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10.1. ABSTRACT

River alimentation can be simulated with the aid of models deve~
‘logped by agricultural hydfologists. Oneriﬁensional models with a Fourrier
boundary condition are 'the most appropriate, They are simulating sub-
surface drain outflow and surface run-off from an input of precipita-
tion and potential evaporation, The generation of long Lime series of
several decades is economically possible.

A number of simulation-runs have baen made over two very wet
autumns and winters, A sensitivity analysis has been made of the effects
of properties of soil and drainage on peak discharge rates. Properties
determining storage capacity had strong influence. Properties governing
flow processes were less important. The general conglusion is: the
coarser the soil and the better the drajnage the more smooth is the dis-
charge pattern. Ancther conclusion: reclamation of swampy land to poorly
drained agricultural land sharply increases peak discharggs; these will

decrease after improvement of the drainage.

10.2. INTRODUCTION

The ultimate cause of river flow is rainfall in its drainage basin,

Rainfall is transformed however, in the soil system so that river



alimentation rates seldomly equal precipitation rates. Mostly precipi-
tation rates are reducedrand retarded by storage— and flow processes
in the soil and drainage system. ”

Water engineers are needing river alimentation rates in order to
compute river flow data which are needed for the design of e.g. river
profiles and levees.

Agricultural hydrologists are exploiting models of transient flow
in saturated and unsaturated soil, which produce water discharges from
the soil as an output. Although these models have been developed to
similate moisture conditions for crop growth and soil tillage they need
a correct simulation of sub-surface drain outflow and surface run-off.
These output-data might be important for use as input-data for river
flow forecasting.'

This paper gives some information on models which can be used and
on the significance of soil- and drainage characteristics for the trans-

formation of rainfall to water discharge rates.

10.3. MODELS OF TRANSIENT FLOW OF WATER IN SOILS

-8Soil scientists -are using models of storage and flow of water in
50ils. Their aim is to predict workability, actual evapotranspiration
and crop yield from an input of precipitation and other wheather data.
Reason for these simulations is testing the effects of hydro-meliorative
measures as drainage and soil improvement.

The models contain a saturated and an unsaturated past; because
groundwater tables can rise and fall the level of the transition between
saturated and unsaturated soil is generated by the model itself. Three
types of models can be distinguished:

1. Approximation models;
2. One-dimensional models;
3. More-dimensional models.

Each of them is describing the processes of flow and storage in
the unsaturated and saturated zone. In the given order the degree of
correctness is increasing and with that the reliability but also the

computing time and costs.



10.3.1. Approximating models
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Fig. 1. Drain ocutflow rate computed by the 'De Zeeuw Hellinga'

approximation model with 4 drainage intensities (A). Porosity
5%. Initial condition 0,1 cm.day-]. Input 15 days rainfall
of 0.6 cm.day_l, after that zero rainfall,

If there is a rectilinear relation between drain discharge rate,
Vp, and hydraulic head, h, of the groundwater above the drainage base
the following differential equation holds:

Vpdt + pdh = idt (1

Herein stands t for time, p for apparent porosity of the soil and i
for precipitation rate, The linear relationship between drain discharge
and hydraulic head is described by
= — ' 2

A=t (2)

in which A is called the drainage-intensity.
Integrated eq. (1) becomes:
A

-2 —ét)
Vp(t) = An(t) = Vee P+ i(l-ep | (3)



Herein is Vo the drain discharge rate at the previous day, Such a model
is developed by De Zeeuw and Hellinga (1958). When for every day the
actual precipitation (i) is introduced, fhis simple model calculates
draindischarge taking into account the amount of stored water.

Fig. | givés,an example of such a calculation. After an initial
condition of 0.! cm rain per day, it is raining I5 days with a rate
of 0.6 cm.day_l. Thereafter precipitation rate drops to zero., The
apparent porosity -~ p = 0.05, and there are 4 drainage intensities.
Discharge rates apparently are dependent on the drainage intensity.

So it seems possible to caléulaterdrain discharge rated, which equals
river alimentation rate with this simple model, provided that A and p
are known. _ '

Drainintensity A might be a rough approximation for the relation
between discharge rate and hydraulic head, which is not totally correct.
Apparent porosity however, is a factor which is essentially not con-
stant, Its value changes with depth of the groundwatertable and with
the flux in the unsaturated zone. Moreover, transport of water through
the unsaturated ‘zone needs time; time~lags varying between zero and
several months.

Therefore - such models can serve only as a very rough approximation

of river alimentation.

10.3.2, One dimensional models

A fairly correct treatment of what happens in the unsaturated
. zone is applied in one-dimensional models. These are calculating both
fluxes and storage in a number of soil layers.

The maodels are based on a combination of the vertical unsaturated

flux equation.

V = —K() (j—‘i’ £ 1) : (4)

and the continuity equation

98 _ v o ' ' |
ot 2z Co (5)

Herein is V the vertical flux in cm.day_] positive in upward direction
. el . o=
K the hydraulic conductivity in cm.day

Y soil moisture pressure head in cm, negative above groundwater



z vertical distance below surface in em (negative)

8 volumetric moisture content

t time in day.
Two relations should be known; Y(0) the moisture characteristic and
k({) the conductivity curve. The latter can be expressed by a number

of functions; often an exponential function is used:
o
k(W) = koe™ (6)

Herein ko is the conductivity at zero moisture pressure head, which is
of ten considerably lower than saturated conductivity, and o is a co-
efficient (cm—l) determining the rate of decrease of k with decreasing .
For the models the different equations (4) and (5) are discreted
to finite difference or finite element models. Mostly layers of AZ = 10 c¢cm
are used., The time step size is chosen according to a stability cri-
terion; mostly At<0,01 day. This causes that the models require much
computertime. Nevertheless some models can be used for long time
.series, e.g. 30 years, at reasonable costs. Examples of these models
are SWATR by Feddes et,al.(1978) and FLOW by Wind and Van Doorne
(1975). SWATR fits well for summer conditions; FLOW for winter conditions,
Every one-dimensional model requires an initial condition and two
boundary conditions. The upper boundary condition is given by the input
of daily rain and evaporation data. The lower boundary condition can
be the Fourrier condition that a relation is given between flux and
potential (pressure head) at the bottom of the model. This relation

can be the same as in eq. (2) or it can be made more complicated.

10.3.3, More dimensional models

1f the relation between hydraulic head midway between the drains
and drain discharge is not univocal the one-dimensional models can not
be used, This is the case if the discharges relation is not the same
for all places between two drains. If so a physically correct descrip-
tion of the saturated zone must be brought into the model, That re-
quires a two- or three- or quasi-three-dimensional model. Such models
are described a.o, by Zaradny and Feddes (1979) and Neuman, Feddes and
Bresler (1975).



Because such models need very much computer-time they cannot be
used for long time series up to now. The computing costs will be pro-
hibitive.

In the following only a one~dimensional model will be used to show

its possibilities for calculation of river alimentation,

10.4. APPLICATION OF ONE-DIMENSIONAL MODELS TO FORECASTING OF RIVER
ALTMENTATION

10.4.1. Models used

For the purpose of simulation of river alimentation the models
FLOW by Wind and Van Doorne (1975} and ELAN by Wind and Mazee (1979)
are used. Both models have in common that eq. (4) is applied in inte-
grated shape using eq. (6) as k(J) relation,

The flux equation then becomes

- kafy _ K
Voo

(7)
Herein V is vertical flux in cm.day—l, positive in upward direction,
k is the hydraulic'conduetivity in cm.day—l, index 1 refers to the
upper layer and index 2 to the lower.

The factor a is
a = eaAz - : (8)

Herein o is the soil constant from eq. {6) and Az is the distance in
cm between the layers 1 and 2. Mostly Az = 10 cm is used as an inter-
mediate between accuracy and computing costs. Computing costs are re-
versely proportional to the third degree of Az,

FLOW is a numerical model written in FORTRAN IV; ELAN is an electro-
nic analog based on the resemblance of eq. (7) with Ohms law. Both
models are based on the same principles and are giving the same output

results. Therefore details of ELAN shall not be treated in this paper.

10.4.2. Storage of moisture in the unsaturated soil

Difference in vertical flux above and below a soil layer causes

an increase or decrease of moisture in that layer according to the



continuity equation (5), An increase of moisture content also causes
an increase of soil moisture pressure head and of conductivity,
Relations between pressure head and moisture content are given

in fig. 2 for the soils used in this paper: clay, sandy loam and sand.
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Fig. 2. Soil moisture characteristics, Y(0) relation, of the soils used

in the simulations -

10.4.3, Infiltration and run off

Expression (7) is also applied for computing infiltration, assu-
ming k| is zero during rainfall, When infiltration rate is lower than
precipitation rate water is stored upon the soil surface. The amount
of this is called pool depth, symbol p (cm).

Surface run off is thought to be dependent on pool depth. In the

following expression (9) is applied

Vg = c.p2 ’ (9)

Herein Vg is surface run-off rate and ¢ is a proportionality factor,

dimension: em .day . Low values of c are representing a high resis-

tance for over—-land flow, Different expressions might also beused in-



stead of (9). In this paper always c = | is used, except in the 'swamp'
of fig. 7 where c = 0.01.

Drainage

The drainage function is serving as lower boundary condition for
the model. According to Hooghoudt (1947) there is a relation between
drain outflow rate (Vo) and hydraulic head of the groundwater.

In its most simple form this relation is rectilineaf for the

hydraulic head midway between. two parallel drains.
Vp = =AYy, . (10)

Herein Vp is drain outflow rate and Yy is the soil moisture pressure
head at draindepth. A is the drainage intensity in day_l.

Application of this (10) boundary condition gives rise to 3 equa-
tions with 3 unknown factors: Vp, Yp and the height of groundwater
table. These can only be solved by an iteration procedure. Neverthe-

less. a more complex expression than (10) can be applied,
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Fig. 3. Soil moisture content at 5 cm depth computed by model FLOW com—

pared with field observations.



10.4.4, Input

As input actual daily values of precipitation and evaporation are
fed into the model. Examples are shown from a simple input pattern:
0.1 cm/day as initial condition followed by 15 days of 0.6 cm/day
followed by zero rainfall,

Other examples are calculated with the actual wheather data from
September | to May 31 of the years 1961/1962 and 1974/1975 in the cen-
ter of the Netherlands (De Bilt, Royal Meteorological Institute).

workoble doy3 R

14 F FIRY
Aprit 1-15 PO +—— onolog calculation

12 \ o---¢ Observollon by Hokke

10 [

apr

65 aprili6-30

4}

2_

ol
L - 1 [ S | _t L 1 L 1 _J
1851 53 55 57 50 . 61 63 65 67 68 71 - 9m

Fig. 4. Observed and computed number of workable days over 23 years

10.4,5. Check of the model

Before the models have been applied in agronomic¢ research they
have been checked in several ways. A direct check between observed and
simulated discharge rates should be established before application in
river flow forecakting. The chécks shown in fig. 3 and 4 however, are
indicating that the model works well in predicting soil moisture., That

is only possible if the discharge function (10) is correct.
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10.5. RESULTS OF A SENSITIVITY ANALYSIS OF SOIL AND DRAINAGE PROPERTIES
FOR WATER DISCHARGE FROM SOIL INTO RIVER

In order to show how soil physical properties and drainage affect
the transformation of precipitation into river alimentation a large
number of simulation runs have been carried out, The rain- and evapora-
tion inputs have been described in the previous chapter for the short
run and the two long runms., '

In the following the effects of drainage intensity, draindepth,
soil moisture characteristic and hydraulic conductivity will be shown,
The discharge rate mentioned in the figures refers to the sum of sub

surface discharge and the surface run .off rates.

discharge role cm-day"! drainage Inlensity day-1
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Fig. 5. Drain outflow rates computed by model FLOW for a sandy loam
soil., Conditions and input the same as in fig. 1. Drain depth
120 cm. One simulation with surface run—off, according teo
eq. (9). In the other 4 simulations surface run—off is put to
Zero.,

10.5.1. Drainage intensity

Fig. 5 shows a short run with four drainage intensities (A) for
a draindepth of 120 cm in a sandy loam soil. The poorest drainage
causes groundwater—rise to surface in 6 days. From then drain-outflow-

- . . . . -1 .
rate is 0.26 cm.day 1. As precipitation rate is 0.6 cm.day the soil
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surface is ponded with water, causing surface run off, The figure also

gives a line of a situation where surface run off was prevented,

Regarding the effect of the largest three intensities one sees

that the differences are small, Cohparing fig. 5 with fig. | one sees

that the effect of drainage intensity is heavily overestimated by the

approximating model., This is caused by neglecting a part of static and

dynamic storage in the very simple model, Another difference is the

large time-lag in fig. 5 which lacks in fig. 1.
The largest peak discharge in fig. 5 is caused by the poorest

drainage intensity due to surface run off, The second largest peak

discharge is caused by the best drainage. The differences in peak dis-

charge however, are not very large. This is confirmed by the real time

‘runs of 1961 and 1974. both autumns with very large rainfall,
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Fig. 6. Effect of drainage intensity on discharge rates

for a

surface run—-off) out of a sandy loam drained at 100 ecm depth

Fig. 6 shows the effect of drainage intensity on discharge rate

part of 1974. The normal drainage and the very good ome are cau-

sing nearly the same discharge rates. The very poor drainage shows

peaks which are | or 2 mm.day_l higher.
So the effect of drainage intensity on discharge rate is fairly

small; the better the drainage the smaller the peak discharge.
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10,5.2, Drain depth

Drain depth has a pronounced effect on total discharge rate. The
effect is even so large that the lines in fig. 7 seem to come from
different rainfall patterns. But it is the same for all 5 draindepths,
The differences betweendischarge rates are caused by the differences
in storage capacity. This is very low for the shallow drainage and very
high for the deep one. In the course of October storage capacity in the
deeper drainages is decreasing due to the large rainfall and the small
dischérge rates, One sees that the peak discharges of draindepth 100 cm
are increasing during the month of October whereas the peaks of drain-

depth 50 cm are decreasing.
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Fig.'7. Effect of drain depth on discharge rates out of a sandy loam

. with equivalent drainage intensities

The peak discharges are the larger the shallower the drainage 1is.
Very deep drainage causes a very smooth discharge pattern without peaks.
In table I number and discharge rates of all peaks in 1961/62 and 1974/75
are given for 6 drain depths. Both years were exceptionally wet in the
period September to February which was simulated by the model for a sandy
loam soil. For 8 soils simulation runs have been recently made over

30 years between 1950 and 1980. An example of the occurring discharge
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rates for a eilt loam is given in figure 8,

Table I. Number of peaks and belonging discharge rates in autumn and

winter of the years 1961/62 and 1974/75 for a sandy loam soil

Draindepth (cm)

Discharge rate 50 70 100 150 200 300

cm.day”

>2,0 1 1 - - - -
1.8-2.0 - - 1 - - -
1.6-1,8 1 i i - - -
1.4-1.6 | 2 - - - - -
1.2-1.4 10 3 I 2 - -
1.0-1.2 10 6 P - -
0.8-1.0 71 5 1 ] -

dischargerate tm-da y"
1. ’
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1L drain depth {cm)
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Fig. 8. Cumulative frequency distribution of the average yearly dis-—
charge rates for a silt loam soil in the Netherlands, Resylts

of 30 year simulation between 1950 and 1980 with & drain depths.
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‘These figures and table show that the deeper the drainage, the
more smooth is the discharge pattern., In practice however, it is known
that reclamations are causing high floods. This cdntroversy is shown
in figure 9. The system called 'swamp' in_}his figure has no subsur-
face drainage; ¢ = 0,01 in eq. (9). One sees that the discharge pattern
of the swamﬁ is more smooth than that of the poorly drained soil but less

smooth than the well drained soil,

discharge rote cm-day-! —_— swomp
N ! — —un— poorly droined
w20 . well droined

a 5 10 15 20 25 30 5 10
Dctober November 1974

Fig. 9. Comparison of discharge patterns of a 'swamp' (no sub—surface
drainage, in run-off eq.- (9) (c = 0,01), apoorly drained
(D = 70; A = 0,028) and a well drained sandy loam (D = 150;
A = 0,0054). Both 'swamp' and well drained soil have smaller

discharge peaks than poorly drained.

So the first reclamation of natural or waste land will cause
high floods. Subsequent ameliorations will decrease number and heights

of the discharge peaks.

10.5.3. So¢0il moisturée characteristic

Fig. 10 shows the discharge patterns of a sand, a sandy loam |
soil and a clay soil. These soils were given the same draindepth
(D = 150 cm) the same drainage intensity (A = 0.0054 daydl) and the
same hydraulic conductivity (ky = 2 cm.day-—l and o= 0,02 cm_l). So the

sole effect of the moisture characteristic is shown.
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Fig. 10. Discharge rates out of élay, sandy loam and sand. Each soil
' has the same drainage (D = 150 cm; A = 0.0054 day_]) and the

same conductivity (ko =2 cm.day-l); a = 0.02 cmnl)

The clay gives a.very irregular discharge pattern, the highest
, -1 - , . .

peak being 2.4 em.day ' ; the sand has a fairly smooth pattern in which
. : . =1 , .

the discharge rate remains below 0.6 cm.day . The sandy loam soil lies

in between with a hlghest peak of 1.2 cm.day -1

Here also it is the storage capacity of the soil that causes these

differences. As fig. 2 shows this decreases in the dirgction sandrsandy
loam—-clay.

10.5.4. Hydraulic conductivity

Hydraulic conductivity is acting in the saturated horizontal flow.

The effect of it has been treated implicitely in that of drainage inten~
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sity. But it also acts in the unsaturated vertical flow, There hydraulic
conductivity is characterized by two factors, k, the conductivity at
zero pressure head and a the rate of decrease with decreasing pressure

heéds, see eq. (6).

discharge rale cm-day-l
10 . .
. ky cm- day-1
—— 1

D,B[— ————————— 5

L 1 B K| | 1 | ] Ly
20 25 - 301 5 10 15 25 30

20
November December 1974

Fig. 1l. Effect of the conductivity value ko on discharge pattern,

Sandy loam soil, drainapge depth 150 cm, intensity 0.0054 day—1

The effect of kg is demonstrated in fig. 11 for a sandy loam
drained at 150 cm depth with A = 0.0054. There k varies from 1 to
20 Cm.day—l; o is kept constant at 0.02 cm—l. The peak discharge
rates of the fairly large ko—valuqs are nearly the same. Only the low
conductivities are showing jmportant differences. That stands to reasom
because the precipitation rates often exceed the hydrauliec conductivity
values of 1 and 2 cm.day_l. In that case the difference between preci-
pitati@n— and infiltration rate is discharged as surface run-off.

‘The effect of a , shown in fig. 12 is mére pronounced than that
of ko. Mqreover; it occurs over the whole range of used o-values, whereas
ko has no influence above ko =5 cm.daynl. The explanation of the sig-
nificance of o for peak discharges is that o affects the storage capacity.
Soils with large o have very low unsaturated conductivities. That
causes vertical fluxes to approach to zero already at fairly moist con-—
ditions. High 0-soils thus are getting only a low storage capacity in

dry periods.
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10.6 DISCUSSION

A number of soil- and drainage-properties seem to have influence
on discharge rates in periods with heavy rainfall. The difference be-
tween the highest and the lowest peak discharge caused by these proper-
ties of g0il and drainage are given in table 1. The other pfoPerties

of s0il and drainage have been kept constant.

Although only 3 peaks are given in table II the variability of

" the difference between high and low peaks is paramount, But as an

" average draindepth appears to be the most important factor governing

peak discharges. It is directly followed by the moisture charactistic
of the soil. Steep moisture characteristics (clay soilg) are causing

high floods too. The value of 0 has also an influence on peak dis-

| charge but clearly to a less extent, All these three factors are

determining storage capacity of the soil.
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Fig. 12, Effect of the conductivity value>q on discharge patterns,

for the same conditions as fig. 11,

Less important seem to be the factors which are determining
veloeity of flow in the soil: the hydraulic conductivity and the drainage

intensity. The lower these are the higher are the peak discharges.
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Table II. Difference between highest and lowest peak discharge rates

in cm.day-l

for three periods with heavy rainfall.

caused by some properties of soil and drainage

Date of

Properties of soil and drainage

discharge drain moisture o Soil con- hydragl%c. -drainége
depth characteristic stant conducitivity intensity
1974 Oct 29| 1.04 0.75 0.48 0.25 0.09
1974 Dec 12| 1.08 0.79 0.27 .50 " 0.32
1961 Dec £5] 1.93 1.76 0.92 0.43 0.66
Average 1.35 1.10 0.56 0.39 0.36

dischorgerate cm. doy™!

1.2 -
droinoge inlensity A I:HJ)'_1 B
10 0 =
0066 £
- 0.017 2
surfoce run-oll &

i

0.6

04

D.2

7

15 20 25 30
november

10 1
december 197L

Fig.

13, The low drainage intensity (0.0066) gives lower discharge

peaks than the high intensity (0.017), but this difference

is overcompensated by surface run-off.

-80il and drainage properﬁies enabling large fluxes are counter-—

balanced by the system of surface and subsurface drainage. Mostly an

overcompensation occurs. Therefore natural conditions and artificial

measures to promote large sub surface fluxes do not cause high floods

but in the contrary are contributing to a more smooth discharge pattern.

The overcompensation is clearly shown in fig. 13 where a low-

and high intensity drainage are compared. Subsurface discharge of the
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poor drainage is mostly smaller than that of the good one. Because of

surface

run~off the total discharge rates of the poorly drained field

is the largest in wet periods.
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