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COMPARISON OF TWO PROCEDURES FOR THE DETERMINATION OF 
SOIL HYDRAULIC PROPERTIES: AN INSTANTANEOUS PROFILE 
METHOD AND A NONLINEAR -PARAMETER ESTIMATION METHOD 

Part II: Numerical simulation of the experiments 
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ABSTRACT 

For many years, experiments were performed on evapo­
rating soil samples at the soil physical laboratory of 
ICW, to determine the water retention characteristic 
and the unsaturated hydraulic conductivity. Boels and 
co-workers developped an automatic system for this type 
of experiment. 

* For these samples, soil hydraulic properties can be 
determined with two procedures of calculation: 

1. an instantaneous profile method, described by Wind 
in the sixties 

2. a nonlinear parameter estimation method, adapted by 
Kool and co-workers in the eighties 

This note is the second part of a work in which is 
investigated the reliability and the precision of the 
two procedures. This is a study of the reliability of 
the numerical model SWATRE, described by Belmans and 
co-workers, to simulate with enough accuracy the 
experiments done with the automatic system of Boels 
and co-workers. 

A sensitivity analysis of SWATRE is done. In particular, 
it is based on the comparison between the evaporation 
rate defined as the top boundary condition (input data) 
and the evaporation rate calculated from the changes of 
the simulated mean water content (output data) over a 
short period (0.1 day). 

It appears that the conditions of discretization (spatial 
and temporal) can be chosen so that the numerical problems 
have a little influence, compared to the precision 
required. The precision has been defined as the precision 
on experimental data. 

These conditions of discretization can be compared with 
the results published in the literature (although here, 
a linear transformation of the time scale has been done): 
a high number of compartments (256) and a small time step 
(less than 1 min) are required. 

Also, some numerical problems have been observed, that 
have cumulative effects. They have been interpreted as 
an effect of the bounds of the system. 



MAIN SYMBOLS AND CONVENTIONS 

PHYSICAL MEANINGFUL VARIABLES 

9 : volumetric water content [L3.L-3] 

h : matric potential [L] 

K : unsaturated hydraulic conductivity [L.T-1] 

ER : evaporation rate [L.T-1] 

NONPHYSICAL PARAMETERS OF THE MODEL SWATRE 

NBC : number of compartments [-] 

DTMI : maximum value of the time step [T] 

DTHM : maximum change of water content 
over one time step [L3.L-3] 

<K> : definition of the conductivity 
between two compartments [L.T-1] 

* In the following discussion about the simulations, 
some terms are used, that must be defined here: 

1. The "theoretical" results are based on the 
"input" data. 

2. The "calculated" results are obtained from the 
"output" data only. 

* For sake of clarity, the following system of units is 
used: cm, day. 



* INTRODUCTION 

For many years, experiments were performed on evapo-
-rating soil samples at the soil physical laboratory of 
ICW, to determine the water retention characteristic and 
the unsaturated hydraulic conductivity. Boels and co­
workers (1978) developed and automatic system for this 
type of experiment. 

For these samples, soil hydraulic properties can be 
determined with two procedures of calculation: 

an instantaneous profile method adapted for the 
laboratory, described by Wind (1966) 

2. a nonlinear parameter estmation method, adapted by 
Kool and co-workers (1987) 

The purpose of this work is to investigate the relia-
-bility and the precision of the two procedures for the 
determination of soil hydraulic properties. Two 
approaches are possible (Tamari, 1988a): 

1. the use of "numerical experiments" 

2. the use experimental data 



In our case, the "numerical experiments" can be 
summarized as follows: 

Some "experimental" conditions are defined (eg. the 
evaporation rate, the soil hydraulic properties). 

These "experimental" conditions are used to generate 
with a simulation model a simulated data set. This 
data set is of the same kind that could been obtained 
in a real experiment (eg. evolution of mean water 
content and of potentials at some depths versus time), 

The simulated data set is used for the determination 
of soil hydraulic properties, with one of the two 
procedures of calculation that have been described. 

Calculated soil hydraulic properties are compared to 
input soil hydraulic properties. 

Provided the step (2) is not a source of incertitudes or 
of biases, this comparison will give an idea about the 
precision of each procedure used for the determination 
of the soil hydraulic properties. 

So, for the "numerical experiments", it is important to 
simulate with a good accuracy the experimental conditions 
For this kind of problem, the reliabilty of SWATRE, a 
numerical model described by Belmans et al. (1983), will 
be investigated here. 
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MATERIAL AND METHOD 

11. THE EXPERIMENTAL SET-UP 

This experimental set-up developed by Boels and co­
workers (1978) has been described more in detail before 
(Tamari,19S8a) . 

Fig.l shows the dimensions of soil samples used at the 
soil physical laboratory of the ICW (FYSLAB). 

A vertical column of soil, initially saturated (or wet) 
is allowed to evaporate at the top; all other sides are 
completely closed. 

Total height of the sample is 8 cm. 

Several times per day, the total weight of the column is 
determined. 

From these measurements and because the final mean water 
content at the end of experiment is determined, it is 
possible to calculate the changes of mean water content 
of the sample with time. 

Evaporation rate can also be calculated by multiplying 
these changes of mean water content with time by the 
total height of the sample. 

At the same time the weight is determined, matric 
potentials are measured at different depths of the 
column with microtensiometers. 

Microtensiometers are installed at four depths below the 
soil surface: - 1 , - 3 , -5 and -7 cm. 
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Fig. 1 - Set-up used at FYSLAB for the 
determination of soil hydraulic properties 
(schema) 
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12. THE NUMERICAL MODEL SWATRE 

121. CHOICE OF THE MODEL 

* The unidimensional water balance model SWATRE 
(Belmans et al., 1983) has been chosen for 
the simulations. 

Little modifications of array dimensions and output 
subroutine are required, to enable simulations with a 
high number of compartments and with low values of 
DTMI or of DTHM ( Appendix II). 

Compared to other models such as UNSAT2 (Davis & al., 
1983) SWATRE is based on not too complicate calculations 
(using finite difference transformations) and the 
corresponding FORTRAN program is easy to U6e (input data 
are entered with a free format, the different subroutines 
can be changed easily). 

Also, input soil hydraulic properties correspond to an 
array, where potentials and conductivities are expressed 
as a function of water contents. 

This is interesting, since soil hydraulic properties are 
difficult to describe with analytical formulas (this point 
has been discussed in Tamari,1988a). 

This is an advantage, compared to other models such as 
FLOWEX (Buitendijk,1984) for which the soil hydraulic 
properties are defined by empirical analytical functions. 
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122. HYPOTHESES FOR SIMULATIONS 

* Some classical hypotheses about the behaviour of the 
"soil" system are assumed here (see Tamari, 1988a). 

In particular, the system "soil" is assumed to be 
homogeneous. 

Also, according to these hypotheses, the sorption 
potential is equal to its matric component. 

SWATRE is a model based on the equations of the theory 
of fluxes. So, for this point of view, this model is 
valid here, according to our hypotheses. 

But it is also a numerical model. In that case, the 
approximations of theoritical partial differential 
equations with finite difference transformations may 
introduce some numerical biases into the results of the 
computation. 

Also, the use of a computer may be a source of problems 
since the precision used for calculation is limited. 
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13 PHYSICAL MEANINGFUL INPUT DATA 

131. SOIL HYDRAULIC PROPERTIES 

Soil hydraulic properties used for simulations are 
coming from the catalogue of soil hydraulic properties 
made by Wosten et al. (1937), the "Staring-series" 
(see Appendix III). 

This catalogue contains tables of data. Each table 
corresponds to mean values for soil samples of the 
same textural class (see Appendix in Tamari, 1988a). 

Four different kinds of soil hydraulic properties will 
be considered (see Tab.1 and Fig.2). 

For a detailed sensitivity analysis of the model SWATRE 
to nonphysical parameters, only one soil type has been 
chosen. It corresponds to a very light "zavel" texture. 
This will be called further the "soil 08". 

Tab.l - Textural characteristics of four kinds of soils 
(after Wosten et al.,1987) 

code 

B12 
012 
08 
05 

textural class 

very heavy clay 
moderately heavy clay 
very light "zavel" 
coarse sand 

%clay 

51-77 
37-47 

9-11 

%silt 

2-6 

%0M 

3-5 
.1-2 
.4-1 
.1-1 

samples 

5 
12 
7 
6 

code 
samples 
texture 

clay : 
silt : 

according to Wosten et al. (1987) 
number of samples of the same class 
US classification (see de Bakker et al.,1966) 

2 jJIB 
0 < 2 pm 
0 < 50 _um 

0M : organic matter 
:avel" : 8 < %clay < 25 
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* Into the input table defining soil hydraulic properties 
water contents varies with a step of 0.01 m3/ro3. Maximum 
water content corresponds to saturation, and minimum 
water content is 0.01 m3/m3. r 

For any water content, the program SWATRE calculates the 
corresponding matric potential and conductivity by doing 
a linear interpolation between two values of the input 
table. In this way, input soil hydraulic properties are 
defined by a polygon. 

132. INITIAL CONDITION 

At the start of simulations, the system is assumed to be in 
equilibrium: at any depth, the total potential value has been 
set equal to -10 cm. 

This corresponds to a matric potential equal to -2 cm at the 
bottom of the sample. This value has been chosen different 
from 0, otherwise numerical problems may appear ("division 
by 0"). 

133. TOP CONDITION 

The evaporation rate is set equal to a constant value. 

* For the sensitivity analysis to nonphysical parameters, 
evaporation rate is equal to 0.1 cm/day. This is rather 
low, compared to some experimental results (Tamari,1988c) 

With a higher evaporation rate, one can expect more 
important gradients close to the soil surface, and so 
the numerical problems caused by interpolations should 
become more important. This point will be considered 
later. 
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14. NONPHYSICAL INPUT DATA 

141. MODIFICATION OF THE TIME SCALE 

* The program SWATRE provides results with a minimum time 
step for output equal to 1 day. In this way, simulations 
can been done over one year (365 output). 

* But for the studied experimental set-up, an experiment 
is carried out over 2 to 20 days (Tamari, 1988a). Also 
the determination of hydraulic properties with the method 
of Wind is based on about 300 time steps (FYSLAB, 1988). 

Then, for the following simulations, the time scale has 
been changed, so that "one day" will correspond to 
"0.1 day": in that way, input evaporation rate and 
hydraulic conductivities of the input table (physical 
time dependent input data) are divided by 10. 

If so, the results of one simulation should be assigned to 
a value of DTMI 10 times lower (converted in "real" time). 

All the simulations have been carried out over a period of 
maximum 20 days, with results provided by the model every 
0.1 day. 

It has been checked that after this period, the water content 
of the top compartment was still superior to 0.02 m3/m3 
(minimum realistic value of the water content for the 6imula-
-tions; see Appendix II). 
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For a mathematical point of view, the linear transformation 
of the time scale proposed here is correct. But it is not 
true for a numerical point of view, because the basic equation 
to solve is a parabolic equation (Rabat, ICW, 1988, personal 
communication). 

So, a priori it should not be possible to compare the 
results of the following sensitivity analysis to the 
results published in literature (for which the time scale 
has not been changed). 

But a preliminary study shows that, for the conditions 
of the simulations defined here (a period of 20 days 
maximum, NBC >, 8 and DTMI 4 0.02 day), the results 
obtained with no transformation of the time scale and 
with the transformation are nearly the same; even more 
they tend to the same limit when the maximum time step 
value is decreased (see Tab.2 and Appendix IV). 

Tab. 2 - Comparison of the results obtained with no 
transformation of the time scale and with transformation 

NBC 

8 
8 

256 
256 

DTMI 
(day) 

0.02 
0.002 

0.02 
0.002 

hi (cm) 

no transformation 

-1534.23 
-1567.28 

-1751.42 
-1792.75 

transformation 

-1540.06 
-1567.27 

-1756.39 
-1792.73 

hi : simulated matric potential of the first compartment 
after a period of 20 days (the results are expressed 
in "real" time) 



142. NONPHYSICAL PARAMETERS 

The way the calculations are clone depends on some input 
parameters that do not have a physical meaning. The values 
of these parameters must be specified in the input file. 

For the simulation of the studied experimental set-up, the 
concerned parameters are: 

1. the number of compartments ( NBC ) 

2. the maximum change of water content allowed for one 
layer within a time step ( DTHM ) 

3. the maximum value allowed of one time step ( DTMI ) 

The calculation of the time step based on DTHM and DTMI 
has been described by Belmans and co-workers (1983) 
(see Appendix I). 

A priori, the results characterising the global "soil" 
system (such as the mean water content) should not be 
dependent on these parameters. As a matter of fact, these 
parameters should have an influence only on the spatial 
discretization (NBC) or on the temporal discretization 
(DTHM and DTMI). 

However for SWATRE, Belmans and co-workers (1983) indicate 
that if the time step value is decreased (they refer to 
DTHM, but DTMI should have the same effect), a better 
precision on the water balance terms is obtained, but 
a longer computing time is required. Then, a sensitivity 
analysis based on situations often encountered in practice 
show that DTHM and DTMI can be fixed at convenient values 
for which the precision on the water balance terms is 
satisfactory. 

For a similar model described by Zaradny (1978), the time 
step is defined by another formula (see Appendix I). The 
main difference with the formula proposed by Belmans et 
al. (1983) is that the size of the compartments is taken 
into account in the formula of Zaradny. 
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Otherwise, when calculations are done with a small depth 
step (high values of NBC), the results corresponding to a 
certain depth (such as water content or potential a^ any 
depth) should tend to a limit value, supposed to be the 
"reality". 

In any case, for these nonphysical parameters a new 
sensitivity analysis of SWATRE must be done. As a matter 
of fact, it seems that SWATRE has not been used yet 
to describe an experimental situation with such a small 
spatial scale. 

143. NUMERICAL APPROXIMATIONS 

* Different approximations are done during the calculations. 
They are all sources of bias: 

1. truncation of values assigned to variables (in double 
precision) 

2. numerical integrations (when calculating the water balance 
terms) 

3. averaging variable values between two compartments (when 
doing finite difference transformations) 

In particular, the calculation of the "mean" conductivity 
between two compartments may be important. 

As a matter of fact, for another water balance model, Wind 
and co-workers (1975) found that that the method for 
averaging conductivity values between two compartments 
influences the calculation of fluxes a lot. They conclude 
from their results that: "it is dangerous to use the 
arithmetic mean or any other mean of the conductivities." 
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For SWATRE, Belmans and co-workers (1983) propose to use 
the geometrical mean as it is recommended by Haverkamp et al 
(1979). Haverkamp and co-workers have studied nine possible 
definitions of the conductivity between two compartments 
(in particular, the arithmetic, the geometrical and the 
harmonic means of the conductivities of the two 
compartments). From experiments of infiltration (numerical 
and real experiments), they found that only the use of the 
geometrical mean "generates little weighting errors". 

Anyway de Graaf (1932) has used SWATRE to simulate field 
conditions over one year. He found that the calculation 
of stocks of water based on different possible definitions 
of the conductivity between two compartments do not differ 
very much (less than 4% of relative difference). But also 
he remarks that these results have been obtained for a 
situation where the gradients of potential were not high. 

A new sensitivity analysis of SWATRE must also take into 
account these numerical aspects. 

Only the averaging method of conductivity values between two 
compartments will be studied in detail. This procedure is 
defined internally in the FORTRAN program and it is easy to 
change (see Appendix II). 



21 

2 - SENSITIVITY ANALYSIS OF THE MODEL TO NONPHYSICAL 

INPUT PARAMETERS --

21. METHOD 

If some numerical problems have cumulative effects, their 
importance will be maximum at the end of the simulation. 

The chosen period of 20 days corresponds to a rather long 
time for a real experiment (also, it will appear that the 
potential values at -1 cm depth after thi6 period are over 
the range of tensiometric measurements). 

* Also, because the soil sample is supposed to evaporate only, 
at a certain date the gradients of potential or of water 
content should be more important close to the soil surface. 
So, the numerical biases due to interpolations (finite 
difference transformations) should be more important close 
to the soil surface. 

For the described experimental set-up, the first tensiometer 
below soil surface is installed at -1 cm depth. 

As a consequence, only the following results will be analyzed: 

1. the evaporation rate, calculated from the change of 
mean water content between the dates 19.9 and 20 days 

2. the mean water content after a period of 20 days 

3. the water content at -1 cm depth (calculated from water 
contents of the two compartments just below and above 
-1 cm by a linear interpolation) 

4. the matric potential at -1 cm depth (same principle 
of interpolation as for water content at -1 cm depth) 
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The evaporation rate calculated from the change of mean 
water content, can be compared with its "theoretical" value 
that is defined by the top boundary condition (Halbërtsma, 
ICW, 1988, personal communication). 

In the same way, the mean water content simulated after a 
certain period can be compared with its "theoretical" value, 
that is equal to the initial mean water content (first 
output of SWATRE) minus the product of the time and the 
evaporation rate (top boundary condition). 

Of course, these two variables are not independant 
(for a mathematical point of view, the second one is 
obtained by an integration of the first one). Both 
results are analysed for sake of clarity: 

1. it is more easy to have an idea of the numerical 
problems that can exist over a short period (0.1 day) 
with the evaporation rate data 

2. it is more easy to observe the existence of numerical 
problems that are cumulative with time on the basis 
of the mean water content data. 

* The major question of this sensitivity analysis is to 
know when the discretization of the "soil" system is good 
enough to provide accurate results. 

It would be useful to obtain a precision at least equal 
to the precision on experimental data. In particular, 
microtensiometric measurements are given with a precision 
better than 1 cm (FYSLAB,1988). 

If tensiometric measurements are assumed to be punctual, 
it gives a maximum value for the precision on the 
simulated potential values at -1 cm depth (in fact, it 
is very difficult to know the volume of soil taken into 
account by a tensiometer). 
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Sensitivity analysis will be done as follows: 

1. from a given set of input parameters, the sensitivity 
of the model is studied for one parameter (simulations 
are done for different values of this parameter) 

2. then this parameter is fixed at a convenient value, and 
for the new set of parameters, the sensitivity analysis 
is done for another parameter 

The initial parameter set is characterized by: 

1. NBC = 8 

The way of calculating "mean" conductivity between two 
compartments is defined as the geometrical mean of the 
conductivities of the two compartments (as it is done 
with the original version of SWATRE) 

DTHM = 0.005 m3/m3 , as it is recommended by Wesseling 
et al. (1387). 

DTMI =0.02 day. Note that this value is 10 tiroes lower 
than the value recommended by Wesseling et al. (1987). 

Tables of the results obtained with this sensitivity 
analysis for the "soil 08" are given in Appendix V . 
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22 - THE NUMBER OF COMPARTMENTS 

* Simulations have been made for the following numbers 
of compartments: 8, 16, 32, 64, 128, 256 and 512. 

Results are shown at Fig.3 

1. Evaporation rate does not vary monotonously (this is 
in agreement with what can be expected). 

But it is always lower than the input value. The 
differences are more important when NBC is superior 
to 32. They can reach 0.0006 cm/day, anyway, this 
is very small in practice. 

Mean water content always decreases when the number 
of compartments increases, that was not expected 
a priori. Even more, it seems to tend asymptotically 
to a value superior to its "theoritical" value: for 
NBC=512, differences are about 0.0005 m3/m3 (also 
very small in practice). 

In any case, when NBC is high, the mean water content 
is closer to its "theoritical" value. 

3. Water content and potential at -1 cm depth, seem to 
tend asymptotically to a limit value, when NBC 
increases (this is in agreement with what can be 
expected). 

The change in potential values from NBC=128 to 256 is 
about 3 cm, while from NBC=256 to 512 it is lower than 
1 cm. So a convenient value of NBC is necessarily 
superior to 256. 

So, the number of compartments will be fixed at 256 , for 
the next simulations. 
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23 - DEFINITION OF THE CONDUCTIVITY BETWEEN TWO COMPARTMENTS 

Simulations have been done for three definition of the 
conductivity between two compartments : 

1. the geometrical mean of the conductivities of the two 
compartments 

the conductivity of the upper compartment; because the 
"soil" system i6 supposed to be evaporating only, 
this is a minimum possible value of the conductivity 
between the two compartments 

the conductivity of the lower compartment.; so thi6 
is a maximum possible value of the conductivity 
between two compartments 

Fig.4 shows the results. 

The influence of the definition of the conductivity between 
two compartments is little, compared to the influence of 
the number of compartments. 

This is in agreement with the results of de Graaf (1982) 
(see paragraph [14]). 

* So, the original definition of the conductivity between 
two compartments, as the geometrical mean, seems to be 
satisfactory here. 
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24 - THE MAXIMUM CHANGE OF WATER CONTENT OVER ONE TIME STEP 

Simulations have been clone for the following values of 
DTHM: 0.005, 0.0025, 0.00125 and 0.000625 (m3/m3). 

Fig.5 shows the results. 

The influence of DTHM on the results is also little here, 
compared to the influence of NBC. Even more, for a simula­
tion with DTHM=0.005, the CPU time required is 95.95 s 
while with DTHM=0.000625, the CPU time is 96.53 s. 

This suggests that DTHM, here, does not influence the 
calculation of the time step a lot. In that case, the 
limiting factor should be DTMI (see paragraph [25] ). 

The original value of DTHM - 0.005 m3/m3 will be kept 
for further simulations. 

25 - THE MAXIMUM VALUE OF THE TIME STEP 

* Simulations have been done for the following values of 
DTMI: 0.02, 0.01, 0.005, 0.0025, 0.00125, 0.000625 and 
0.0003125 day. 

* Results are shown at Fig.6. In this paragraph I analyse 
the results obtained with NBC=256. 

1. Evaporation rate and mean water content tend regularly 
to their "theoritical" value when DTMI decreases, that 
was not expected a priori. But this is in agreement 
with the remark of Belmans and co-workers (1983) (see 
paragraph [13]). Also, for the highest value of DTMI 
the CPU time is 95.95 s , while for the lowest value 
of DTMI it is much longer: about 1 hour and 20 minutes. 

2. Water content and potential at -1 cm depth vary 
monotonously, but for the results presented here, there 
is no an asymptotic limit when DTMI decreases. 
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Simulations with lower DTMI values have not been done, 
because of the long computing time required and because 
the results obtained with the lowest values of DTM3 should 
be enough accurate. 

As a matter of fact, it must be pointed out that the 
evolution of the water content at -1 cm depth is about 
the same as the evolution of the mean water content 
(Fig.3,4,5,6). This shows that problems due to 
numerical integration over the depth do not have very 
important effects. 

So, because the mean water content is in better 
agreement with its theoritical values for low DTMI 
values, it can be assumed that water content and 
potential at -1 cm depth are also closer to their 
hypothetical values for low DTMI values. 

The change in potential values from DTMI=0.00125 to 
0.000625 day is about 1.1 cm, while it is less than 1 cm 
from DTMI=0.000625 to 0.0003125 day. A convenient value 
of DTMI must be at least inferior to 0.000625 day. 

So, the final value for DTMI will be chosen between 
0.000625 and 0.0003125 day. 

In that way, DTMI is very small: the maximum possible 
value for the time step is 0.000625 day ( 54 s ), that is 
320 times lower than the recommended value by Wesseling 
et al. (1987), for problems often encountered in practice 
(see Appendix I). 

Also, the maximum time step value can be calculated with 
the formula proposed by Zaradny (1978) (see Appendix I): 

$z = 0.03125 cm (8 cm height, 256 compartments) 
q =0.1 cm/day (evaporation rate) 
FAC = 0.015 (minimum recommended value) 

so: &t 4 0.00469 day (6.75 min) 

Thi6 is 7.5 times higher than the value of DTMI chosen 
here. 
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26 - CONCLUSION 

The final set of nonphysical parameters is: 

1. NBC = 256 

2. The geometrical mean is used to define the "mean" 
conductivity between two compartments. 

3. DTHM = 0.005 m3/m3 

4. DTMI = 0.0003 to 0.0006 day 

From the obtained results, the two parameters NBC and DTMI 
have the most important influence on the calculations. 

Some complementary remarks can be done: 

1. For the data presented here, the influence of NBC and 
DTMI on the results are nearly independant. As a matter 
of fact, Fig.6 show a parallel evolution of the results 
as a function of DTMI, for two different values of NBC. 

The proposed values of NBC and DTMI are based on 
necessary conditions but maybe not sufficient (eg. the 
way how water content and potential at -1 cm depth tend 
to their asymptotic value when NBC increases has not been 
studied in detail). 

3. Results are valid at least for the conditions of the 
simulation: they are refered to a soil with a rather 
fine texture and with a rather low evaporation rate. 

The two last remarks indicate that the model SWATRE must 
also be tested for other conditions, in particular with 
different evaporation rates and for different soil 
hydraulic properties. 
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3 - SENSITIVITY ANALYSIS OF THE MODEL TO PHYSICAL 

MEANINGFUL DATA 

31. METHOD 

* The conditions of the simulations are the same as defined 
in the part [1] with the final set of nonphysical 
parameters defined at the end of the part [2]. 

For soils of different textures (see paragraph [13]) or 
for different evaporation rates, the following results 
will be analyzed: 

The difference between THETA-input (the mean water 
content calculated from the initial mean water content 
minus the product of the evaporation rate with time) 
and THETA-output (the mean water content calculated 
from the simulated water contents of all the 
compartments). 

2. The simulated evaporation rate, calculated from the 
change of the simulated mean water content over one 
output time step (0.1 day). 
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32. DIFFERENT SOIL HYDRAULIC PROPERTIES 

321. VERY LIGHT "ZAVEL" ("SOIL 08") 

The hydraulic properties of soil 08 has been used for 
the sensitivity analysis to nonphysical parameters 
(part [2]). 

* Fig.7 show the results of the comparison between input 
and calculated data, for the whole simulated period of 
20 days. 

* Comparison of this results obtained with two values of 
DTMI confirms that, for the whole simulation, a better 
agreement between the "calculated" and the "theoritical" 
data is found with a smaller time 6tep. 

* In practice, differences between "input" and "output" are 
very 6mall. But for the evaporation rate, it appears that: 

1. At the start of the simulation (0 to 3 days), some 
oscillations around the input value happen, which are 
important if refered to the whole simulation. 

2. At the middle of the simulation (3 to 10 days), little 
oscillations are present, but they seem to happen at 
random. 

3. At the end of the simulation (10 to 20 day6), the 
simulated evaporation rate is always inferior to its 
theoritical value. 

This last point is confirmed when plotting the 
differences between the simulated and the "theoritical" 
mean water contents: at the end of the simulation (10 
to 20 days) a divergence happens. 

It shows the existence of numerical problems that have 
cumulative effects over the simulation. 
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* Here the matric potential simulated at -1 cm depth has 
reached the value of -1000 cm at 19.0 days: this is. 
the "end" of the experiment according to the range of 
measurements for tensiometers. 

322. VERY HEAVY CLAY ("SOIL B12") 

Results are shown at Fig.8 . 

For this case, it appears that: 

1. At the start of the simulation (0-3 days) some important 
oscillations happen for the calculated evaporation rate 
versus time. 

2. Then (3-20 days) the oscillations are little, but the 
"calculated" evaporation rate is always inferior to its 
"theoretical" value. The amplitude of these oscillation 
increases a little with time. 

The "end" of the experiment corresponds here to 8.3 day. 
This is rather long, compared to real experiments (see 
Tamari, 1938a), because of the low evaporation rate. 

323. MODERATELY HEAVY CLAY ("SOIL 012") 

* The conclusions are the same as for the soil B12. 
(the results are given at Appendix VI). 

The "end" of the experiment corresponds to 11.8 days 
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Output evaporation rate is calculated from the change of 
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324. COARSE SAND ("SOIL 05") 

Results are shown at Fig.9 

Simulation cannot be continued after 19.0 days, because 
the water content of the first compartments has reached 
its minimum realistic value of 0.02 m3/m3 (Appendix II). 

It appears that: 

1. In the first part of the simulation (0-13 days), the 
"calculated" evaporation rate oscillates a little 
around its "theoritical" value. 

2. In the second part of the simulation (13-19 days), the 
calculated evaporation rate is always inferior to its 
"theoritical" value. The simulated mean water content 
is then superior to its "theoritical" value. 
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33. THE EVAPORATION RATE 

* Simulations have been done for the "soil 08" with two 
other values of the evaporation rate: 0.15 and 0.20 cm/day 
These values are more realistic, compared to experimental 
results (see Tamari,1933c). 

Results are shown at Fig.10 (and Appendix VI) 

With an evaporation rate of 0.15 cm/day, the water content 
of the first compartment has reached its minimum realistic 
value at the date 18.8 day, and the "end" of the experiment 
as defined before is at 12.4 day. 

With an evaporation rate of 0.2 cm/day, the water content 
of the first compartment has reached its minimum realistic 
value at the date 13.8 day, while the "end" of the 
experiment is at 9.1 day. 

With higher values of the evaporation rate, bigger 
differences are encountered, between the "calculated" 
and the "theoritical" results (note the change of scale 
on the figure, compared to the previous ones). 

In any case, the differences remain small in practice. 
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34. CONCLUSION 

The comparison between the "calculated" and the 
"theoretical" data, made for different soil hydraulic 
properties and different evaporation rates show that: 

1. The differences are small in practice, for the 
conditions of simulation defined at the end of the 
part [2] . 

2. But these differences do not have the same appearance 
with time. Often, more important differences appears 
at the begin of the simulations. Also, at the end of 
the simulation, the differences tend to increase, and 
the "calculated" evaporation rates are lower than 
their "theoretical" value (while the simulated water 
content are higher than their "theoretical" values). 

The quite important differences that are often encountered 
at the begin of simulations may be due to the fact that the 
the start of the simulation can be considered as a "sudden" 
change in boundary condition. 

The divergences between the "calculated" and the 
"theoritical" data, that are encountered at the end of 
the simulations, cannot be interpreted as an effect of 
the truncation (by the computer) of the values assigned 
to the variables, because a better agreement is found 
between the data when the value of DTMI is decreased 
(Fig.7), while more calculations are required, according 
to the increasing of the CPU time. 

This divergence phenomenon may be interpreted as boundary 
effects (eg. see Wang et al., 1932). 

Finally, some examples of simulated data corresponding 
to an experiment are given in Appendix VII. 
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CONCLUSION 

* The water balance model SWATRE, described by Belmans 
and co-workers (1983), is based on theoretical equations 
for the description of flows in soil. These equations 
are valid according to the hypotheses assumed in this work 

But the model is using numerical transformations of the 
basic theoretical equations, and so, some numerical 
problems may be expected. 

* The sensitivity analysis of the model SWATRE has shown 
that the conditions of discretization (spatial and 
temporal) can be chosen so that the numerical problems 
have little influence, compared with the precision required 

This precision has been defined as the precison obtained 
on experimental data recorded with the automatic system 
described by Boels and co-workers (1978): a precision 
better than 1 cm on tensiometric data. 

So, in these conditions, the model SWATRE can be used for 
the simulation of an experiment carried out with the 
automatic system described by Boels and co-workers. 

Anyway, some numerical problems have been also observed, 
that, have cumulative effects. They have been interpreted 
as boundary effects. 
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APPENDIX I 

DEFINITION OF THE TIME STEP IN TWO WATER 
BALANCE MODELS 

Here are presented only two definitions of the time 
step in two numerical water balance models. Both 
models are based on a finite difference method. 

When doing a finite difference transformation, it 
can be shown that the time step, At, must be kept 
small enough to ensure a stable solution (if At i6 
to big, the bias due to numerical transformation is 
amplified after each time step). 

For these two models, the numerical scheme is implicit, 
It means that the time step is determined (at any 
period of the simulation) with some formulas that are 
assumed to be valid (a priori) for the simulated 
situation. 

These formulas contains some empirical factors that 
must be determined for some situations corresponding 
to the simulated situation. 

1. Belmans et al. (1983): model SWATRE 

The basic formula is 

DTHM 
(1) at « 

i Max[ q 
i-l,j 

Z&t : new time step value 
i 

calculated flux for the compartment j 

DTHM : empirical factor 
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Appendix I (continued) 

Also, the time step is limited by two additional 
conditions (at least, for our case): •? 

( 2 ) 

( 3 ) 

At. < 
i 

A t < 
i 

PTMI 

1.2 * A t 
i - 1 

For situations often encountered in the field, 
Wesseling et al. (1937) recommends to use 
DTHM = 0.005 (m3/m3) and DTMI = 0.2 (day). But I 
found no information in the literature how these 
two values are obtained. 

2. Zaradny (1978): 

The proposed formula is (see also Feddes et al.,1978) 

At 
FAC * Az 

Max[ q 
J i-l.j 

At , q 
i i-1.j 

same definition as before 

Az : thickness of the compartments 

FAC : empirical factor 

Zaradny (1978) has studied different situations for a 
sandy soil (horizontal flow, capillary rise, infiltra-
-tion). The depth step value was Az = 1 cm. 

The possible values for the factor FAC have been 
derived through numerical experiments (but Zaradny 
does not explain how in his paper of 1978). The 
recommended values of FAC depend of the variation 
in boundary conditions : 

FAC = 0.015 (if rapid variation) 
FAC = 0.035 (if slow variation) 
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APPENDIX II 

MODIFICATIONS OF THE ORIGINAL SWATRE PROGRAM 

The FORTRAN program used is SWATCROP (Wesseling et al., 
version June 1936). 

A VAX computer is used with the VMS operating system. 

* To enable simulation with a high number of layers, two 
modifications have been done: 

1. increase the size of arrays related to the number of 
compartments, in COMMON.FOR, SWATRE.FOR, HEDCAL.FOR 
(and CALGWL.FOR) 

2. change the subroutine OUTPUT.FOR : only the results for 
some compartments are kept, otherwise the output file 
becomes too big for a normal directory. 

To enable simulation with low values of DTHM and DTMI, the 
lines defining minimum values for these two parameters have 
been deleted, in subroutine RDATA.FOR : 

1. " dtm=dmaxl(dtm,0.05d0) " 
" dtm=dminl(dtm,0.25d0) " 

2. " dthm=dmaxl(dthm,0.5d-5) " 
" dthm=dminl(dthm,0.3d-l) " 
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Appendix II (continued) 

* With the original version of the program, it isr'possible 
to define a constant evaporative flux, since the potential 
of the first compartment is not below "the minimum 
allowed pressure head at the soil surface": PHS(Ll). 

This part of the program has not been changed. Then, a 
value of PHS(Ll) must be given in the input file. This 
value has been chosen so that it corresponds for the 
soil to a water content between 0.01 and 0.02 m3/m3. 

So, for our purpose, the simulations are realisitic only 
if the water content of the compartments is higher than 
0.02 m3/m3. 

* To study the influence of the way of calculating the 
conductivity between two layers, 3 records of MOSCON.FOR 
must be changed: 

1. " conin(i)=dsqrt(conducti)*conduc(i-l)) " 

2. " conin ( 1 )=dsqrt (csurf*conduc( 1 )) " 

3. " ... conin(n+l)=dsqrt(conduc(n+l)*conduc(n)) " 

For instance, the first record may be replaced by: 

conin(i)=conduc(i-l) " (minimum value) 
or by: 

" conin(i)=conduc(i) " (maximum value) 
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APPENDIX III 

SOIL HYDRAULIC PROPERTIES USED FOR SIMULATIONS 

Tables below correspond to the hydraulic properties 
used for the simulations. These tables are a little 
different than the tables published by Wosten et al. 
(1987). 

soil B12 

e h K 
(m3/m3) (cm) (cm/day) 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

580 
570 
560 
550 
540 
530 
520 
510 
500 
490 
480 
470 
460 
450 
440 
430 
420 
410 
400 
390 
380 
370 
360 
350 
340 
330 
320 
310 

0.O0O0E+O0 
-1.000 
-2.000 
-3.000 
-5.000 
-11.00 
-25.00 
-48.00 
-80.00 
-120.0 
-164.0 
-215.0 
-276.0 
-350.0 
-445.0 
-562.0 
-710.0 
-893.0 
-1120. 
-1380. 
-1700. 
-2100. 
-2610. 
-3260. 
-4080. 
-5120. 
-6440. 
-8110. 

98.20 
59.80 
26.60 
9.190 
2.320 

0.3960 
0.5700E-01 
0.1300E-01 
0.4450E-02 
0.2260E-02 
0.1420E-02 
0.9990E-03 
0.7520E-03 
0.5870E-03 
0.4700E-03 
0.3830E-03 
0.3160E-03 
0.2630E-03 
0.2210E-03 
0.1870E-03 
0.1590E-03 
0.1340E-03 
0.1130E-03 
0.9480E-04 
0.7920E-04 
0.6610E-04 
0.5510E-04 
0.4590E-04 

. . / . . 


