapotranspiration of 85.8% against 88.5% for the reference run(#0).

5.4.4 Conclusions
Two (local) water management strategies have been simulated with the SIWARE
model package. Onestrategy concerned acomplete elimination ofthe small diesel
pumps used by fanners, implying that the water has to be lifted again from the
irrigation canals with the traditional sakkia (water-wheel). When farmers dono
longer have motorized pumps at their disposal, they also lack the means towithdraw water from the drainage canals in substantial amounts (unofficial reuse).
Moreover, an elimination of the diesel pumps will also re-introduce a continuous
irrigation uptake (24 hours) by farmers during irrigation-on periods, which better
corresponds with thesupply controlled bytheMinistry ofPublic Works andWater
Resources. The other strategy only considered a prohibition to usethe pumps for
lifting water from the irrigation canals.
For the allocation ofirrigation water tothemaincommand canals,thetotal amount
of Nile water for 1988hasbeen taken anddistributed proportionally totheMinistry ofPublic Works andWater Resources allocation water duty inthe area served
by each canal during acertain period.Thisprocedure takes into account thelocally
available amounts of official reuse, groundwater, rainfall, andthe locally required
quantities of municipal and industrial water.
In order to compare andjustify the simulation results, a reference run has been
performed under similar conditions asfor 1988.Initial conditions for soil moisture
content, soil salinity, etc.were obtained from the same run after a period of 100
years. It has been assumed that conditions with respect to salt would be in an
equilibrium state by then.
For both strategies, the short term (1 year) effects on the flows in the irrigation
and drainage system, the irrigation water salinity, andthe évapotranspiration have
been quantified. The long term (50 years) effects on évapotranspiration and soil
salinity have also been considered.Theconclusions will comprise allthese simulation results.
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Irrigationand drainage system
Simulations show a better match between the farmers' water requirements and the
farmers' irrigation water uptake after the elimination of the diesel pumps. As a
consequence, the uptake will be higher during the major part of the year, and increases from 7,788 million m3 annually for the reference simulation to 7,810
(+0.3%) for the strategy without diesel pumps and unofficial reuse. The strategy
without diesel pumps comes up with 7,888 million m3 (+1.3%).
Consideringthefarmers' uptakeduringthesummerseason,however,both strategies
show a small decrease. For the strategy without diesel pumps and unofficial reuse
the 3% fall in uptake can largely be explained by the farmers' rice water requirements,which drop considerably (-12%) as a result of the improved salinity of the
irrigation water.
For the strategy without diesel pumps only, the 1% lower uptake during the summer appears to be the result of a combination of the 1988 cropping pattern, and
the discrepancies between the Ministry of Public Works andWater Resources allocation crop water duties and the calculated farmers' crop water requirements. In
1988thericearea wasconcentrated in anortherly belt,whileextensive maize areas
were located in the southern and central part of the Eastern Nile Delta. Furthermore,the farmers' requirements have been calculated lower for rice and higher for
maize compared to the Ministry of Public Works and Water Resources allocation
duties. When additional lifting head is not provided by the presence of diesel
pumps,it is easily conceivable that maize will be under-irrigated and that spillway
losses will increase in rice areas. Simulations using the cropping pattern of previous years most probably would have produced better results, although it must
be commented that during the summer season the whole agricultural system is
operated very efficiently and further improvements will be difficult to realize.
Total yearly irrigation system losses to the drainage canals and the groundwater
aquifer fall from 2,658 million m3 for thereference simulation to 2,595 million m3
(-2.4%) for the strategy without diesel pumps and unofficial reuse. The strategy
without diesel pumps arrives at a 2,366 million m3 (-11.0%).
The absence of the diesel pumps also results in a shift in the location of the
irrigation waterlosses.The smootherirrigation water abstraction pattern duringthe
day of the sakkias (24 hour irrigation) causes higher spillway losses at the tailends of the irrigation command canals on the account of the spillway losses within
the agricultural calculation units. The same shift in these losses results in a somewhat higher uptake of potable and industrial process water, caused by the higher
waterlevels in the irrigation system.
The official and unofficial reuse from the drainage canals are also affected by
differences in the quantity and the location of the irrigation water losses.The total
yearly reuse drops from 1,760 million m3 for the reference simulation to 683
million m3 (-61%) for the strategy without diesel pumps and unofficial reuse. For
the strategy without diesel pumps only, the fall is less dramatic with -11% till
1,566 million m3.
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Crop watersupplyand salinity
The crop water supply is the accumulated result of the farmers' uptake from the
irrigation canals, local groundwater abstraction, and unofficial reuse of drainage
water.
The total yearly crop water supply decreases from 9,298 million m3for the reference simulation to8,189 million m3(-12%)for the strategy without diesel pumps and
unofficial reuse. This reduction implies that the absence of unofficial reuse cannot
be compensated by a higher farmers' uptake, since the groundwater abstraction
remains constant throughout the various simulations.
For the strategy without diesel pumps, the lower amount of unofficial reuse is
almost fully compensated by a higher farmers' uptake from the irrigation canals,
resulting in an almost equal crop water supply as for the reference simulation of
about 9,295 million m3 annually.
Both strategies benefit from the different mixing ratio of the less saline irrigation
water and the more saline unofficial reuse. The average salinity of the crop water
supply goes down from 445 g-m3 for the reference simulation to 365 g-m3 for the
strategy without diesel pumps and unofficial reuse. For the strategy without diesel
pumps only, the outcome is less impressive with 440 g-m3.
Evapotranspiration
Effects of changes in the crop water supply, and the accompanying salinity, are
reflected in the évapotranspiration.
Aggregated yearly values shows a decrease for the strategy without diesel pumps
and unofficial reuse, where all crops are affected. Only rice gives an évapotranspiration close to the reference value. Taking the reference évapotranspiration at
100%, the strategy without diesel pumps and unofficial reuse comes up with an
aggregated évapotranspiration of 96%, whereas the strategy without diesel pumps
remains at 100%.Therefore acombined elimination of diesel pumps and unofficial
reuse cannot be considered as a realistic alternative.
For the strategy without diesel pumps only, the évapotranspiration of the summer
crops cotton and maize is negatively affected due to the used cropping pattern,
the discrepancies between the calculated farmers' crop water requirements and the
Ministry of Public Works and Water Resources allocation crop water duties, and
especially lower rates of unofficial reuse. Some winter crops perform better, notably the vegetables and the long berseem, as a result of the improved irrigation
water distribution.
Long term effects
Long term effects are mainly related to changes in the soil salinity. Simulations for
the Eastern Nile Delta indicate a drop in the average soil salinity from 3.51
mmho-cm"1 to 3.28 mmho-cm"1 (-7%) for the strategy without diesel pumps and
unofficial reuse after a period of 50 years. The much lower salinity of the crop
water supply can be hold responsible. For the long term strategy without diesel
pumps only, the result is close to the reference soil salinity, i.e. 3.50 mmho-cm"1.
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The effects after 50 years in terms of évapotranspiration show that the strategy
without diesel pumps and unofficial reuse still cannot compete with the reference
simulation, despite improved soil conditions. Half the crops, with the emphasis on
the summer crops and rice in particular, are able to increase their évapotranspiration when compared to the short term reference values, but not to such an extent
that they can surpass the reference values.
Long term évapotranspiration rates for the strategy without diesel pumps cannot
recover from the lower water supply to the summer crops. The more so because
the irrigation water salinity, and thus the soil salinity, hardly shows improvements
for this strategy. Also the winter crops remain unaffected on the long term, and
therefore the aggregated évapotranspirationvalue staysequaltothereference value.
Spatialdistribution évapotranspiration
Analyzing the spatial distribution of the aggregatedrelative évapotranspiration over
the study area reveals the lowest standard deviation for the strategy without diesel
pumps and unofficial reuse.However, the much lower average, aggregated relative
évapotranspiration leaves this strategy as uncompetitive.
More interesting is the spatial variability in évapotranspiration obtained for the
strategy without diesel pumps only. Here the average values are on a comparable
level as for the reference simulation, but the standard deviation comes up with
somewhat lower values. This indicates a more even distribution of the aggregated
relative évapotranspiration over the area with lessdips,which is alsosocially more
acceptable for the farmers.
The long term simulations show, despite small improvements for either strategy,
no significant deviations from the above mentioned trends.
Recommendations
The various simulations carried out for the Eastern Nile Delta show that the unofficial reuse of drainage water is a flexible, and, above all, indispensable source to
supplement locallyoccurring shortages ofirrigationwater.Prohibiting the unofficial
reuse is therefore likely to have adverse effects on the crop water supply and thus
on the crop production.
Taking away the flexibility in the water management system by eliminating the
unofficial reuse shouldnotonlybediscouraged, butalsosingle-sided improvements
in the irrigation system by banning the diesel pumps as irrigation tools should be
accompanied by further measures tominimize spillway losses.Therefore investigations into the disparities between the water duties used by the Ministry of Public
Works and Water Resources, when allocating and distributing the irrigation water,
and the calculated farmers' water requirements should provide the knowledge to
arrive at substantial lower spillway losses to offset the reduced amounts of reuse.
Alsothe useof amore uniform cropping pattern,insteadof the segregated riceand
maize cultivation, is likely to cut down spillway losses.
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Following the reduced crop water supply, the strategy without diesel pumps and
unofficial reuse also does not offer an alternative for the present situation in terms
of évapotranspiration. When crop yields should be maintained at the current level
or when authorities aim for an increase, the simulations made clear that this lies
outside physical reality for both the short and the long term.
The strategy in which thedieselpumps have been eliminated for lifting water from
the irrigation canals, but where the unofficial reuse remains permitted, presents
itself as an alternative which could be considered. However, peak demands occurring in summer are difficult to meet with the available amounts of irrigation water
and the reduced uptake capacity of the farmers.
Improvements in thewater distribution for the strategy without diesel pumps in the
summer cannot beestablished on the inter-calculation unit scale,given the specific
cropping pattern of 1988 and the Ministry of Public Works and Water Resources
allocation water duties. An optimum distribution, in relation to significantly lower
spillway losses,can only bepursued after further examination of these two factors.
Nevertheless, improvements are certainly to be anticipated on the intra-calculation
unit scale.Application of the SIWAREmodel package on a single calculation unit
is likely to confirm this.
The implementation of strategies prohibiting the use of diesel pumps will meet
formidable obstacles. The use of diesel pumps is widely spread nowadays. Since
it seems that the unofficial reuse remains necessary tomaintain at least the present
évapotranspiration rates, diesel pumps are also needed to provide enough lifting
head for withdrawing water from the deeper excavated drainage canals.
The unlimited access of the diesel pumps to theirrigation canals on the other hand
should be prevented. Therefore farmers should be persuaded to lift their irrigation
water from the original sakkia sump,which is connected with the canal by means
of a fixed diameter pipe.In this way both the lifting head and the uptake capacity
can be limited, and shortages occurring in the irrigation system will be spread
more uniformly over the whole area. In case their water requirements can still not
be met, farmers should have the possibility to turn to the drainage canals.
However, implementation of such a practice will require enforcement by a rigid
control system.
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