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1. INTRODUCTION

The present asaigment was carried out in the framework of the
activities of the Advisory Panel for Land Drainage in Egypt. This is
& group of experts from Egypt and the Netherlands, established in 19876,
on land drainage and related subjects to advice the Minisfery of Irri-
gation of the Arab Republic of Egypt. o

The establishment in the Drainage Research Institute (DRI) of an
Open Drains Division made it possible in principle to plan a programme
of systematic investigations of the drainage water in the Delta. In
this connection the author was requested to carry out a consultancy

to advice on:

- the outline and further formulation of a simulation model for
predicting future trends in drainége water quﬁlity and water
quantity; ' - o

- the collection of data required as input in such & model;

- the future actions to make the model operational.

Re-use of drainage water is a complex problem involving hydrometrf,
hydrology, §oi1 physics, soil chenistry and water and soll management.
Under the predent conditions about 15 percent of the drailnage water .
of suitable quality is re-used, but an enormous quantity of drainage
water is still flowing unused to the sea. A portion of this water which
has 2 low salinity could be re-used or be saved making irrigation water

available for an additional afea that can be reclaimed.

-The mission was carried out in the period 11 Jenuary to 7 February
1981, The author had to rely on the assistance of the staff of DRI,
and the Dutch team in this Institute. He is grateful to Dr. M. Hassan
Amer, Director of the Imnstitute, for the confidence placed in him by



giving this assignment. The author had the benefit of intensive dis~-
cussions with Dr. Mostafa El1 Gabaly, Dr. Mobhamed Fahim and Dr.Mamdouh
Ab E1 Hamid Fehwy, based on the questions given in annex 1. Efficient
aasigtance waa.obtained from Dr. Samiah El-Guindi and Dr. Dia E)l Kousy,
who where alwajs found ready to suppiy the author with.turﬁher infor-
mation.

The asuthor hzad regularly contact with Ir. Hﬂ van der Zel, lesder .
of the Dutch team., The daily discussions with Ir. C.W.J. Roest, member
of the Dutch team, who advices DRI on the subject of re-use of drainage

water, were very fruitful.

2. AN OUTLINE OF A RE-USE MODEL

The re-use of drainage water is depeéndent on both qﬁantity and
gquality of the drainage water. A complete re-use bf.all the drainage
water is impossible, since a substantial portion must be conveyed out-
slde the agricultural area. This folons from the overa}l water- and
salt balance of the Delta. The supply of salts by the given irrigation
water, by saline seepage and the possible further desalinizestion of -
reclaimed soils, results in an average salt content of the drainage
water, that becomes finally so high, that the water is unsuitsable for
further ggricultural use. _

The low efficiency of the preseﬁt 1rrigat16n system results in
drainage water, which has a relatively good quality. The likely increase
in the irrigation efficlency in future, reduces the volume of drainage
water and results automatically in an increase in salinity or the drainage
water.

Re-use of drainage water is only possiblé in specific locations,
which are more of less limited in number, depending on the place where
the drainage water becomes available, .

Both the quantity and the quality of the drhinage water depend on
the efficiency of the irrigation system, the agricultural water use,
the bydrological conditions and the chemical conditions of the soil.

A re-use model that has to give apnswers to the effects of improved

water management on quality and quantity of drainage water has to
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simulate the complete water management system in the Delta. Such a
re~use model can be given by a number of sub-models, describing the
various parts of the whole system. The scheme of such a re-use model

is given in fig. 1.

. 1. Supply System model (Susy)

2, Use and Drainage model (Usdra)

Re-use model }— "~ 3. Salt Mixing Aralysis model (Samia)

4, Drain water Generation model (Drage)

Y ) 5. Evaluation model (Eva)

Fig. 1. Scheme of the re-use model

2.1.The supply system model

The Susy model can be described by the scheme given in fig. 2.

Regional transport conveyance >
— - > ~ > 9
majin systenm T losses .
I
. r——--————b-———;‘rzmdru
1 sus Regional distribution | | | tail losses ' model
e{ at farm level B spillway N > "l
non-official - - - - - -3
—| re-use by farmers - — - — £ = H
2 Usdra/l 4 Dra 4 Drag
model model model

Fig. 2. Scheme of the Susy model

The model Susy has to describe quantitatively and qualitatively
the regional .tra.nsport of the irrigation water from the Delta Barrage
into the Delta by the main canal system. Estimates have to be made of



the magnitude of the‘conieyancé losses in the canal system. The second
part has to calculate the regional distribution of the irrigation water
in the distributaries and at iarm level, In this part of the model also
estimates of the-spillway losses at the tail ends of the distributaries
will be caléulated. Both the calculéted estimates of the conveyanée
losses and the spillway losses will be used as input data in the Drage
model for the generation of the drain water. On the other hand will
Susy be coupled with Drage and Usdra for the calculation of the non-
official re-use by the farmers. Susy and Usdra will determine the need
for re-use, while Drage determines the availability of drain water.

The Susy mode; has to quantify the local opérational system. The
applicability and the accuracf of this submodel depends strongly on
the variability of the local operational systems. Sensitivity tests
have to be performed beforehand to prove the possibilities of a certain
gtandardization in local operation, based on agsumed and empirical

Telations.

2.2, The use and drainage model

The Usdra model can be described by the Btheme given in fig. 3. ™

1 1
_Susy Susy
meteorological [ model ‘model
| conditions I'" = evapor| T
-- [ e I
H 1 max. | evapor > :
.| crop rotation F.J I act Sazia Sa:ia
W A nodel| | model
2 ' ¢
irrigation —— > — — —>
Usdra schedule i
nodel (. W
il physical | |
| | soil physical | o
conditions > + .
- ' drainage [ '@— > 7
hydrological . _)_'_ __l quantity 1 \
| conditions 4 3

Drage Samia
model model

.Fig. 3. Scheme of the Usdra model
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The Uédra model has to calculate the maximum evaporative demand,
using the data of the meteorological conditions in the Delts, crop
rotation data, planting and harvesting data. Actual crop water use data
are calculated, using that information in combinations with data of the
irrigation schedule, the water availability, the soil physical conditions
and the data of salt accumulation fn the root zone, obtained from the
model Samis. This information is also used in the Susy model for the
calculation of the need of non-official re-use,

The model calculates also the quantity of drain water through the
s0il system with the information concerning the irrigation schedule,
the field irrigation efficiency and the soil pbysical and hydrologicel
coﬁditions. Tﬁis part of the Usdra model must be coupled with the Samia .

'and Drage models. .

2.2.1. Meteorological data

The available meteorologlical data can broadly be classified into
two main groups. The first group includes the.long-term mean values of
some mateoroiogical factors which'ﬁave been observed during more than
twant} years., The second group.ponsiétp of dats which have been measured
during a much shorter period. In the present stud& the data collected
by Rijtema and Ahoukhaled (1975) can be uséd td“describe thg-meteordloéical

conditions in the various parts of the Niledelta. All celculations will
be based on mean meteorological conditions,

2.2,.2. Crop rotation

The main crop rotation in the Niledelta is given in table 1 for
the southern, middle and northern part of the Délta. Though a large
nurber of crops are grown in the Delta, only the major crops will be
considered. The cropping pattern is Based on the growtﬁ of a summer
and & winter crop. A further intensification of the cropping pattern
i8 not considered. In the southern delta no cultivation of rice is
present; but a part of this area is used for vegetable production. In
the northern part of the Delta rice becomes the predominant crop in
summer, while occasionally bariey is grown instead ol wheat on saline

soils.



Table 1. The 3-years crop rotation in the abuthern, middle and
northern part of the Delta, with summer and winter crops

Southern Delti : vegetables - berseem(long) - maize - berseem
(short) - cotton ~ wheat

Middle Delta ) rice - berseem(long) - maize - berseem(shorf - -
- cotton - wheat '

Northern Delta rice - berseem(long) - rice - herseem (short) - ) )
- cotton - wheat

Data have to be collected concerning the actual crop rotation in

different sub-areas.

2.2.3, Maximum evaporative demand

Previous investigations (Rijtema, 1935, 1969) have shown that real
evapotranspiration can be calculated using the combined energy balance
-~ wapour transport method. Rijtema apd Aboukhaled (1975) used this
method for the calculation of the maximum evaporative demand for.difterent
climatologicsal regions in Egypt. The results of their calculations for
the KRiledelta, as well as the reduction factofz'for partial soil coveir

are given in table 2.

The results of these calculations, combiqed with thé average
planting and harvesting data of the various érop results in a table
giving thd'contribution of the various crop in the total maximum eva- (
poration demand. The calculated data are given in table 3. The first

two periods for rice concern nurseries, which take about 10% of the
rice acreage.



Table 2; Maximum evaporative demand and reduction factors for partial
soil cover for the different zones of the Nile-delta

Southorn Delta

Crop Mesn monthly maximum evaporative demand E__ in eyt
height s
cn J F M A N J J A B8 O ®X D
[+ . .1 1.7 2.9 4.0 5.1 5.9 6.3 5.7 4.6 3.3 1.9 1.0
10 1.7 2.8 4.3 5.6 7.6 8.8 8.2 6.8 5.8 4.5 2.5 1.7
20 2.1 3.1 5.2 6.6 9.010.4 9.4 7.6 6.4 5.2 2.9 2.1
30 2.3 3.4 5.6 7.1 9.6 11,1 10.0 T7T.% 6.7 5.6 3.1 2.3
40 28 3.6 8.0 7.510.2 11,710.5 £.3 7.0 5.6 3.3 2.8
50 ‘2,6 3.8 6.3 7.8 10.7 12.2 10.% 8.5 7.3 8.1 3.4 2.7
40 2.8 3.¢ €6, 8,111.1 12,7 11.3 B.8 7.5 6.4 3.7 2.8
70 2.9 4.1 .8 8,4 11.513.111.7 2.0 7.7 6.6 )T 2.8
B0 2.9 4.2 6.9 8.6 11.7 13.4 11.9 9.1 7.9 &.7T 3.8 3.0
80 3,0 4.3 7.1 8.7 11.9 13.6 12.1 9.3 B.0 &.B 3.8 3.0
801l cover % o 10 20 a 40 50 80 T0 B0 ) 100
Reduction
factor
Wioter .31 .39 .47 .%4 .63 .71 .81 .89 .95 1.00 1.00
Summer .35 .43 .51 .5% .66 .75 .84 .80 .96 1.00 1,00
Middle Delta
1] 1.0 1.6 2.8 3.7 4.8 5.9 '5.8 5.4 4.2 3.0 1.8 0.9
10 1.8 2.8 3.8 5.5 7.0 7.5 6.6 5.9 4.7 3.7 2.1 1.9
20 2.2 3.5 4.5 6.6 8.2 B.6§ 7.2 6.4 5.3 4.2 2.5 2.4
30 24 3.8 48 7.1 8.8 9.1 7.5 6.6 5.5 4.5 2.7 2.8
40 26 4.0 5,1 7.5.8.3 9.6 7.8 6.9 5.7 4.7 2.8 2.8
50 2.7 4.3 3.3 7.8 9.7 5.0 B, 0 T.0 5.8 4.9 3.0 3.0
80 2.9 4.5 5.6 8.210.2 10,3 B.2 7.2 6.0 %0 3.1 3.1
T 3.0 4.7 5.8 8510.510.8 8.4 7.2 6.2 5.2 y.2 1.2
80 3,1 4,86 5.0 8.7 10.710.8 £.8 7.4 6.3 5.3 3.3 3.3
80 ‘A1 4.9 6,0 8,810.9 10.9 8.7 7.3 6.4 5.4 3.3A 3.3
Soil cover % [+] 10 20 ao 40 80 60 70 80 80 160
Reduction , . . )
Inctor .28 .33 .43 .5¢ .38 .66 .78 .87 .94 1.00 1.00
¥inter .28 ,35 .43 .30 .58 .68 .78 .BT .94 1.00 1.00
Summey .38 .47 .54 .62 .68 .78 .86 .91 .96 1.00 1.00
Northern Delta
[+] 1.3 1.8 2.7 3.%' 4.9 5.8 6.2 8.7 4.6 3.2 1.9 1.1
io 2.5 3.2 4.3 5,1 6.1 8.7 7.1 6.6 5.8 4.2 2.8 2.2
20 3.2 4.0 5.2 6,0 6.9 7.5 7.8 7.3 6.6 4.8 3.4 2.8
30 3.5 4.4 5.6 6.5 7.3 7.9 8.2 7.7 7.0 5.3 3.7 3.1
40 3.8 4.7 6,0 6. 7.7 8.2 8.5 8.0 7.3 5.5 1.9 3.3
50 4.0 4.8 6.3 7.1 8.0 8.4 8.8 8.2 - 7.6 5.4 4.1 3.5
60 4.3- 5.1 6.5 7.4 8.2 8.6 9.0 8.4 7.8 6.0 4.3 3.7
T0 4.4 5.4 6.8 7.6 8.4 8.9 9.2 8.6 8.1 6.2 4.4 3.9
80 4.5 5.6 7.0 7.8 8.6 9.0 9,3 8.8 8.2 6.3 4.6 4.0
90 4.6 5.6 7.1 7.9 8.7 9.1 9.4 8.9 8.3 6.4 4.7 4.1
50il cover % o 10 20 30 40 50 60 70 B0 80 100
Reduction
factor
Winter . .27 .34 .41 .49 .57 .87 .78 .86 .94 1.00 1.00
Susser .32 .40 .47 .55 .63 .72 .82 .89 .98 1.00 1.00
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2.2.4. Actual crop water use, a simplified aproach

_ For the present study it is assumed that real evapofranspiration
equals maximum atmospheric demand until a certain fraction of the
mpaximum available soil moisture has been depleted. Beyond this, re-
ductions 1n.evapotranspiration occur and real evapotranspiration will
depend on both reiaining available soil moigture and maximum evapora-

tive demand. Under these assumptions the following relations hold:

= __t
Ere = Bax T dt u, > aM, (1)
E N E L M, < aM )
Te aﬂo * “max dt t .
vhere:Ere =  real evapotranspiration in cm.day-l
Enax = maximum evaporative demand 1n‘cm.day-1
Ho = maximum available soil moisture in cnm
Ht- = aveilable Boll moisture in cm ét time t
a = fraction of remaining soil moisture at which the

reduction in transpiration starts

Intagration of the first equation yields:

t=t aM
E ., 0t = - M, _ (3)
)
t=0 M
(=]
or:
v 1

t = (Mo /Mo - a) Mo Em {3e)

ax

t

provided that: Ho -1 aMo

1 . .
Ho is the amount of available moisture present in the soil after

application of irrigation at time t = 0. If the irrigation interval
. e
t 1( t than the soil moisture-deficit at the end of the irrigation

interval equals:

M, =M - (M +E_.t) | 4)

where: -




the soll moisture deficit at the end of the irrigation
interval in cm

ti = time length of the irrigation interval in days
]

When t > t , the second equation must alsoc be used,.
. _
Depending on the value of l! , two different solutions are obtained.

Wheul )aﬂ:

t e M
f Emaxdt _ f t dllt )
t
t=t a'Mo : aM M‘l:
o
or:
E . M
max L _t
oM (t-t ) In o (53a)
o o
or: . Emax ]
= - -t ?
llt a!lo exp[ auo (t-t*) (5b)

' ' ' : -1

t b - .
Replacing ¥ (Ho /Ho a) Mo Emax yields for the soil mqisture
deficit at the end of the irrigation interwval:

M =M (1-aexp| -{E’““ti - u°'m° - a}} (8
d o *P aM a )

1
Under the conditions of M £ a  the solutien of the differential ~

equation becomes:

t M :

E t dM

m t .
'( ;r i ) (7}
£=0

or:
' E t
' max .

llt = Mo exp [- —;M—o— ] (7a)

The soil moisture deficit equals in that cese:

Ha=ﬂo-oexp£ ma.xi] (8)

The real evapotranspiration can be calculated as:

t -1
Ere= {nd - mo - Mo )} ti ) (9

10
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The value of Io for the next interval equals when underirrigation is

applied:

M () =M - B, (T-1)+1 1, 10)

. ,

where:lo {TY = the available s0ll moisture st the beginning of the
Tth irrigation interval in cm

M, (T-1)= soil moisture deficit at the end of the interval T-1

in enm
? = the field irrigation efficlency - _ _
I, = the gross irrigation gift at the begiuning of the

Tth irrigation interval in cm

The given equations describe the soil moisture deficit and the
real evapotranspiration in terms of the soil profile by Mb’ as its
value depends: on soil properties and rooting depth, the length of

the irrigation interval t, and the‘climétological conditions and the

i
crop development by Em .

The value of theazoefficient a depends on the evaporative
demand, It is well-known that under conditions of low evapotranspiF
ration demand the available soil moisture can be almost completely
depleted to wilting point without any reduction in transpiration,
whereas the reduction at high demands already_;tarts when the so0il
moisture content is still nearly at field capacity,So under conditions
of Jiow evaporative demand the tﬁctof a approaches zero, whereas it
approaches 1,0, when the demand is very high. Values of the factor
a have been calculated by Rijtema and Aboukhgled {1875) in relation
to the valﬁe of Emax: These authors did not take into account_the
effect of so0il salinity on the reduction in evapotramspiration.

The relation between the osmotic potential and the salt concen-
tration in tﬁe soil by the average salt composition can be given by
the expression:

Yo op = 0041 c . 6 . eé'l : (11)

where: wos. = the osmotic potential in bars

C, = the salt concentration in the rootzone immediately
atter irrigation in meq/liter at field capacity
6 = the volumetric soil moisture content in the rootzone
o : . :
at field capacity
et = the volumetric soil moisture content in the rootzone

at time ¢t
11




Adding the value of the osmotic potentirl to the procedure described
by Rijtema and Aboukhaled (1975) results in the calculated values of
a given in table 4 in their dependency on the soil salinjty.

Table 4. The relation between the factor a, the maximum evaporative

demand (E.ax} and the salt concentration in the rootzone at

field .capacity

Emax Salt concentration at field capacity in meq/liter
cup.day 0 10 25 50 75 100 125 150 175 200 .
0.1 .13 .15 200 .26 .32 .39 .47 .59 .68 .80
0.2 .25 27 .3 .37 .44 .51 .60 .68 .76 .84
0.3 .34 .38 .40 .46 .53 .59 .66 .73 .79 .86
0.4 .42 .44 .48 .53 .60 .65 .71 .76 .82 .87
0.5 . .49 .51 .54 .60 .65 .70 .75 .79 .83 .88
0.6 .55 .56 .60 .64 .68 .73' L7 .81 .85 .89
0.7 .59 .61 .64 . .68 .71 .75 .79 .83 .86 ,90
.8 .63 .65 .67 .71 .74 .77 .80 .83 .87 .90
0.8 I.66 .67 .69 .73 .75 .78 B2 .83 .87 .98
1.0 .68 L7072 .75 .77 .80 .82 .B5 .88 .91
1.1 .70 .71 .74 .76 - .78 .81 .83 .86 .88 .91
1.2 .12 .73 .75 T7 .80 .82 .84 .87 .88 .91
1.3 .73 .74 .76 .78 .80 .82 .85 .87 .88 .92

Calculations showed that for practical application the relation
between &, the value of Emax and the salt concentration in the root-
zone can be considered as being independent of the soil type.

For the quantification of Mo, it is assumed that the toplayer
of 25 c¢cm can be depleted to wilting point and in the deeper layers is
the extraction proportional with depth, with zero extraction at drain
depth.

The total amount of maximum available s0il moisture equals the

depth integrated difference between the equilibrium moisture content

12



{at zero flux) and the moisture extraction for the assumed extraction
pattern. The maximum depth of importance for moisture extraction by
upward flux is considered to be 1.50 m. The soil characteristic glven
by Rijtema and Aboukhaled (1975) for respectively fine, medium and
coarse textured soils can be uéed to calculate the value of Mo in
relation to drain depth. As the depth of rooting also depends on-
drainage conditions, the value of Ho increase with 1pcreas1ng depth
of drainage.

Calculated values of u for open field drains of 0.9 m depth,
and tile drainage at respectively 1.25 m and 1.5 m are given in table §,

Table 5.Values of M_ (cm) for fine, medium and coarse textured soils

under different drainage conditions

Drainage conditions Soil texture

fine medium coarse
open drains 0.9 m 11.2 . - 8.0 ‘4,2 -
tile drains 1.25 m - 14.5 - 10.3 5.0
tile drains 1.50 m. 17.0 12.1 5.5 -

2.2.5. Actual evapotranspiration and seepage flux

Evapotranspiration will be affected in regions with an influx
of seepage water into the rootsystem. This situation is of particular
importance whgn underirrigation is applied, In the presegt study it
will be assumed that the contribution of seepage to evapotranspiration
is proportioﬁate to the gsoil moisture deficif. '
Immediately after irrigation the seepage water is completely
drained off, while in a completely exhausted soil the contribution
of the seepage flux to the rcotzone is determined as upper boundary
by the maximum capillary rise fc.

Under these'assumptions the following relations hold:
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B =B =-="% +(l'i§) £ M oaM (12)

and

E =31—; E =-i—ul+(1-5i)f M < aM (13)

re aﬂb * “max dt "b c t o

where Ere = real evapotranspiration 1n-cm;d#y“1 X

Emax= maximum evaporative demand in cm.day

Ho = maximum availsable soil moisture in cm

lt = available soil moisture at time t in cm

a = fraction of remaining soil moisture at which the reduc-

tion in transpiration starts
fc = maximum capillary rise to the rootzone in ;elation‘to

Integration of

or:

The remaining soil moisture volume at the end of the irrigation inter-

dM M

~depth of drainage in cm.dgyfl

eq. {12} yields:

a, ' -dM,

w = | - t
M E 1--t)z
o max ( M ) c

(s

' P~

Mo
M Emax - (; - Mo ) fc
?0_ 1n
c Baax = (178 %

1
val ti ¢t equals:

T

c

(14)

(14a)

' Epax B pax M fct.
Mt = Hb [1 -3 +{ n - (1= iFﬁ} exp -'if“ (15)
| ] [} o]

For 0 t1 € t the integrated value of the seepage contribution to

evapotranspiration equals:

or

14

t M

= - _t .
SE1 = 1[ (1 m ) fc dt
o o]

(16)



B M’ -2t
sE1 = E .t uo{ - (1-22) [1 - exp( T"} (16a)
[ [+] Q

The total evapotranspiration equals in that case E ax'ti'
lhen t ) t the differential equation (13) must also be used.

Integration of this equation yields:

a

) [ " ( Enax "% ! }]
N = E 7 af Lfc *‘[Em““'” fcl e”{' Tam_ (Tt ] aD
max ¢ o 7

The time integrated contribution of the seepage flux to evapotranspi-

ration is given by the expression:

| | ' Enex 'mo k { | _fct'
. S8g =E _t -M1——@-g )] |l-exp ( )} +
Co. _2 [+ N 0
a:tc ' ' azlﬂ f .l
Q- ) £ (tt ) - ——F Epax” (172
E___+ af (E___ +af )2
max c nax <

{1 - exp[ " e t]} | (179)

1
I with t equalling the value calculated with eq. (14a),

——

The total evapotranspiration equals under these conditions:

But, = (M - M) + sEz ) (18)

For the conditions that M < aM_ for t ='Olintegration of eq.(13)

results in the following expression:

al!o H lll'&x
Ht 9——'-"—-3 vy [ fc'l-{ ';i‘— (E +B.f Yt }ex }] (19)
BRX [ ] [+

The time integrated seepage contribution to evapotranspiration equalg |
under these conditions:

1
. { af ‘,\ _ azl&ofc M : '
s "1 -—"hst - (B +af )-af
E E .
- 3 max * afc A € (E +af )2 ano max ¢ c.
ax c
Emax + afc ’
.{1 - exp. {- ——a—u;-——u—- . t)} (20)
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The total evapotranspiration equals in that case:

E.t1 = (Ho - Ht)-+ SEs | (?1}

2.2.6. Irrigation schedule

The farmers will get irrigation water svailable in the distri-
butaries by a scheme of 5 days water, 10 days closed in winter. In
areas without rice cultivation the scheme in 7 days water, 7 days
closed in summer. In areas with }1ce cultivation the scheme dﬁring
summer is 4 days water, 4 days closed. In particular in the early
stages of the rice cultivation the standing water layers will be re-
freshed when the water temperature becomes above 35 °C. The irrigation
system is closed for maintenance from January 15th to February 15th,.

A pre-irrigation treatment will generally be given for soil cultivation.
.The irrigation schedule and the irrigation gifts given in table 6
will be considered as the 'ideal' systen.

Table &. Number or irrigations applied and the ‘'ideal’ quantity per
irrigation gift (mm) for different crops on fine textured

soils -
il b
Perioa  mee  Name  Cowon MBS BT B
Ji 1x100 1x 50 1x 50 -
J2 1x100 1%100 1x160
1 S - - -
F2 ' - - -
711 1x150 1x100 1x100
N2 ) - 1x100 _ 1z100
Al 1x 50 1x100 1x100
A2 - 1x100
[} . 1x 75 . Ix100
u2 4x 10  1x150 1x100 1x150
Ji 4 5 - 1x100 2x 50
J2 4x100 1x 85 1x125 2x 50
Ji 4x 30 1x 75 1x10¢ 2x 50
Jz 2x100 1x 75 1x100 2x 50
Al 2x300 1x 75 1x100 2x 50
A2 2x100  1x100 -1x100 2x 50
51 2x100  1x100 2x 50
sz 2x100 2x 50
ot 2% 50
- 02 1x 50 1x150 1z 50
n 1x 50
N2 ix S50 1x 50 1x150
1 ix 50 1x 50 -
16 D2 ‘ 1x 50 1x 50 -

Year 1860 640 1000 1100 250 550 330




A first calculatiop of actual evapotranspiration based on this
gchedule, assuming no additionml losses due to irregular water dis-
tribution, gives for thengeteorological conditions of the Middle Delta
the data presented in tabel 7. '

Table 7. Actual evapotranspiration in the Middle Delta by optimum
distribution of the irrigation water E in mm,day~1

Period Rica  Msize Cotton t:;f:' 5‘::::‘ Bi;:::‘ . Wheat
N 2.1 2.1 2.1
3 2.2 2.3 2.4
r 3.4 3.4 3.9
2 2.8 2.8 2.1
n 4.2 1.0 4.9
w 1.3 4.7 5.7
AL 3.4 5.9 6.8
A3 4.8 6.2 2.1
a 6.2 6.7 0.8
a2 0.8 6.4 2.1 0.1
Ji 0.9 3.0 6.4 5.3
2 9.0 4.4 7.3 7.5
J1 8.0 8.4 6.1 7.3
J2. 8.9 5.4 6.1 7.2
Al 7.5 4.9 6.0 6.6

_ — -
A2 7.1 5.6 6.1 6.3
81 6.5 5.8 1.8 5.4
53 6.1 1.9 0.5 5.1
o1 5.6 4.4 2.0
0z 2.8 2.9 3.1
HL 1.8 ' 0.8 2.5

Nz 1.5 2.4
‘m 1.9 1,9 0.9
D2 1.8 1.8 1.4

Generally field efficiency is assumed to be B0%, but this figure
must be considered as highly variable, depending upon the conditions

of over- and underirrigation.

2,2.7. Precipitation

The aﬁount of precipitation is small, compared with the amounts

of irrigation water required. The mean monthly precipitation for the
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Southern, Middle and Northern Delta is given in table 8. The data are

the average figures of different meteorological stationg in the Delta.

Table 8. Mean monthly precipitation in the Scuthern, Middle and
Northern Delta in mm.month-1

Region J ) A | J J A 8 (v} N D Y

South 7.5 4.2 2.7 0.8 1.6 - - - - 1.5 4.9 4.9 28.1

Middle 10.8 88 53 2.2 34 0.3 - 0.8 0.1 3.9 6.7 14,0 36.3
7.5 20.6 12,0 2.1 2.1 - - 9.1 1,0 11.2 20.6 46.1 153.3

North

The precipitation will be propertionally added with the irrigation

glfts. During the closed season the precipitation will be distributed
over the calculation intervals. ' ‘

2.2,8, Drainage water, quantity

val (T) is

and

18

The drainage water quantity produced during the irrigation inter-

=
]

=
1]

7]
g

-
e |

the greatest value of the equations:

I,
ts,

t(T-1)

-t1 - SE] r (1 - 1). IT

—

fa:t1 3 8 (220)

i

.ti - SE}'T + IT - (Mo - Mt(T-l)) fs.t1 2 SE (2?b)

the drainage water gquantity in cm produced during
irrigation interval T

geepage flux in c:m.dayw1
length of the irrigation interval in days
the seepage contribution to evapotranspiration in eom

the irrigation gift in cm at the beginning of irrigation
interval T '

the field irrigation efficiency
the maximum available éoil moisture in cm

the available s0il moisture in em at the end of irriga-
tion intervael T-1



h

The seepage flux ts is negative when a leakage to the aquifer is
present. In that case SE = 0. The value of DT = 0 when

f .t
s

i + (1~2) ;t £€0  or

) fs.ti +_IT - (Hb - Ht(T-l)

Irrigated rice fields require a deviating procedure, as 1h that case

) £0
one has to deal with drainage of ponded fields.

2.3. The s8alt mixing analysis model

The scheme of the Samia model is given in fig. 4.

irrigation water .
Quality I Susy model I I Usdra nodell

Y
Soil salinity

Distribution
Refill
- [——
2

8oil Physical '
3 Sasia Conditions Drainwater | - Drage
model Quality - nodel
Hydrological
_l ; L] Salt sccusulation Drage
Conditions [ ‘]
Rootzune model
Spll Chemical /7/

Properties

Fig. 4. Scheme of the Samia model

The Samia model has a very complex character, as it deals with
non-ateady downwards and upwards transport of water and salis. More-
over, the model deals with the exchange of cations with the soil
system. The model has to run st each timeptep two or three times,
depending on the chemical composition in the systen. '

In irrigated areas a water table exists at some deptk below the
ground surface with a coﬁdition_of unsaturation above it. During and
immediately following periods of rainfall or irrigation, water moves
downwards through the soil to the water table. During this downwards

transport a refilling of the moisture deficit in the unsaturated

19



zone tekes place. During this process the dilution, mixing of salts in
the various layers and leaching of the top layers takes also place.
Thise whole process will be described and be calculated in the submodel

Refill. The excess water ceuses also a leaching out of salts from the

 soil system to the drains. The quantity and the quality of the drain-

water is also dependent on the quantity and quality of the seepage

water from the groundwater aquifer, This part of the process is described

in the submodel Lease. The water losses through evapotranspiration may

reverse the direction of flow, 20 the water moves up from the water

table by capillarj rise. Evapotranspiration removes pure water from the

80il leaving salts behind. Since salt uptaske by plants is neglicible,

salts accumulate in the rootzone of the soil. This process is described

in the submodel Redis. _
An important part of the Samia model is the cation exchange between

the soil and the water. This process will bé described in the submodel

- Catex. This submodel must slways be used in combination with one of

the submodels Refill, Lease and Redis to cilculate the distribution
between dissolved and adsorbed cationms. ,

The Samia model is coupled with Susy and Usdra to get the input
data for the submodels Refill and Lesse. For the-—effect of salt accu- =
mulation on evapotranspiration the Usdra model has to be coupled with
the submodel Redis, Finally, Lease gives the drainwater gquality as input_
for the Drage model. "

-~

2.3.1. Genersal approach

For the tramnsport of salts in the soil system three different

situastions must be congsidered:

- the refilling of the molsture deficit in the different layers;

= %the leaching of salts under conditions of irrigatlion excess water
and the generation of the drain water quality;

- the redistribution of salts in the soil profile between two irriga-

tions due to evapotranspiration,

The basic model to be used for the celculation of the tramsport

of salts either as downward movement due to refilling and leaching,

20



or upward ﬁovement due to seepage inflow and evapotranspiration, can
be ohtained by subdividing the soil profile in a number of layers.
Throlugh the boundary of each layer tramsport of salts take place by
111 transport'of water. It iz assumed that in each layer a complete
mixing of the water present in the layer end the incoming water takes
place. It is also assumed that exchange of cations adsorbed at the
soil system and those present in the soil solution can be considered
at the end of each time step. Under these conditions the ion-balance
of the soil solution can be wfittén for the nth layer as:

L 6, de (t) = [:Ed c

w1y (B - Lo (0] at (23)

where: Ln = thickness of the nth layer in cm

en = volumetric moisture content of layer n
£ = Darcian flux in'o::m.claa.y"1
. cn and Chel = ion concentration in layer -n and n-1 in meq.l-l
t = time in days '
Substituting An = (Lhen)—l and rearranging eq.(23) gives:
d » _ ,
It [cn(t)]+ Afgc (1) = A Lo (&) . (238) _

This equation can be solved under the boundary condition :

c(t)=c(£) tor t =0

Introduction of a constant moisture volume per 1ayer (L B constant)
gives: Ao Al = Az ............... = An.
Integration of eq. (233) results in that case in:

e (1) = +Z [e ¢ - © :l [Af ﬂ exp[«Afd"JLl/(“'k’]‘“)
k=0

where: c = concentration of the irrigation water in meq.]._1

2,3.2. Downward movement in the unsaturated zone duf;ng refilling
(Refill)

The model hks a somewhat more complex character in the unsaturated

zone, where moisture exiraction by plant roots has created a soil

21



moisture deficit. This molsture deficit has to be replenished during
irrigation. The prdcedure is simplified by dividing the unsaturated
zone into layers with equal moisture volumes directly after refilling.
‘When the aepth of the top layer equals L cm, then'Lﬁeo cn of
1r;igation water is required to refill thig layer. The time required
for this moisture aupply at mean infiltration flux fd
v, = (L A0 )T, | (25)

egquals:

o
The concentration in this layer can be calculated after refilling with
the equation:

. L8.e, () + L A8 c,

0 0 O
c({t )= ‘
o' o Lo (6° +AB°{

(26)

The refilling of the moisture deficit of the next layer (n=1) requires

1 L}

a time step t1 ~t0 . This time step is defined by the equation:

¥t L .

ty -ty = L0/t @D
During this period a leaching of salts from the top layer takes already
place. These salts are transported to the layer (n=l1). The salt con-
centration of the water entering layer (n=1), however, is cheanging
with time, The salt concentration of the water leaving the top layer

can be derived from the general equation (24) and is given by:
- L - . L}
c (t) =¢c, + [co(to ) —ci-_l exp [-Afd (t -t )] - (28)

where: A = L_ (Bo +48,)

The mean concentration of the water used for refilling lajer {n=1)
is obtained by integration of eq.(28) and dividing this value by the
[ ]

1
time step t1 - to . This gives as expression for the mean concentration:

- 1 ' '1[ ' ‘ t '
c, = °1+ [Atd(tl -to )] co(t0 )-c;][l—exp{-ﬁfd(tl -to )}] (28a)
The salt concentration in this layer (n=1) equals after refilling:

1cl(o) + Llhel <,

L1 (91 +6911

Le
1 }

(29)
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The refilling of the moisture deficit of the nth layer requires a
¥ *

time step tn -tn-l , which equale LnABn.f

a° The meéan salt concen-
tration of the water entering this layer n 1is given by the general

equation: R

N 1 e ' v T x
S O A I X[ck(tn-l) '°1-] [‘“d(t'tnq’] .
n n-1i }
[
?n—1
. exp [-Az 4 (t-t;_l)][lf(n—l-k)- '] dt

(30)

When the quantity of water required for refilling is small the calcula-~

tion of En-l can be linearized, which reduces the problem to:
-~ 1 ] ) t
®p-1 " 2 i_cn-l o’ (tn:)} (3L

The concentration in the nth layer becomes after refilling:

, Lnencn(o) + LnA.Bn L
cn(tn)=

Ln ( Gn + Aen)

(32)

ot b

In the discussion of the moisture depletion by evapotranspiration
i1t has been assumed that the soil moisture depletion was proportion-
ally distributed with depth. Consequently the refilling in the salt
model can also easily be deseribed in terms of the soil moisture
deficit and the irrigation gift. As a matter of convenience it is
gssumed thst under conditions of underirrigation the irrigation water
at the end of the refilling is distributed over the various layers of
the unsaturated zone, proportionally to _the moisture deficit of the
layers. The quantity of water R used for refilling equalg I.In in
case of underirrijgation and Md when adequate irrigation and over-
irrigation has been applied., The deficit of each layer can be given
by bn'"ﬁ’ where bn is a proportionate fector depending on the layer
number. So refilling of each layer requires either a quantity bn.Ha
or bn.t.In. Values of facor bn for an unsaturated zone divided up to

5 layers are given in table 9.
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Table 8. Values of bn for unsaturated zones ot 1 to 5 layers

Layer Number of unsaturated layers

number 1 3 3 4 5
0 1,00 667 .500 .400 .333
1 .833 . 378 .334 .282
3 .128 .200 .208
3 .087 ,125
¢ .042

The sumnmation of time steps multiplied by fd can be expressed

_in teras of the amount of water used for refilling, so the vhole pro-

cedure can be given in terms of the distribution of water quantities.
The set of equations required for the calculation of the salt distri-
bution after refilling are given in table 10,

2.3.3, Loaching and drainage water quality (Lease)

Application of excess irrigation water leads to & leaching of -
the unsaturated sone. Almo in cases of underirrigation a certain
quantity of leaching occurs dependent on the field irrigation effi-
ciency. The leaching process c¢an be desoribed for all layers n both
in the unsaturated and in the aaturated Eone by the ;onnruf equation.
The quantity of leaching water (In - d’ or (1 = !)In oquals £

&, 90
the equation can be rewritten as: |

q

. |
0, (t) = ci-l-i [‘k“;"‘;at"““"d’] oxp -A(!-Hd)][lﬂn-k).' (332)

k=0
or:
a ' n=-k
o, (6) = o ¢ Z [ck(tn)-c’][ul-!)ln] exp '-A(:I.-:E)Ia] [1/(::-1:): (33b)
k=0 |

]
The values of ck(tn) sre¢ the concentrations present 1; sach layer at
the end of the refilling perioed,

Both the gquantity and the quality of the drainage water depend on the
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influx from and the outflux to the deep groundwater aquifer of the

Delta. Three situations must be considered in the model:

- the groundwater aquifer has no influence;

-~ a leakage of shallow groundwater to the groundwater aquifer, with
a mean yearly flux - ts, expressed in cm.day'l;

- a seepage from the deep groundwater aguifer to the phreatic water

with & mean yearly flux fs' expressed in cm.daydl.

;2.3.3.1. No effect of_thg_g{ggggggggghaquiggg

7 The flow to the draina can be considered schematically as a
combination of horizontal and vertical fluxes, The scheme for the

proposed model is given in fig. 5.

A
Y

Y‘LVVVVYYY
S

)
-
e
-
—

—— —~ o
A

Fig. 5. Schematic flux pattern under the condition no influence
of the aquifer )

The vertical upward flux to the drain is neglected, as its effect
is extremely small in the ultimately calculated result, Dividing half
of the drainspacing (44) in n parts, gives for the vertical pathway
a length of: Lv = dd + {1 - k/m).db

where:
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The two-dimensional flux pattern cen be considered as a one-
-dimensional case due to the model used for the flux pattern,
The concentration of the drainage water equals in this case the

mean concentration present in the layers n between

n=aA (dd.ed) and n = A (dd.Bd + Z'db'eh)

2.3.3.2, Drainage combined with leakage to the deep aquifer

T 7 e T i . S A D (. D e SR i, A S -y W ey e T S R P W S S Sy S S U At e o i e G S

In those cases that leakage to the deep sand aquifer canmot be
neglected the calculation scheme must be adapted, The flux Is (negative)
to the aquifer will be taken as a constant with time. The flux pattern

ags shown in fig., 6 will be considered.

. iL —
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Fig. 6. Schematic flux pattern with leakage to the sand aquifer

The vertical flux component is divided in a flux to the aquifer
and one to the draim system. The part of the flux participhting in the
leakage flux is at the greatest distance from the drain. The flux to
the drain is again schematically calculated as a combination of the
vertical and horizontal flux. The areﬁ of the landsurface participating
in the drainage flux can be given by the expression: # . (1 - u).,Z,

where 0 is the greatest value of the two expressions:
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the le}kth ot the vertical pathway

"

U

depth of drainage
= depth of drainage flux barrier (maximum = }Af)

o o® <&

k wvaries form O at a distance il to m for a pathway above
the drain. '

The horizontal length of each pathway becomes:

L=%f(1-xm ./ (34)

The ratio between the horizontal flow velocity of the drainage water
and the vertical one depends on the drain distance and the depth of

the drainage barrier. This relation can be given as:

Ih = 24 - tv {35)

The general differential equation (23) gives the same solution when
the product A.fd is tepken as a constant. The given relation for
horizontal and vertical flux determines also the relation between
Av and Ah by the expression:

2d

_ %
heEZ N | (35a)

61‘:

n n’h

L
LO8) = '2% . (Lnen)v (35b)

The number of layers n to be copsidered from the soil surface to

the drain for each value of k can be given by the expression:

. :.d :d . ¢! ; k/l;)db 0, . t{(:d- k@f eg. S
n n n / b) - ( n )

n n

or:

-]
|

—-A{dd 8, + 2 (1-k/m) g eh}_ db{ 3 £ (36b)

where: drain depth in cm
= volumetric soil moisture fraction above drain depth
= depth of drainage barrier in cm below drein depth

= volumetric soll moisture fraction below drain depth
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The flux pattern in the saturated zone must be adapted when see-
page from the aquifer is present. Fig. 7 gives a schematic presentation

of the two situations that must be considered in that case.

—~~———— 1, >

Fig. 7. Schematic flux pattern with seepage from the aquifer

The saturated zonme is divided into two regions with different
flux patterqs. In the top part the discharge of the net irrigation
excess takes place. The net irrigation excess can be given by the

greatest value of the expressions:

DI = (1-£) I - SE
or:

DI = (I-Md) - SE

In the bottom part the discharge pattern of the seepage is given. The
depth of the separation between both fluxes depends on the ratio o,
where o is given by:
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Yhen o >1, take & = 1,

For the drainage flux the following expressions can be derived:

d 1-1:* * 1 d
d+( )y ( a)b

1 -%a-x/mad

- vertical pathway leggth : Lv

~ horizontal pathway length: Lh

* %
with k equalling O at distance (1 - ay.f and equaling m above the
drain,
The number of layers to be considered for the drainage flux is given .

" by the expression:

= s _ o %, :
n=A ldd ed + 2 ( -0)(1 -k /m’) db} | 37N

Yhen g varies from irrigation interval to interval the drainage con-
centration can be approximated by taking the mean value of the con-

centration in the layers with n between:
= B ;C( 8 }
n= An (ddreq) and n An'{dd d + 2 (1 ) db b

The number of layers into account varies with the value of .

i . S e s . Al A ol Y e e T P S e . g i e P T, . T g s e e S sy e B S i g e M i T

The proposed model describes the discharge of the excess irfigation
weter (l-f£)I as 2 constant flux during the 1rrigafion interval. The
large variation in discharge rate between the one at tl;e beginning
of the irrigation interval and at the end will not be taken into

account. Moreover, the quantity 8_, that r_éachés the rootzome during

E,
the f{rrigation interval, will in the quality model alsc be considered
as a constant flux, with a relatively good quality. In the refill model

in table 10 the value of S_ is considered as a temporary storage in the

unsaturated zone., In termsEof the model discharge it indicates that the
discharge of the irrigation excess will be reduced by this procedure,

In all those cases that the value of SE is greater than the irrigation
excess a small quantity of seepage water will pass the depth of drainsage

and will be transported to the rootzone.
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the model redis and will pass therhoundary between the saturated and
the unsaturated zone, The layers partlcipating in the drain water pro-
duction are the layers between n and n_-n. The value of n___~-n is

nax max max
given by:

n -0 = 2A.(1 -B ).d 6 with B=D /2_.t

i

The concentration in these layers can be calculated again with eq.(38).
The concentration of the drain water can be approximated as the average
concentration of the layers concerned.

The concentration of the inflow in the unsaturated zone will be cal-

culated as the concentration in the layer n -n=2A.d0.
max b'b

2.3.4. Redistribution of salt in the unsaturated zone (Redis)

Due to evapotranspiration a redistribution of salts in the un~ -
saturated scil is present during the lrrigation interval. As the ac~
tuei evapotranspiration depends on the salt concentration in the root-
zone, underirrigation may cause salt accumulation in the rootzone
during the vegetation period. The process of salt redistribution and

salinization of the rootzome can be described by the general differential

egquation for layer n as:

s de_(t) _
{K - (fo - fi) t 3 Tat ti ®ns1 T tocn (t) (40)
where: a = (Lmen)"1 '
fo = outflow from layer n in cm.dazil
fi = inflow into layer n in cm.day
el and ¢, = concentration in layer n+l and n, respectively

It has been assumed in the Usdra model that the quantity of soil moisture
extracted from the different layers of the unseturated zone was pro-
portional with depth. So the fiux at the boundaries of each layer can

be given as:

- n - -
f:l = fn+1,n =(1- z::bn)'(Ere - fc) + fc
. (4]
n-1 _
£, = £y 4y = (1 -zﬁ_b (B, -E) +E
' (4]

32



The seepage flux has its influence to the depth of drainage when O \{ 0.
The following expressions for the drainage pattern of the net irri-

gation excess DI

~ length vert;cal pathway : Lv _dd + (1 - k/m)ax db

. a-xm 4

can be derived: -

- horizontal pathway : L,

The number of layers to be considered for the discharge of DI

can be given by the expression:
n= A {dd Bd + 201 - k/m) db}

The salt concentration in these layers can be given by the equation:

n . o n-k ' : :
cn {(t) = N + § [ck (tn) - ci] I_ADI] exp [- ADI:] EI./(n-k)! (38)
, k=0 ' :
‘The concentration of this part of the drain water cam be approximated
as the average concentration of the layers between n = A (dd Bd) and
n = A (ddﬁd + 2 dbﬁb).
The seepage flux has an opposite direction of flow, starting-.
from the deepest layer to shallower ones. The layer numbering has to
be transformed., This can siqply be done by the introduction of the

maximum layer number #max = A. (ddGd + 2 dbﬁb)... 5 -

The total number of layers participating in the discharge of the

seepage equals:

Boax D =2A( -0). dbeb

The concentrdtion‘in the participating layers can be calculated with

the equation:

| ' nmax—t - @ ax,ﬁ_ - , ‘
<C (nmu_n) = cs + E L ck(t o) —cs] [Afst 1T exp -Atst 1] [1 /I(nmu-n)-k}a -
k=0 '

(39)
where cs equals the concentration of the seepage influx,
The concentration of this part of the drain water can be approximated
as the average concentration of the layers between n and » -,
nax max :
¥hen DI becomes negative, the seepage flux takes place in the whole

saturated zone. However, part of this seepage flux will be used in
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: peﬁds on the reduced concentration ratio of Na+ and Ce

2.3.5. Chemical proceagea in the soil {Catex)

Salinization of a z0il proifile ig defined ag an increase in the
concentration of salts in, and éventually precipitation of salts from
the soil solution, Aside from their influence on the concentration of
the s0il solution, the addition of salts to the soil profile may also
lead to an alteration in the composition of the exchange‘conplex. The
selinization and desalinization processes are accompanied with a
gradual adjustment im the composition of the adsorption complex. The
final exchangéablé sodium fraction of the soil complex composition de-
2* in the soil
solution. This reduced ration.is given the name Sodiﬁm Adsorption Ratio

(sar) and is given by the expression:

_ [Na*1 N T | : (46)':
—W’-—-—— = . R
Vi (leat T+ V3 &

The name indicates that the sar determines the composition of the ad-
sorption complex. The relation between sar and the exchangesble sodium
fraction (ES) can be given by the expression:

0.015 sar
1+ 0,015 sar

ES - 47 -~
+ 2+
The concentration ¢ and c can be expressed as function of sar and

cn(t) by the equations:

e ia - e r———

X 2 , - .
c: (t) = 385 i-1+’\f—1+ 4 cn'(t)zj (48)

4 sarn
and
2 g
2+ _ sar _ v 4
c, = 3 c (t) + “z"“"{ 1 il+ :;;5 cn(t) } (48)

where: cn(t) salt concentration in layer n at time t in meq.l“1

c;(t) = galt concentration of monovelent cations in layer n
at time t in meq. 1-1
ciﬁt) = galt concentration of divalent cations in layer n at
time t in rneq,.l-1 '
. -1.1/2
sar = godium adsorpticn ratio in (m mol.l ')

It is assumed that the total quantity of cations adsorbed by the

soil complex is very large compared with the change in the ecation
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Equaetion {(40) can be solved for the nth layer when the concentration

th
of the inflow from the (n+l) layer is constant during the irriga-
tion interval. ‘ '

Rearranging equation (40) gives:

dcn dt
fec . -fc (b) ={1 o (40a)
i 1 - - -’
n+ on A (fo fi) t 3 _

4

Integration ylelds:
: o

. _‘f_
c (t) = f£/f ¢c .+ {cn(to) - 1./1 cn*S il - AL -2))¢ -0 1 (41)

Tpg mean concentration in layer n over the irrigation interval will
be used to calculate the salt accumulation in the layer n-1., The
mean concentration can be calculated with the expression: 2t -t |

-

o L - 17 =%, |
t_:n(t) (£,/2 ) . + YO RI=ER) 11, cn(to)-(f:l/:_:o)cnﬁl}[lh{l-Auo-‘i)t} ST ] (42)

The procedure described by the equatidns (41) and (42) can be repeated )
for each layer. It must be realized that with a value of f = 0, the |
concentration of the layer n remains constant over the conzidered

irrigation interval, __ . -
The toplayer requires a speciesl solution, as an outflow of water is
present, but the salts remain in that layer.

This is given by the differential equation:

{I.' -t —g = 4% & | | (43)
Rearranging gives:
de {t)
. o_ = 3 dt (44)
5% {Z ~ % - ult
Integration of this equation results in:
fi -
co(t) = co (to) - —;:—:—;I— c1 1n {1 - A (!o-ti) t} (45)

This value can be used as the initial value co(to) of the next irriga-
tion interval in the refill model. The time integrated value of co(t)
must be taken into account in the evaluation model Eva in the analysis

of the effect of integrated salinity on crop yleld
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system controlsg the maximum concentration of Caz*, conversely the
presence of sclid phase carhonatgs in the soll will stabilize the
actual concentration of the cations in the aoil solution. An approach.
of the precipipation or dissolution of CaCO3 in the model system cag
be obtained with the ald of the reaction equations., Expregsing the
total concentratioﬁ of dissolved CO2 as H2603 gives the reaction

eguation:

Co,(g) + H,0 &5 H,CO log k% = -1.46 (52)

2773
The activity of Coz-gas is here expressed in terms of the gas pressure
P in bar. ‘

In general terms one finds:

~ log [uzcos] = 1.46 - log P, (52a)

2

The carbonic acid molecules entertain protolysias reactions according

to:
P A - + o] = -
B00, €5 BCO;+ 0 logk 6.35 (53)
H O] <— CO>~ + H' log k° = -10.38 54y
3 — Y3

Combining these equations results in:

- log [HO();_I= 7.81 - log P, - pH | (53a)
2
and
.
~ log [co3 J= 18.14 - 10g Pc02 - 2 pH . (54a)

In the applied approach it is assumed thht only calcite is present in
the solid carbonate in the soil system. The dissolution reaction of

calcite can be given as:

2+ 2~ o
b -
Caco, ) €5 Ca” + COy log ko 8.35 (55)
or
- 10g [ca®*] = 8.35 + 1og [cog'] (558)

Combining the equations (53a), (54a) and (55a) gives also the expression:
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composition of the goil aselution of a considered layer n during the
timestep t. Under these conditions ES(t) ﬁ33$(t°), which results in
sar{t) .~ sar(to}. S0 a firat approach of the concentrations of the
monovalent and divalent cationa in the so0il solution at time t can be
obtained using the value of sar (to).

The mass balance equations of the nth layer can in that case be given

as:

-~ - ~ = L e i - + g B

®n-1 fit °n fot cn(t) [Ln nj t cn (to) LLn n] to *

{ " CEC }
+ {zsu;) ES(to)} { Toe L.P. (50)

gnd

~24 ~2+ = 2+ g o a2t 2]

-1 5 7 % Lot °n (t)I:Ln n]t cp (£ [Lﬂ no oty :

CEC .
+§'E8(t) - z:su;o)} gi'o_o“ ann1+ o[cace,]  (s1)

where: c' =4 {c+(t°) + c+(t)]in meq.l-1

2 -

2t = ) {c +(t°) + c2+(t)} in meq.1 1

t, = incoming flux in cm.day"1

o = outgoing flux in c:n.d.a.;r“1

Lnen = moisture volume of layver n in cm

CEC = cation exchange capacity in meq per 100 g of soil
CEC -
100 ann = cation exchange capacity of layer n_in Eeq.
b[ﬁgcoé]s_= change in solid calcite concentration

2+

c+ and ¢ , as well as c:(t) and c2

n
lated with the assumption sar(t) equals sgr(to), leaving ES(t) as the

+(t) are as a first approach calcu-

anly unknown factor, which can be calculated from the equations. When
ES(t) differs too much drom ES(to) an iterative procedure must be used

to obtain a better approach of ES(t).

The presence of COz-gas in s0il systems delimits the maximum
possible concentration of many cations in the soil, The most abundant
one of the cations forming carbonates with low sdlubility is the Caz+-ion
and accordingly many soils contain solid calcium carbonates. While tke

loca] pressure of Cﬂa—gas in the soil, together with the pﬂrof the soil
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log [f:anco;] = 3.24 - pi (61)

For the calculation of the total quantity of Ca present in the soil
solution when calcite iz present the equations(57a), (60) and (61)

can be used, giving:

+ 10098

3] [coz'] [aco]

[ caZ* 1+ [cacod }+ [ cascol

+ 107515 , 10 3-24 - pH (62)

An other Ca-course can be present in many solls under arid
cdﬁditions in gypsum. In some soils gypsum may be already present in
the sedimentary deposits. It can also be formed by the precipitation
of calcium and sulphate during salinization. So also information
regarding the gypsum content of the goils 1s important. Thercomposition
of a solution saturated with respect to gypﬁum is defined by equation
(63) giving:

2+ 2- )
CaS0,. 2 B,0 = €5 Ca 450, + 2 H,0 log kso = - 4,61 (63)
or
-4.61 -
[ea®)] = 2 ' (638)
Csol™ ]

As with the carbonates the soéluble complex is involved, The formation

reaction of the uncharged ion-pair CaSOZ reads:

éa®t 4 so:' <= Caso] log k° = 2.31 (64)
In a system where aslso solid gypsum is present the concentration‘of
CaSO4 is cgn;;ant The numerical value of the equilibrium constant
eguals 10 7
So in a system in equilibrium with solid gypsum the total Ca-concen-
tration can be given as:

-4.61 |
[+ [eas0l]= Lpe v 20722 (65)

[s0,"]

The existence of long renge electrostatic interactions between ions

ig the main reason for non-ideal behaviour of these ions in solutions.
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- log [ca®*) = pH - 1.88 + 1log {[aco; ] (56)

or
[ca® J[cod~]= 107 3:3° | . (55b)
and A -
[ca®* Jrco ] = 10= 1-98 —PH (562)
Adding together gives
T_Caz+]ﬁzco§"]+[nco;]]= 1078:3% | sol-98 - pH (57)
or

- -8.35 1,98 - pH
[032+] - 10 + 10 . . (573)_

C cog'] +{ meoy ]

Bquation (57a) gives the Ca®* concentration in mol.1 ! at saturation
- - .
3 !‘!C__O3 and pH.

So far the solubility of calcite has been discussed with respect

to the Cn2+-1on only. In actuality the ion-pairs 03300; and Cacog

should also be considered. Whenever calcite is present in the soil

11_1 relation to the concentration of CO

system the ion activities of the relevant ion-pairs are ultimately
determined by this solid phase. The reaction equations for both '

ion-pairs can be given =as:

ca’t 4 t:og' *3 caco] log k° = 3.20 (58)
and
caZt + HCO, pod CaHCO; log k° = 1.26 (59)
or . _
- 24 2- -
- log [€a”"] - log {03 ]+ log [CaCOS]— 3.20 (58a)
and | : :
- 2+ i - +
- log |Ca ] - log |Hco 1+ 1og[cmc03]- 1.26 (59a)

Combination of the equation (55a) and (58a) gives:

log [Caco‘s’ J=~5.15 _ (60)

As long es8 solid calcite is present in the soil the concentration of

Cncog remains constant,

Combination of the equations (56) and (59a) gives:
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The calculation of the final concentratigna requlrea possibly an
iterative procedure, The calculation of the Hco;, the Cog-and the
Soi-concentrations requires separate runa of the submodels Refill,
Lease and Redia,

The precipitation or dissolution of calcium can be approximated

mathematicelly by the following set of equationa:

(x - Ax)(yl - AYI ) = C1 (69)
and
(x = Ax) (7, ~(&x - Ay,) = C, - (70)
Both equatlons give as result:
%
Ay1 RS Ax (71

and

,. -
br=d (xaygtyy) - b\ Geeyav)® - 4 [x (gt - 618 a2

where: x = the Ca2+—concentration in med.l_l

¥4= the 80:--concentration in meq.l-l

V5= the HCOa + Cogzconcentration in meq.l_l

C1= 6.14 12

C,= (0.0011 + 107 -38-pH

) £,
Ax and Ayl are positive un case of precipitation.

When under saturation exists, without the presence of solid gypsum

equation (6%) does not hold and Ayl equals zero, When no solid calcite

is present equation (70) does not held and Ayl equals in that case

£x. The equations (69) and (70) have no meaning when both solid phases

are not present.

For soils with solid CaCO,, the pH can be calculated by the equation:

3!
PEH=(k, -pk) + p(3cca + ug))+ p ALK (73)

wvhere p #(Ca+Mg) and p Alk are the negative logarithms of the equiva-

lent concentrations of Ca + Mg and of the equivalent concentration of

titrable base (Cog-and HCO-s), respectively. pk_  and pkso are the

2
negative logarithms of the second dissociation constant of HZCO3 and
the solubility constant of CaCO3 respectively, both corrected for

ionic strength,.
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For this reason ion-activity should be umed jnstead of ionw~concen-

trations. The ion-activity can for practical purpose be given as:

&, = rici (€6)
where: a, is the fon-activity in mol,1™1
f1 is the activity coefficient
c, 1s the ion concentration in mol.1 2

The activity coefficient can be calculated using the Davies equation:

Vi

,
~log t, = Az, (—=—= -0.31) (67)
L R Y

where: £, 1is the activity coefficient of ion 1
A is constant, equalling 0.5085
z is valence 0f the ion considered

is ionic strength

The lonic strength 1s given by the equation:

=3 € 2
I %'L_ C,z, » (68)
where: ¢ is concentration of fon 1 in mol.l

i
zi is valence of 1on i

At ionic strengths up to 0.5 mol.1"! the Davies equation agrees very

well with experimental data. The activity coefficients of the uncharged
o

ion-pairs CaCO, and Caso: equal unity.

Correcting the reaction equations for ionic activity and expressing

the concentrations in meq.l-1 gives the following set of equations:

24 108 107835 , 101+98 - PH

e = _ (57%)

Ca 2t 2 cZ. 4+ f. o
2 “co4 1 “HCO,

and

2+ _ _10° 107461 (63b)

Sca . 12 2
2 50,

The equations (57b) and (63b) give the maximum value of cg: in a
system with s0lid phases of calcite and gypsun.
In the model it is assumed that during the timestep un&er consideration
aver- or undersaturation of the soil solution is present, so precipita-
tion or di?solution occurs at the end of the timestep.
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3.4. The drainwater generation model

The Drage model can be described by the acheme given in fig. 8.

o

1 1 2 3 1
Susy izput Sugy | |Usdra Samia Susy
model file model | imodel nodel model
3 ¥ V 4
conveyance tail end drainage J{ non-official
. 7 water - ‘
losses loases quantity re-use
irrigation \? drainage A 4
water water
quality quality
a vl
- — — . -
drain water , drain water
quantity quality
T ]
regional
4 drain canal =
—— system Y
Drain water ' -
generation
model .
locations — quantity and
pumping sgtations quality at
pumping station
. a . ¥ ‘ -
p . where |—>>— region of -] 1 Susy model ] )
R application
/ L -
e how > blending 3 Samia model
Decisions requirements
- & ad
re-~use \Ei\~ perlods with = 2 Usdra model
when —_— . .
._.“____.J water shortage -9) 1 Busy model
\
transport
to sea

Fig. 8. Scheme of the Drage model
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The Drage model hgs to degerihe the accumulation of drain water
in the drain canal aystem. It also takeg into account the mixing
of drain water in this fystem origanating from different sgources
and model units, on its way to the pumping stations. At these
points decisions will be taken whether the drain water will be used
again or not. For improvement also the blending with Nile water will
be considéred, resulting in the gquality of the irrigation water in

the next regional section. These data will be used as input data in
the other submodels.

2.5. The Evaluation model

The Eva model is schematically given in fig. 9,

2. Usdra model | 3. Samia model
|
i? N time integrated
potentia _ actual
evapotranspiration |{ evapotranspiration salt concentration |
~ Y root zone

~

Production functions

| .
Evaluation Crop water use \(

zodel production relations

Salinity-production

relations
[ ~ | |
maximum actual production
production . production deficit

Fig. 9. Scheme of the evaluation model

The Eve model will mainly be based on crop water use- production
relations and salinity-production relations obtained from the relevant

literature.
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The input data. of potential and actual crop water use are ob-

tained from the Ugdra model and.the time integrated salt concentration

in the root zone ig ohtained from the Samia model,

This model will give levels of maximum and actual production, as well
as the production deficit,

3. REQUIRED DATA COLLECTION

3,

1.

Data on the irrigation command areas

Maps indicating the command inlet, the canal itself, the diatri-
butaries branching off, the areas served (watershed boundaries),
Dimensions and capacity (in relation with distance from the
command inlet) of these main canals,

Number of distributaties served by the command inlet and total
afea served by the main canal (as well total gross-area as net
crobped area).

Data on the way in which the continuous inflow through the command
inlet is totated among the different distributaries (left/right
rotation or upstreams/downstreams rotation?).

Data on actual quantities supplied to the 50 canal command areas

on monthly or decade basis for a period of at least one year.

Data on the distributary system (per irrigation command

areg)

Dimensions. and capacity of the distribﬁtaries (in relation with
distance from the gate inlet). |
Land levels along the distributaries (detailed contour map).
Average supply level in the distributary just after the inlet gate.
Length of the distributeries,
Area served by the distributaties.
Bottom slope of the distributaries,
Design level of the tail escape.
Capacity of the sakkia's{(in l/sec/feddean)
Occurrence of motor pumps in the command area.
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3.3. Data on irrigation practicesg

3.4.

44

Irrigatioﬂ schedule pér crop per period. Official figures on irri-
gation intervel and quantitj advocated by the Minisztry of Irrigation/
Agriculture as well as intervals and quantities recommended by
pertinent crop water consumption studies. Any differences of
requirements due to salinity status of the soll and/or location in
the Delta should be taken into account.

Data on crops

Crop rotation per delta subarea.

Cropping pattern per delta subarea (preferably on a map).

Data on soil characteriatics

General soil map indicating roughly the soil texture Required
Scale 1 : 100,000 till 1 : 300,000,

Permeability of the soil.-

Salinity of the seoil,

Groundwater depth.
Data on drainage conditions
Mzp indicating areas subsurface drained (drain depth).
Data on distance and depth of field surface drains in non-subsurface
drained areas,

Data on the gguifer

Piezometric beads of the aquifer.
Any known deep soil profiles in the Nile Delta.

Any datas on measurements on secepage end leakage in the Nile Delts,
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3.8. Data on irrigation practiceg

= See required data under 3.3..

-~ Data on farmers priorities when irrigating thelr crops.
3.9.Data on irrigation water quality

- Regional distribution (maps) or per canal command erea data on

salinity and sar with seasonal variation (if any).

3.10.Data on vertical salt distribution im the soil

" - Data from as much locations scattered in the Delta as possible on
the vertical salt distribution in the profile including CEC, dry
volumetric weight and ESP values,

- Data on distribution of solid calcite and gypsum.

3.11 Data onrn the main drainage syaten

- MNaps indicating the dralnage command. areas, the main branches and
the area's served These maps should give an indication of water
level in the drain with respect to land surface.

- Draiﬁage water quality in this drainage system (preferably in a map)
3.12. Data on the deep aguifer

- See required data under 3.7.

~ Map indiceting quality (salinity and sar) of the seepage water,

3.13.Data on conveyance losses

- Conveyance losses from main canals such as leakage, evaporation,
tail losses, leskage losses through distributary inlets when
closed, etc.

~ Data on tall end losses in distributaries.

-~ Any data and eatimates onnon-authorized_reusé of drainage water,
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3.14. Data on the main drsinapge gyatem

-~ See required data under 3.11.

- Data on the stretches of main draing where the water level, due
to pumping (1ift), allows easy non-authorized.reuse of drainage
water and data on which part of the irrigation command aress this

drainage water 1s essily available.

3.15. Any water and salt balance studies performed in the Delta should
be made available (preferably in English) to enable calibration of
~the model or parts there of.

Reference should also be made to annex 1.

4. FUTURE ACTIVITIES ON MODELLING RE-USE OF DRAINAGE WATER

The future activities for the development of the model can be
divided into 2 programmes, '

Short term programme. This programme can be conaidered as a kind of

feasibility study. In this study & first examinati®h and testing of
available data takes place, in order to be sure that the required level
of detailed information can be obtained.’

It is recommended that for this activity one or two_statt members of the
Drainage Research Institute work during 2 months éf the Institute for
Land and Watef'Hanagement Research in cooperation with a dutch team of
experts. The required set of data will be made available by the Drainage
Research Institute. '

Long term prggrahme. The objectives of the second phase of the study

will be:

- to assess for the present situation the quantity and the quality of
the water drainedoff and which is not re-used for irrigation at the
moment; the asvailable measured data of drainage water quantity and

quality will be used for model calibration;:

- to predict the time trend of both drain water quantity and quality,
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which will be influenced by sub-gurface drainage, increase in
cropping intensity and improved water management;
~ to evaluate the consequences ¢f improved water management and re-use

of drain water in terms of crop production.

The objectives can best be obtained when a study in four integrated

stages should ke carried qut,
Stage 1.

An extensive data collection programma to obtailn sufficient topographicai,
4hydrological and s0il chemical data. Data of the irrigation reginme,
agricultural practice and data on water quality must be collected.

A Bengitivity analysis will be performed for the required level of

accuracy of estimates for missing data.
-Stage 2.

A further mathematical formulation of the required model and necessary

adaptations with respect to data avallability.
Stage 3.

Bullding the mathematical computer programme for the drain water re-use

model. The model should meet the following criteria:

- the waterbalance of the model over monthly and annual periods must
correspond with the available observed data;

~ the calculated drain water quality data must correspond with the
measured data at the pumping stations; )

= when the model is verified for present conditions, there should
be a reasonable certainty, that it will produce acceptable data in

fofcasting procedures,
Stage 4.

Optimization of the water management in the Nile Delta by analyzing

different operational strategies.
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ANNEX 1

QUESTIONS DISCUSSED WITH. THE EGYPTIAN CONSULTANTS

Is the capacity at the inlet point of the distributary dependent
on: = the level in the main canal

-~ water level in the distributary
If yes, detailed information of this dependency is required.

What are the design norms of the distributary canals? Can the
design norms of the distributsry be used in this study? If not,

-quantitative data on reduction of capacity due to poor maintenance

are required.

What is the operational system during the inlet period? Is the
opening of the inlet gate constant during this period?
If not, detailed information on the operational procedures is

required.

What is the capacity of the inlet system in relation to the area
served? Detalled information and possible zonsl varimetion (per

Governorate or per irrigatiom district) is required.

Give detailed information on the expected future operational
procedures to improve the irrigation efficiency of the system
from 50% to 65% or more.

What is the maximum allowed level in the distributary canal before

the overflow starts to work, ¥What type of o%erflot is present at

the taii.end of the distributary and what are its hydraulie

characteristics.

What are normelly the distances between secondary distributaries?
500 m? 800 m? 1000 m? more?

What are the lengthes of the secondary distributaries? What are
the area's served and at which level start the overflow (tail

escape) to work?

What is the capacity of the secondary distributaries in relation
to arez's served? Should the design norms be reduced due to poor
maintenance? Detailed information is required, with zonal distri-

bution (per governorate, irrigation district).
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What are capacities of aakkia'a, magma's and diegel pumps in re-
lation to area served? Detalled information on the occurrence of
the different irrigation means is required with emphasis on their
zonal distribution.

What are the water levels in the diatributary or secondary distribu-
tary canals hefore sakkia's, magma's and motor pumps can atart to

operate?

What is the gquality of the irrigation water? Detailed information

on seasonal and zonal variations in water quality are required.

What are the actual quantities supplied to the distributaries?

Detailed information on seasonal and zonal variation is required.
Soil maps scale 1 : 250.000 for standardization model soils.
Contour maps of the Delta aree.

Depth of the clay cap and spationsl variation (maps).

Data on horizontal and vertical permeability of the top soil and

spational variation (maps).

Data on horiiontal and vertical permeability of the sub soil and

spational variation (maps).

Pata on infiltration into and seepage from the sand aquifer and

zonal distribution (maps).
Piezometric heads of the shallow and deep grbundwater {maps.)

Pata on s0il moisture characteristics and cﬁpillary conductivity

for the main soil groups.

Distribution of soil salinity, as well spatienal (zonal) variation

(maps).

Salinity of shallow and deep ground water and spational variation
(meps).

Effects of leaching and drainage on so0ll properties. Detalled

quantitative information is required.

What percentage of the grosaz area ig in non-agricultural use (villa-
ges, roads, railroads, etc)? Detailed information on zonal distribu-

tion (per Governcrate, per district) is required.
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26. What 1s the cropping pattern in gummer and winter aeaaon in the
different agricultural zones (per Governorate, per digtrict)?
Data required per crop (per agricultural zoﬁejé
- srea occupancy (percent)
~ planting date
- harvesting data
- so0oll cover (percent) and crop height during growing period
- flowering deta (if applicable)

-~ irrigation schedule (frequency and quantity)
- potential evapotranspiration per crop during growing period.

27. Date on crop production in relation to water use and soil salinity.

28. What 18 the expected future cropping pattern and its zonal distri-
bution? '

29. What are the drain depth and drain distances of the sub-surface
drains for the different soil types? What is the zonal distribu~
tion of these characteristics {maps)?

30. Which areas have been provided already with tile drainage? When
was the system consiructed in which area? {(maps). What 1is the

future plan with respect to tile drsinage (maps)? '

31, What are the drain depths and drain distances of the open field
drains in areas not yet provided with tile drainage? Detailed

information on zonal variation {(maps) is required.

32. What is the denaity of the main open drainagé gystem? What is the
zonal wvariation (to be used for estimation of unofficiel reuse

of drainage water) ?

33. ¥Yhat is the quality of the water in the main open drainage'systen

with both zonal distribution and seasonal variations?

34. ¥What are the quantities of drainage water in the main open drains

with both zonal distribution and seasonal variations?

35. For the pilot areas all the afore mentioned questions have to be
enswered be it with more detail.

36. Which are the pilot areas chosen for the atudy? Preferably arecas
with existing detailed information should be selected in order to
obtain a speedy confirmation of the model,.
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37. What ig the irrigation gchedule of the major cropg in.the Nile Delta

Delta: Cotton . A

Rice

Maize

Bergeem ( Long)

Berseem (Short)

Wheat
Detailed information on frequency and quantity of water application
per crop (including pre-planting irrigation) is required.

38. How are these crop water requirements (frequency and quantity)
translated into actual quantities supplied to the main canals and

how are the distributary inlets operated? -

39. What are the farmers priorities when irrigating his crops?
Suppose sll summer crops (cotton, rice and maize) need water,
which crop will be irrigated first, second, last?
Suppose both wintercropsneed water which crop will be irrigated first?

Berseem or wheat?

40, How much is an adequate irrigation application? Which allowance

should be made for leaching? - =

How much is the normal field application of irrigation water when
the farmer uses the sakkis for irrigation? 50 mm? 100 pm? 150 mm?

more?

41, If farmers have enough irrigation water they:tend to over irrigate
How much will this overirrigation be? 25%, 50%, more?
Whick percentage of the area will be overirrigkted? Which percentage
underirrigated?

42, Vhat are the leaching requirements in relation to water quality?

43. How should the 20% conveyance losses be interpret? Are these the los-
ses occurring after rele&se of the water from the Asswan dam untill
the inlet of the main irrigetiom canals? Or are these the assumed
operational losses in the main irrigation canal-distribution canal
system including the gpill of weter at the tall eScapes?
If so, should one assume that of the 3 mm/day total drainage to the
sea about 1,5 mm is irrigation water apilled directly toldrain and
about 1,5 mm is leachate?

TN
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