ANALOG MODELING |
- OF TRANSIENT MOISTURE FLOW
= N UNSATURATED SOIL '

1
¥
]

!
"\
/
/
’\’
"\ /
Y b
I \ Vj
e B
’l \\I
]
N/ LY
a—— ’._
\ / v
\ , \
\ /
!
\\ /
ll I
it II’
a5 \
- _ G.P.WIND

NN@8201 . 786



G. P. Wind

Analog modeling
of transient moisture flow
in unsaturated soil

Proefschrift

ter verkrijging van de graad van

doctor in de landbouwwetenschappen,

op gezag van de rector magnificus,

dr. H. C. van der Plas,

hoogleraar in de organische scheikunde, .

in het openbaar te verdedigen

op vrijdag 14 december 1979

des namiddags te vier uur in de aula

van de Landbouwhogeschool te Wageningen

Centre for 'Agricultural Publishing and Documentation
Wageningen—1979



Abstract

¢
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Hydraulic and electronic analog models are developed for the simulation of moisture
flow and accumulation in unsaturated soil. The analog models are compared with numeri-
cal models and checked with field observations. Application of soil physical knowledge on
a soil technological problem by means of steady state considerations, pseudo-steady
calculation, numerical models and analog models are compared.

Some examples of application of analog models on. drainage requirements are given.
From these it appeared that drain spacing is important to avoid water logging, but that
drain depth is more important to obtain workable conditions.
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Stellingen

1. De effectieve waarde van bepaalde bodemfysische parameters, die als karakertistiek
kunnen worden beschouwd voor een perceel of bodemtype, kunnen eenvoudiger worden bepaald
door inductief gebruik van simulatiemodellen dan door de bepaling van deze parameters aan
een groot aantal monsters.

Dit preoefschrift.

D.R. Nielsen et al. Spatial variability of field measured soil water properties.
Hilgardia 42: 215~259 (1973).

2. De nawwkeurigheid, vereist voor de bepaling van het capillair geleidingsvermogen is’
voor toepassing in dynamische modellen niet groter dan voor gebruik in stationaire formules.

3. Het Nederlandse drainagecriterium bevat ten onrechte geen aanwijzingen betreffende de
diepte van de ontwateringsmiddelen.

4, Plantewortels verdichten de bodem.

5. Door woelen van zavelgronden na egalisatiewerken wordt veel meer de pebruiker van de
grond psychisch losgemaakt van de gevolgen van bodemverdichting dan de grond zelve.

6. Het gevaar veor winderosie in de Veenkolonién neemt toe. Het treffen van bodemconser-
verende maatregelen is daarom noodzakelijk, zelfs als deze in strijd zouden zijn met de

streekplammen.

G.P. Wind, Grondverbetering, conservering van veen en windercsie in de Veenkoclonién,
Landbouwkundig Tijdsehrift / PT 93,3 (1979).

7. Egalisatie van bowuwlandpercelen heeft in Nederland slechts zin indien &n de lage delen
te nat &n de hoge delen te droog zijn.

8. Voor cp\rulling-v_an holle wegen in hellende gebiedén mag geen specie worden gebruikt uit
de flanken van die wegen. :

9. Profielverbetering van veenkoloniale grond geeft een groter resultaat dan die van

‘plaatgrond.



10. De bodemdaling die in de westnederlandse veengebieden is opgetreden is veel meer het
gevolg van oxydatie van veen dan van dichtheidsverandering.
€¢.J. Schothorst. Subsidence of low moor peatsoils in the Western Netherlands.

Geoderma 17: 265-291 (1977).

11. De vercntreiniging van oppervlaktewater door meststoffen is kleiner naarmate de ont-
watering dieper is.

1Z. De betekenis van de oppervlakkige afspoeling na vorstperioden voor de fosfaatveront-
reiniging van slootwater wordt overschat.

G.J. Kolenbrander. P.A.0, cursus 'Veehouderij en Milieu', 1979.

13. Als naam voor de betreffende sport is 'plankzeilen' te verkiezen boven 'windsurfen'.

Proefschrift G.P, Wind

Analog modeling of transient moisture flow

Wageningen, 14 december 1979 1? unsaturated soil



Woord vooraf

Dit proefschrift is samengesteld uit twee delen. Het tweede deel bestaat uit
overdrukken van vier reeds verschenen artikelen, te weten;

Wind, G. P., 1972. A hydraulic model for the simulation of non-hysteretic vertical
unsaturated flow of moisture in soils. J. Hydrol. 15: 227-246

Wind G. P. & W. van Doome, 1975. A numerical model for the simulation of
unsaturated vertical flow of moisture in soils. J. Hydrol. 24: 1-20

Wind, G. P., 1976. Application of analog and numerical models to investigate the
influence of drainage on workability in spring. Neth. I. agric. Sci. 24: 155-172

Wind, G. P. & A. N. Mazee, 1979. An electronic analog for unsaturated flow and
accumulation of moisture in soils. J. Hydrol. 41: 69-83

Het eerste deel bestaat uit cen artikel dat zowel een samenvatting is van de vier
artikelen uit het tweede deel, als een beschrijving van de noodzaak en de
achtergronden die tot de ontwikkeling van analoge modellen hebben geleid.
Bovendien worden de analoge methodieken vergeleken met andere en eerder
toegepaste methoden. Ook wordt daarin een nieuwe toepassing beschreven,

De aanleiding tot het onderzoek, dat tot dit proefschrift heeft geleid, was de
ontdekking van de mogelijkheid van cen hydraulisch analogon. Daarmee werd
het mogelijk het tijdsafhankelijke, niet-lineaire complexe systeem van stroming
en berging in de onverzadigde zone na te bootsen. Daar deze simulatie kan
geschieden in een fractie van de tijd die de processen in werkelijkheid duren,
ontstond daarmee de mogelijkheid om cultuurtechnische problemen te onder-
zoeken in enkele weken of maanden. In veldwerk vitgevoerd, zouden dergelijke
onderzoekingen tientallen jaren vergen.

Het onderzoek werd uitgevoerd op het Instituut voor Cultuurtechniek en
Waterhuishouding (ICW). De toenmalige directeur, prof. dr. C. van den Berg,
onderkende van de aanvang af het belang van deze ontdekking. Hij stelde mij in
de gelegenheid de idee nader uit te werken, al lag deze enigszins naast mijn
eigenlijke werkterrein, de bodemtechniek. Ik ben u, prof. van den Berg, en ook
de tegenwoordige directeur, ir. G. A, Oosterbaan, zeer erkentelijk voor de ruimte
die u mij heeft gelaten dit proefschrift te voltooien. U weet dat ik er daarbij naar
heb gestreefd mijn hoofdtaken niet te verwaarlozen.

Prof. dr. W. H. van der Molen, u heeft de ontwikkeling van de modellen die in
dit proefschrift zijn beschreven meegemaakt; wij waren al in gesprek voordat bij
mij de idee ontstond die uiteindelijk tot deze modellen heeft geleid. Onze
contacten zijn de stimulans geweest die ik nodig had om dit werk te kunnen



verrichten. Ik ben u daarvoor en voor het feit dat u als promotor wilt optreden
bijzonder dankbaar. o

. Geachte heer W. van Doorne, voor uw ideeén en uw medewerking bij de
. ontwikkeling van het model FLOW ben ik u zeer erkentelijk. It. A. N. Mazee, de
snelheid waarmee u zich als elektronicus vertrouwd heeft gemaakt met bodem-
kundige en cultuurtechnische begrippen heeft mij verrast. U hebt deze begrippen
weten te vertalen in elektronische termen; daardoor is het mogelijk geworden het
analogon ELAN te ontwikkelen. Die naam is niet alleen een afkorting, ze is ook
een typering van onze samenwerking.

Veel medewerkers van het Instituut voor Cultuurtechniek en Waterhuishou-
ding zeg ik dank voor de bijdragen die zij hebben geleverd aan het onderzoek, dat
in dit proefschrift wordt beschreven. Speciaal wil ik noemen de heer J. Buitendijk,
die mij voortdurend terzijde stond bij de oplossing van veel moeilijke problemen,
die de modellen bouwde en bediende, en die samen met ing. J. B. M. M. van Gils
de applicatieprogramma’s maakte voor de outputverwerking. De heer R. Wiebing
maakte het prototype van het hydraulisch analogon; de heer J. Roelofse bracht
later zijn technische hulp in. Jacomien Vermeer heeft veel tijd besteed aan de
verwerking van modelresultaten. Ook dank ik de heren ir. U. D. Perdok, ing. T.
Tanis en ing. M. Telle van het Instituut voor Mechanisatie, Arbeid en Gebouwen
voor hun medewerking bij het bewerkbaarheidsonderzoek.

Zeer dankbaar ben ik mijn collega’s dr. R. A, Feddes en ir. E. W. Schierbeek,
die door hun zorgvuldige en kritische bestudering het corspronkelijke manuscript
zowel inhoudelijk als redactioneel aanmerkelijk hebben verbeterd. Het typewerk
werd zeer kundig verricht door Cora van der Wel en Marjo Tichelaar-Wolthuis;

ook alle veranderingen zijn door Marjo met veel geduld aangebracht. De heren T.
Klaassen en J. van Dijk verzorgden het tekenwerk.,
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1 Introduction ,

1.1 Purpose

The moisture content of the soil is important for agricultural as well as other
land users. It influences water supply to plant roots, aeration, bcarmg capacity,
workability and many other characteristics.

Ameliorationists try to contrcl moisture contents by means of drainage or soil
improvement. The purpose of such works can be to avoid very wet soil conditions
during rainfall, to obtain more and earlier falling days in which the soil is fit for
scedbed preparation, to lower the number of days that sportsfields cannot be used
because of a too low bearing capacity, and so on. .

The effects of such ameliorations are investigated at a large number of
experimental fields all over the world. Many observations have to be made and
recorded in such experiments, which make them fairly expensive. A well known
disadvantage of this inductive research is the lack of transferability of such
experimental results to other soil and weather conditions, This causes a need for
repetition at other sites and in other years. Another and better way to increase
transferability is to combine field experiments with a deductive explanation of the
results. In the past decades, soil physical knowledge has developed far enough to
predict the effect of measures. If such a prediction is checked against field
. observations it can provide a more general validity than even a large number of

field trials can give.

The main problem with these predictions is that the effects of such ameliors-

. tions on the moisture content of the soil are indirect. The most important factor,
the weather, is not influenced by human interference and rainfall and evaporation
are causing alterations in soil moisture content far greater than the eﬂects of
drainage or soil improvement will impose.

Prediction methods, therefore, must be able to describe the effects of rain and
evaporation on moisture content of the soil, especially the topsoil, and it must be
possible to do this quantitatively from day to day.

Such predictions can be obtained from simulation models of the unsaturated
zone. Numerical models can simulate what happens with the moisture in the soil.
With them the flux at different depths and the accumulation of moisture are
calculated just as they are happening in reality, provided that the model and the
parameters used are correct. Such models generate the moisture content of each
layer at any time, including that of the top layer. The time steps used in such
tnodels have to be small in order to avoid instability in the calculations. This
implies that much computer time is consumed, which makes the su‘nulatlon of
long time-series too expensive for practlcal purposes.
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Dealing with long time-series is necessary because of the very iﬂegula_r dl-StI'ﬂ?“'
tion of rainfall. Boels & Wind (1975) showed that the unfavourable dlstrlbutI‘OIl
rather than the high amount of rainfall was responsible for the poor harvesting
conditions in the Netherlands in the autumn of 1974, In Fig. 1 the relation is
given between precipitation minus evaporation in March and April in the years
between 1951 and 1973 and the number of workable days in the same months, as
calculated with an analog model. The correlation coefficient is 0.82, which means
that the variation in the number of workable days is explained for 67% by the .
amount of rainfall. The other 33% is to be explained by the rainfail distribution.

Now amounts can be averaged or subjected to a probability analysis, but with
distributions this is hardly possible or not at all, In agricultural practice the first
date or the first few days with workable conditions in spring is more important
than the total number of workable days and the former will be even more
dependent on rainfall distribution than the latter. So long time-series must be used
to generate data fit for practical application, making numerical models too
expensive to use for the prediction of amelioration effects, - o

This publication deals with the development of simulation models which can be
applied to long time-series at very low costs. For this purpose analog models were

chosen, because they are continuous in time, having nothing to do with time steps.

First a hydraulic analog was developed in which each soi] layer is represented by a -
vessel, its shape being dependen

t of the moisture characteristic. Unsaturated

conductivity is represented by a number of connecting tubes.
Though this model works propetly (as will be shown later on), it operates to0
slow and the adjustment of sojl properties. is too laborious. In a later stage,
therefore, an electronic analog was developed, based upon the analogy between

the integrated moisture flux equation and Ohm’s law, It operates with great speed
and is readily adjustable, - : : :

With this instrument most
ment and other measures on

2

problems about the effect of drainage, soil improve-
moisture content of soil can be investigated. So, for



example, the relation between drain depth and the number of days with insuffi-
cient bearing capacity can be studied over a very long period. Drainage require-
ments of sportsfields in order to avoid days with unplayable conditions of the turf
can be determined. The effect of the removal of a compacted layer on water
logging and trafficability can be investigated.

Of course the results of the simulations need to be checked against field
experiments or field observations, but these can be fairly simple and of short
duration because the variability of the results as caused by weather conditions can
be calculated with the model,

In this manner long term experiments with many repetitions can be replaced by
quick analog simulation in combination with some field checks.

1.2 Basic concepts \

For a long time. it has been known that moisture conductivity in unsaturated
soils depends on moisture content. Before this dependency had been formulated
as a mathematical relation, Darcy’s law could not be applied to unsaturated soil.

For a basin clay soil Wind (1955a) determined unsaturated conductivity from
field observations of moisture content and pressure head. By calculating a
regression line between pressure head and unsaturated conductivity the first k(i)
relation was obtained:

k=b(—y)™ ' (1)
where k is the conductivity (cm - day"), ¢ the soil moisture pressure head {cm); b
and n are constants,

It had some disadvantages (dlﬁicult mtegratlon and mcorrect values of k in the

vicinity of ¢ =0). Therefore later other expressions were proposed, examples are
those of Gardner (1958):

d | _
k =————— - _ (2)
(—y)+c _ ;
where ¢, d and n are constants, and of Rijtema (1967)
k = kge™* : : ' 3

where k, is the conductmty at zero pressure head and « is a constant (cm™?).

By using such expressnons for the k(y) relation, the ‘available knowledge of
movement of moisture in unsaturated soils could be applied. For that purpose one
of the expressions is substituted in Darcy’s law, which reads:

% * - S
= k.Sz _ : _ S C)

where v is the volumetric flux in cm®:cm™2-day™?, ¢ is the total moisture
potential expressed as energy per unit weight (cm) and z is the vertical coordinate
(cm). In this publication ¢ is denoted as the hydraulic head, being the sum of the
soil moisture pressure head ¢ (negative in unsaturated condition) and the gravita-
“tional head z. The coordinate z has its origin at the soil surface and it is taken

3



positive upwards. Then Eq. (4) can be written as:

o=k (s ) | - ®

Substitution of equatlons like (1), (2) or (3) in Eq. (5) and subsequent

integration results in steady state flux equations (see Section 2.1). Although the
use of n =—1.5 in the power relation (1) causes a fairly unpractical flux equation,
it nevertheless provided a quantitative description of the process of capillary rise.

Such steady state solutions made new practical applications possible, of which
Wesseling (1961) and Wind (1955b, 1961) gave some examples This knowledge
resulted in a new problem: that of forecasting.

Observations of the gradients 88z from the pressure head profiles allowed to
calculate unsaturated conductivity. Once the conductivity relation k(). was
known, it should—at least in theory—be possible to do the reverse and calculate

moisture profiles from weather data and soil properties. This to be done by -

combination of the continuity equation (6) with the flux equation (5)

86 v

Y . (6).

where @ is the volumetric moisture content {(cm? + cm™3, mostly indicated in vol.
%) and ¢ is time (days). This gives a non-linear partial differential equation, which

has two obstacles to obtain a solution, namely the dependence of the two -

variables @ and ¢ and the dependence of k and . Analytical and semi-analytical ~

solutions can only be obtained for specific cases (for examples see Gardner, 1958;
Philip, 1969; Braester et al., 1971; Stroosnijder, 1976; Lomen, 1978; Feddes,
1979/80). These solutions have disadvantages with respect to the restrictive
assumptions they generally need. Eq. (6) must be supplemented by appropriate
initial and boundary conditions. The initial condition (# or ) can be freely

chosen. The bottom boundary condition is to be given in a simple form as a -

pressure head or a flux (e.g. drain outflow rate). The surface boundary condition
also has to be simple, e.g. a specified precipitation or evaporation rate.

Numerical solutions at first were not a practical proposition because of the
laborious calculations. With the development of computers their importance
increased. Numerical solutions require the same first and second boundary
conditions, but the surface condition can be freely chosen for every time step; so
variable weather conditions can be incorporated. An example of numerical
solutions will be given in Section 2.4.

Before dynamic models could be applied, other ways were explored to apply
the knowledge of moisture in the unsaturated zone. A makeshift solution was.

found in the shape of pseudo-steady state sequences. They were used to calculate

the amount of moisture which can be extracted by plants below the root zone
(Wind & Hidding, 1961). Pseudo-steady state models presume a sequence of
steady state situations, with in each situation a new, mostIy higher, flux or
groundwater depth. They are discussed in Section 2.3,

Dynamic numerical models are now available, but they are only used for short

[



time series. Because of. the many calculations needed, they consume so much
computer time that they are too expensive to use for long time-series. Neverthe-
less long time-series are necessary to solve problems like drainage requu‘ernents
or the effect of groundwater depth on evapotranspiration.

Therefore models other than dynamic numerical ones are used to solve practi-
cal problems. The use of the makeshift solution by means of pseudo-steady state
models is continued (de Laat, 1976) but also analog dynamic models were
developed The first of these is a hydraulic analog (Wind, 1972) which is discussed
in Section 3.1. A recently developed electronic analog by Wind & Mazee (1979)
will be treated in Section 3.2,

The greatest advantage of analog models is their neg11g1ble operation cost,
which makes them appropriate to deal with long time-series. The most striking
disadvantage is caused by limitations in the analogy which make them less
versatile than numerical models,

A comparlson of different calculation methods and models apphed to a practi-
cal problem is given in Chapter 4 Finally, Chapter 5 deals with the application of
the models developed. '

1.3 Assumptions

In order to apply soil physical knowledge to practical problems by means of
models some schematizations had to be made.

The soils are thought to have physical properties, as 1{1(6) and k(lb) relations,
which do not change with time. So swelling and shrinking are neglected and
compaction is thought not to occur. For soils with cracks the discussed models are
not feasible {Bouma, 1977). ‘

The effects of hysteresis are not taken into account. Changes in soil properties
as well as hysteresis are of practical importance; neglecting them therefore
restricts the applicatility of the models. To include these effects, however, would
make the model too complex for practical application at this moment.

Darcy’s law is assumed to be valid and only vertical flow is considered. In both
the numerical model of Wind & van Doorne (1975) and the electronic analog of
Wind & Mazee (1979), the k(i) relation is thought to be exponential. According
to Rijtema (1965} this confines the applicability of the models to fairly wet
conditions. The hydraulic analog of Wind (1972) can be used with k(w) relations
of any shape.

Flux due to differences in salt concentrations of soil moisture and to’ tempcra-
ture gradients is neglected. The flow of moisture to an ice front also is not taken
into account. No difference is made between rain and snow in the input of the
models. This makes the model output unreliable during frost periods and the
differences in the moisture distribution generated in the model and those occur-
ring in reality during frost periods can make the results unreliable for a considera-
ble time after such periods.

In the mentioned numerical and electronic models potential evaporation is used
as an input. The effect of a dry top soil, reducing the evaporation in reality, is not
‘taken into account. In the hydraulic model evaporation is made dependent on the

5



moisture suction in the top soil. A device reducing evaporation is being built into
the electronic analog. All mentioned models are simulating evaporation at the soil
surface; uptake of water by roots is not taken into account. This restricts their
validity to bare soil or soils with shallowly rooting crops. '

Assumed is a linear relation between drain outflow and hydraulic head, whlch
in reallty often is not the case.

1.4 Notation and sign conventions used

h S

drainage intensity (day™!), the ratio between drain outflow rate and hydraulic
head midway between two drains

dimensionless factor a =e*2*

drain depth in ¢cm below soil surface

electric potential (V)

height above groundwater (cm)

electric current (A)

hydraulic conductivity in unsaturated state (cm * day™)
conductivity at zero moisture pressure (cm * day™?)

electric resistance ((1)

time (day)

vertical flux (cm - day™') upward is positive

vertical distance from soil surface (cm) positive upwards

also gravitational head (cm)

exponent used in Rijtema’s k() relation Eq. (3) (cm™)

soil moisture pressure head {cm) in unsaturated zone ncgatwe
hydraulic head (cm), sum of § and z

volumetric moisture content (cm?® - cm™ or vol. %)

Some other, incidental, symbols are defined in the text only.

>8R NNch;g:-a-'-::-mgn



2 Some other methods

1

i

2.1 General

Before dynamic models of the unsaturated zone were available, calculation of
moisture contents in dependence of time was not possible or only possible under
simple conditions. Nevertheless investigators did try to predict the effect of some
measures on soil moisture content. This was done for example to study the effect
~ of drainage on workability and the effect of soil improvement on available
nmoisture,

Methods to obtain a certain prediction are dealt with in this chapter, They are
steady state considerations, pscudo-steady state sequences and a numerical
model. Although the latter already is a dynamic model it is discussed here because
of its practical unsuitability with regard to long time-series.

Another method, using analytical solutions, is not treated here; reference is
 made to Stroosnijder (1976). This is done because analytical solutions can only be
obtained under rather restrictive assumptions.

2.2 Steady state flux equation

When the k(ys) relations of Section 1.2 are combined with Darcy’s law, flux
equations can be developed.

It Rl;tema s k{y) relation (3) is used Eq. (5) can easily be mtegrated ThlS
" results in:

¢=—h+lln (1——-(e“"—1)) , o )
where h is the helght above groundwater level.

- Integration of Eq. (5) with the use of Wind’s {1955) or Gardner s (1958) k()
relation results in less simple equations. Their general shape depends on the value
of the exponent n, as Wind (1961) has shown.

As the laboratory or field determinations of k show considerable vanablhty, the
choice between adjustions according to Wind, Gardner or Rijtema is arbitrary.
Nevertheless the influence of this choice can be important. Fig. 2 gives two k(i)
relations, a Gardner power curve (8) and a Rijtema exponential curve (9), which
cross each other;

- 150 - - | 8
k=TS0 B R ®
k=367 - - S @

7
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The effect of the difference between those relations on steady state pressure
head profiles is shown in Fig. 3. When the flow direction is downward, the power
curve, due to its lower conductivity in wet soil, indicates wetter conditions than
the exponential curve. For upward flow the reverse holds up to a certain limit, and
then the larger conductivity of the power curve plays an important role. Up to a
height of 80cm above groundwater level the differences in ¢ between the
calculated curves are less than 20 cm, For the wettest curves the difference is
12 cm at a mean value of —40 cm soil moisture pressure head at the surface. So
the arbitrary choice can have a major influence in steady state pressure head
proﬁles

It is to be expected that its influence in the non-steady state is s:mllar but
smaller. Then moisture contents are primarily governed by precipitation and
evaporation. The secondary influence of soil properties is governed both by the
k(y) and {(8) relation. To demonstrate what is remaining of the influence of the
choice between a power curve and an exponential curve, a non-steady state
calculation has been made. To that end finite difference models were used, based
on equations (5) and (8), and (5) and (9) respectively. In both models the slope in
the (@) relation was constant at 0.1, which means that the moisture loss at

8



height above -
- groundwaler level

50, A
[—‘ .

160 |-

1401

120 -

100 -

80

60 -

1 | ] 1 ] ] }
0 -850 =100 -150 =200 -250 . =300 -350 -400
soil moisture pressure head {(¢m)

Fig: 3. Steady state soil moisture pressure head profiles calculated with the exponential
curve (———) respectively power curve (---) of Fig. 2.

¢=—100 cm is 10%. The initial condition taken was a static equilibrium with a
_groundwater depth of 80 cm; the latter was kept constant at every time. The
_evaporation -precipitation sequence was: 1 day with 0.5 cm rain followed by 7
days with (.2 cm - day~* evaporation and then 5 days with an evaporation rate of
0.5 cm - day™*. Fig. 4 gives the result. The differences between the pressure head
profiles calculated with the power respectively exponential curve are clearly
smaller than in Fig. 3. It can be concluded that steady state considerations require
a higher accuracy in the knowledge of soil properties than dynamic models.

With steady state flow equations, the flux between two pressure head values at
a certain distance can be calculated. For example between zero pressure head at
groundwater level and a soil moisture pressure head of —16,000 cm in the root
zone. So if it is known how much moisture per day is required to rise from below
the root zone, the appropriate groundwater depth can be calculated.
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Fig. 4. Non-steady state soil moisture pressure head profiles during a time sequence
calculated with finite difference models based on exponential (—-) and power (~—~} k().
relations., From static equilibrium at zero time 0.5cm precipitation until day 1;
0.2 cm - day™! evaporation until day 8 and 0.5 cm + day™" evaporation until day 13.

There are some problems, however. The amount of moisture required changes
from year to year and from day to day; the moisture uptake from below the root
zone is only partly extracted from below the groundwater table and the latter is
seldom at a constant depth. The question which is the best depth of groundwater
table is clearly a non-steady state problem and steady state flow equations can
only give a rough indication. ' - T
" 8o there is need for a method not only dealing with flow of moisture but also
with moisture accumulation and depietion, i.e. a non-steady state method.

2.3 Pseudo-steady state seqnencés

Because steady state considerations are not giving a quantitative solution of soil
moisture problems, other methods had to be developed. The need for this was
already felt before computers could perform the elaborate calculations required
for dynamic simulation models. Wind & Hidding (1961) developed a method to
. calculate the amount of .accessible moisture below the root zone over a certain

period. With approximately the same method Wind (1963) calculated the time

used to reach a certain moisture content in the top soil at a given evaporation
rate. P T R
The principle of this method is the assumption that moisture extraction takes
place according to a succession of steady state moisture profiles. Every steady
state profile is fully determined by two data; these can be the values of ¢ at two
depths z, or one such point and the flux. To calculate the amount of accessible
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‘moisture below the root zone, the boundary condition ¢ =—16,000cm at the
lower end of the root zone has been chosen. This was combined with a number of
. decreasing fluxes, each of which yielded a pressure head profile, see Fig. 5. The
amount of moisture between two profiles can easily be calculated. If one assumes
that the extraction rate is the mean of the fluxes of the two profiles it can be
calculated how long the extraction lasts. After calculating this transition time for
. every pair of fluxes, the total amount of moisture below the root zone accessible
" within a growing secason can be found. Because of the choice of the boundary
condition ¢ =-16,000 cm this is the maximum available amount. In reality the
amount will be smailer because’it takes some time before that boundary condi-
'~ tion is reached. '

_ This method was used to calculate either the amount of accessible moisture in a
given period or the time required for the drying out of the profile to a certain
degree. It can also be used in a simulation model. This has been developed by
Rijtema (1970) and de Laat (1976) who called it the pseudo-steady state model.
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Fig. 5. Soil moisture pressure head profiles in a sandy soil (——) with boundary oonditign
of ¢ =—16,000 cm at zero depth and the corresponding fiuxes and one profile (~- -_) with
boundary condition groundwater table at 90 cm depth and zero flow. After Wind &

Hidding: (1961).
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In steady state flow the flux is constant both in time and depth; in dynamic
models flux is varying in time as well as depth. In pseudo-steady state models flux
is assumed to be constant in depth but varying in-time. Though this assumption is
unrealistic, it had to be made to perform quantitative calculations, formerly
because dynamic models were not available, now because they are too expensive.

It is not easy to estimate the deviations caused by this erroneous assumption.
However, the results of pseudo-steady state calculations can be compared with
those of dynamic models; an example of this is the following.
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A soil with a.controlled groundwater table at 90 cm depth is evaporating at its
surface with a continuous rate of 0.25 ¢cm -+ day . The initial cond:tlon at time
t=1{ is zero flow. The soil physical properties are:

¢=108—500 (8 in vol. %)
k = 2g0-025¢ .

" The steady state moisture profiles are given in Fig. 6 for v =0; 0.05; 0.1; 0.15;
0.20 and 0.25cm-day”’. From this figure the total amounts of moisture
in the unsaturated zone pertaining to the mentioned fluxes can be read. These are

- shown in Table 1, column 2. The differences between them are the amounts of

moisture which are to be extracted before a new steady state is reached, column
3. The extraction rate, column 4, is the difference between evaporation rate
{0.25 cm -+ day™') and mean fiux. By dividing column 3 by column 4 the duration
of the extraction is found (column 5). The moisture contents at 5 cm depth
belongmg to the mentioned steady state steps, can be read from Flg 6 and are
given in column 7. :

The moisture contents at 5cm depth also have been calculated with the
FLOW-model of Wind & van Doorne (1975) under the same conditions, see
column 6. Comparison of columns 5 and 6 shows considerable differences: the -
pseudo-steady state method overestimates the time to reach a certain moisture
content. This is caused by an overestimation of capillary rise which is inherent to
this method. In Fig. 7 the vertical fluxes at 90 cm depth are shown as calculated
with the FLOW-model and as assumed by the pseudo-steady state method. At
first, the pseudo-steady state method overestimated capillairy rise; after 8 days
the differences became negligible.

In this example with a constant groundwater table, the drying time is overesti-
mated by the pseudo-steady state method. In another example, see Chapter 4,

Table 1. Moisture extraction by a 0.25 cm - day ' evaporation rate from the surface of a
soil (see text) with a constant groundwater table depth of 90 cm. Data calculated by the
pseudo-steady state method and by the dynamic model FLOW.

Flux - Total amount Extraction ‘Duration extraction Moisture
(cm of moisture  Difference - rate content at -
day™  {cm) _ {cm) (cm day™) pseudo- dynamic 5 cm depth
1 2 3 steady model (%)
S ' state (days) 7
- method = 6
(days)
. 3

0 A ) : - 41.50
010 40379 0306 . 0175 293 166 39.60
015 . 40 0.368 0.125 587  3.80 38.30

15 40011 _ :

0451  0.075 11.88 9.23 :

0.20 39.560 0.840 0.025 45.48 o . 36.15

025 38720 ' 31.30
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Fig. 7. Capillary rise rates (fluxes at 90 cm depth) as a function of time, computed by
dynamic model FLOW and by the pseudo-steady state method.

with a falling water table, drying time is underestimated by this method. S50 some
doubt is indicated about the accuracy of the pseudo-steady state method. ‘

2.4 Numerical model FLOW

\

For many purposes the effect of actual rainfall on the moisture condition of the
topsoil must be calculated. Workability improvement by drainage is such a
purpose. It can of course be studied, without calculations, on experimental fields,
but because of the tremendous variability in amount and distribution of rainfall
such experiments have to last many years. Therefore reliable information from
such experiments often comes at too late a time. By calculation one can make use
- of recorded rainfall data of the past, assuming that the clunate is not changing.
- Thus the results are available in a short time.

To this end Wind & van Doorne (1975} developed a numerical model of the
- unsaturated zone. The input of the model consists of
" —natural precipitation and evaporation
~maximum value of pool depth (surface storage)
- moisture characteristic in table form -

~ k() relation in the form of the expression of Rntema (1965)
~drain depth

~drain intensity

FYR : o X . N



The output provides information about:
—actual pool depth :
- run-off
—depth of groundwater table
" —drain discharge
- moisture content and pressure head at every depth

2.4.1 Auveraging conductivity values

In order to calculate the flux, the discrete shape of flow equation (5) is needed:
o=k (i‘—'z" + 1) o (5a)

A certain depth interval Az =z,— 2z, is to be selected; the gradient of i over
this interval is ¢ — ;. Moreover a certain average value of k has to be chosen
somewhere between the k-values pertaining to ¢, and ¢,. The procedure changes
the differential equation into a finite difference equation. Van Keulen & van Beek
'(1971) took for k the arithmetic mean, Feddes et al. (1978) are using both the
geometric and arithmetic mean.

The model of Wind & van Doorne (1975) makes use of the integrated flux
equatlon .

o ky—ak, Az R :

v T (a =e=%%) : (10)

This expression is obtained under the assumptions that ¢ is a differentiable
function of z, that v is constant over the depth interval during the time interval
and that an exponential k(y) relation exists. This integrated exprcssmn was
chosen because of its simplicity, which reduces computer cost.

It appeared that Eq. (10) yields better results than the difference equations with
an averaged k. For steady state conditions Eq. (10) is certainly correct; fluxes -
calculated according Eq. (52) with a harmonic or geometric mean often differ
more than one order of magnitude from the true flux. The arithmetic mean gives
the least deviation, but in some cases even the thus calculated velocity is 3 to 7
times higher than it should be.

The errors are counter-balanced by the feed-back system automatically present
in such calculations. A flux calculated too high causes gradients to decrease and
therefore also decreases flux. However, the errors made are so large that they
perceptibly influence the calculated moisture profiles.

The effect of errors caused by averaging conductivity values depends on the
depth interval. If this is very small, the effect is negligible. The choice of depth’
intervals has, however, large consequences with regard to computation costs.

2.4.2 Choice of time and depth intewak

Because computing costs decrease with an increase of step size it was tried to
maximize the latter. The choice of depth interval depends on the accuracy to be
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achieved; the time interval can freely be chosen up to-a certain limit. Too large
time steps cause oscillations in the results with amplitudes increasing at each step.

The assumption that flux is constant during the time interval introduces errors.
The cause of oscillation is that these errors are amplified during the next time
step. Amplification is proportional to time step size, so the time interval is to be
chosen such that the absolute value of the amplifier is smaller than 1. In that case
any error made is reduced in the next time steps. The condition for stability is:

e -1 de

e*** 31 dk

This means that the time interval should be:
~ inversely proportional to kg

—about proportional to a
— about proportional to the square of Az

At<Az (11)

2.4.3 Computing costs

The costs of simulation of one day strongly depends on the choice of layer -

" depth and also on the conductivity of the soil. Thin layers and coarse soils give -

high computing costs. With the discussed numerical model the simulation costs of
one day vary between Dfl 1 and 10 (US § 0.4 to 4.0).

For runs simulating several years computing costs are pfoh:bmve, which means
that cheaper ways of calculation must be found.
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