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Abstract

Dynamic model MEBIT was constructed to predict the soil temperature
and the soil moisture depending on calender time and on soil depth. Model is
based on physical laws of heat conduction, water vapour diffusion and water
mass flow in vertical direction as well as upon some empirical investigation
on thermal and hydraulic properties of soil.

A system of two nonlinear differential equations is solved using Runge-
Kutta fourth order numerical method with variable computing time step. The
system of two nonlinear differential equations is simplified by the assumption
that thermal and hydraulic properties in horizontal direction are constant.
The boundary conditions in vertical direction are set with the energy balance
equation at the soil surface and with the constant soil temperature and non-
existant water flow at the bottom soil layer.

For the purpose of illustration the model was applied to the data from
agrometeorologic weather observation station in Bilje, during the spring sea-
son.

1 Introduction

Several investigations in soil physics, agrometeorology, pedology and biology indicate
that almost all biological, chemical and physical processes in a particular soil type
are predominatly influenced by the soil temperature and by the soil moisture. The
soil temperature and the soil moisture depend on weather conditions above the soil
surface as well as on physical and chemical properties of soil, such as heat conduction,
heat capacity, hydraulic conductivity, texture and structure.

Some physical laws explain the variations of the soil temperature and the soil
moisture. Several empirical, semi-empirical and theoretical models were made to
predict changes of the soil temperature and the soil moisture during infiltration,
redistribution or drainage of water in different types of soil, under different weather
conditions. The most commonly used models are based on the physical theory
of heat conduction, vapour diffusion and water mass flow in the soil (Philip and
de Vries, 1957; 1958) as well as on some empirical investigations of soil thermal
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and hydraulic properties (de Vries, 1963; McInnes, 1981; Milly and Eagleson, 1980;
Genuchten, 1980; Campbell, 1985; Saxton et al., 1986). This physical theory can
be expressed as a system of two differential equations whith no analytical solution.
A numerical method is used to find a stable solution for the chosen boundary and
initial conditions (Jury and Miller, 1974; Babel in Hillel, 1976; Milly and Eagleson,
1980; Firdaouss in Caussade, 1981; Horton and Wierenga, 1984; Campbell, 1985;
ten Berge, 1990; Benjamin, 1990).

In this paper we present a new model MEBIT (Masna in Energijska Bllanca
Tal), (Virant, 1993), which is constructed for agrometeorological purposes. Like the
models mentioned above, it is based on physical laws and empirical investigations.
The aim of our work was to construct a model which would give the best possible
results, applying the commonly used data for describing weather conditions and
soil type. In our circumstances the most suitable way of achieving that was to use
hourly values of meteorological variables from automatic meteorological observation
stations and soil texture and organic matter content as input data. The soil layer
was considered to contain inhomogeneities of thermal and hydraulic properties of
soil in a vertical direction.

2 Physical theory

Both the soil temperature and the soil moisture have characteristic fluctuations
throughout the years. These are dependant upon weather conditions above the soil
surface as well as on the thermal and hydraulic properties of the soil. The soil
thermal properties - thermal conductivity and heat capacity depend also on the soil
moisture. On the other hand, soil hydraulic properties are also dependent upon soil
temperature. There is an interdependance between water mass and heat flow in the
soil, which must be taken into account when modelling soil physical processes.

In some cases horizontal homogeneity of thermal and hydraulic properties in the
soil can be assumed. With this assumption the problem is reduced to soil water mass
and heat flow in vertical direction only. The physical theory can be expressed in a
mathematical form as a system of two nonlinear differential equations as follows in
Eq. (1) and (2). The equation for time and space variations of the soil temperature

s a(C(6)T)
o

6 - volumetric water content (m3/m?),

C(0) - volume heat capacity (J/m3K) (de Vries, 1963),

T - soil temperature (X)),

A(f) - heat conductivity (W/mK), (de Vries, 1963; McInnes, 1985),
D.(8,T) - effective soil water vapor diffusivity (m?/s),

L - water latent heat (J/kg),

0, - water vapour density (kg/m?),

2 - space dimension in vertical direction (m), positive downward,

t - time variable (s).

69,,(0 T)
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The first term of the right side of the equation represents the soil temperature
variations due to heat conduction in the soil. The second term the soil temperature
variations due to heat flow with water vapour diffusion.

The equation for the time and space variations of the soil water content, if the
soil moisture is expressed by volumetric water content 8, is

o3 =2 k™) 092 k), @

g - gravitation acceleration (m/ 32),

K(0) - soil hydraulic conductivity (kg/(msPa)), (Saxton et al., 1986; Campbell,
1985; Mualem, 1976),

(6) - soil water potential (Pa),

o - liquid water density (kg/m?).

Other quantities are denoted as in Eq. (1). The relation between soil water
potential and volumetric water content is specific for each soil type and is usually
described by means of empirical determined soil desorption curve (9v/d6), (Saxton
et al., 1986; Campbell, 1985).

Equation (2) can be replaced by equation (3) when there is no water flow and
there is only vapour diffusion in the soil.

0% = 2 (o0, 220, ®

D, - effective soil water vapour diffusivity (m?/s), (Philip and de Vries, 1957; Cary,
1963).

The first term on the right of Eq. (2) represents the soil water content varia-
tions caused by capillary forces, the second term represents the soil water content
variations caused by gravity force. The water vapour diffusion is caused by soil air
humidity gradient (Eq. 3).

In MEBIT, the soil thermal and hydraulic properties used in Eq. 1, 2 and 3
(A@), C(8), K(8,T)), and the soil desorption curve (8¢/86) are determined by the
same empirical and semi empirical relations as in de Vries (1963), Campbell (1985),
MclInnes (1985), and Saxton et al. (1986).

Formulating MEBIT the following additional basic restrictions were imposed:

- no vegetation cover on the soil surface,

- no sinks or sources of heat and water mass in the soil,
- no runoff on the soil surface,

- no effect of ground water.

3 Method for numerical solution

3.1 Space integration

In MEBIT, the whole soil layer (z, on Figure 1), is divided into sublayers with
different texture and organic matter content and consequently with different thermal
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Figure 1: The arrangement of the variables in the model space used by space inte-
gration in MEBIT. The variables are denoted as in the text.

and hydraulic properties. The number and thickness of sublayers depend on soil
type. At the boundaries between the soil sublayers there is a vertical discontinuity
of the soil volumetric water content.That discontinuity causes difficulties in the
mathematical formulation of boundary conditions. Therefore it is more convenient
to use the soil water potential with no discontinuity as the prognostic variable.

Because of numerical integration in MEBIT, the whole soil layer () is divided
into a chosen number of computational sublayers (Az;, ¢ = 1...b on Figure 1). The
thickness of computational sub layers is determined for each simulation separately,
depending on the soil type and weather conditions, with respect to the stability
of the numerical method. Near the soil surface the thickness of the computational
sublayers is small and increases with depth. This is due to great soil temperature
gradient and great soil moisture gradient, that occur near the soil surface.

However, if the whole soil layer (z;) has sublayers with different physical proper-
ties, the computational sublayers are determined in a way that some of the bound-
aries between the computational sublayers coincide with the boundaries of sublayers
with different physical properties (see Figure 1).

For the space integration, Eq. 1, 2, and 3 are written in the following numerical
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form (Eq. 4, 5, 6):
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where index i represents space coordinates (Figure 1), i = 1...b.

Figure 1 represents the model space. Dashed lines represent the middle of sub-
layers. There, the prognostic variables (6;,1;,T;), their time derivatives and the
soil thermal and hydraulic properties (C;, M, K, De,) are computed. The solid lines
are boundaries of the computational sublayers, where energy and mass fluxes and
averages of thermal and hydraulic properties (A, Ky, D) are computed. The past
investigations (Haverkamp and Vauclin, 1979) of calculating the thermal and hy-
draulic properties of soil showed that it is convenient to use the weighted average
for the heat conductivity (A, Eq. 7):

T _ )\i—lAzi—l + /\,‘AZ,’
SR w

and geometric average for the hydraulic conductivity (K;, Eq. 8) and effective water
vapour diffusivity (D.,, Eq. 9):
K= /K. K; (8)

ﬁﬂi =y De;_, D, (9)

3.2 Integration over time

The system of Equations (4) and (5) or (4) and (6) is solved using variable com-
putational time step Runge-Kutta fourth order numerical method which gives the
following time integration scheme (Berge, 1990; Bohte, 1985):

AP = A"+ Atf(AY)/2

A" = AP ALf(AM))2

AP = AP 4 ALf(AP)

A = AT AL(F(AT) + 2f(AP + 2 (AP?) + f(AP)) /6 (10)

A is one of the prognostic variables (T,8), n is the stage at the end of the
previous step of integration, n + 1 is stage of the instantaneous step of integration;
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D1, P2, p3 denote the transient stages of integration, f is numerical form of one of the
prognostic equations (Eq. 4, 5, 6). The time step (At) is determined by the CLF
criterion, which is commonly used in numerical methods in meteorology:

At=« min,-=1,_,b(C'.~AZ,~2//\x‘)- (11)

In order to obtain numerical stability, C;, A; and Az; are volumetric heat ca-
pacity, heat conductivity and thickness of the ¢ — th computational sublayer; « is
the factor which is used to control convergence, and in MEBIT it has the value
0.5. The operator min finds minimum value of the function in brackets over all the
computational layers.

3.3 Boundary and initial conditions

In the case of MEBIT the boundary conditions for soil temperature and soil moisture
at the soil surface are determined by the energy and mass bhalance equations. The
energy balance equation is

R3+Rla+Rla+H+LE+G=0 (12)

R, - solar global radiation (W/m?),

Ry, - long wave radiation of atmosphere (W/m?2),
Ry, - long wave radiation of soil surface (W/m?),
H - sensible heat (W/m?),

LE - and latent heat (W/m?),

G - conduction of heat in the soil (W/m?).

The energy fluxes of R;,, H and G depend on soil surface temperature (T;) and
Equation (4) can be written as the function of (T5):
T, <T. —T,

T —
R,+R;a—e_,aT,4+gcp I -
Tah Zm

=0 (13)

€, - soil surface emissivity depending on soil moisture,

o - Stefan-Boltzman constant (WK *m~2),

@ - air density (kg/m3),

¢p - air specific heat capacity (J/kgK),

T,,, - air temperature at 2z, high (K),

Tan - aerodynamic sensible heat resistance, dependant upon the stability of the at-
mosphere (s/m), (Businger, 1975),

A1 - average soil heat conductivity at the soil surface (W/mK).

The boundary condition for soil temperature at the soil surface (T) is determined
by iterative solution of Equation (4). At the beginning of the iteration 7 is equal
T; from the last time integration step.

The boundary condition for the soil volumetric water content at the soil surface
is determined by the equation of water mass balance in the first computational layer:

P+E+Fi+F,=0 (14)



Dynamic Model MEBIT _ 187

P - precipitation intensity (kg/(m?s)),

E - evaporation at the soil surface (kg/(m?s)),

Fy. - water mass flow in the soil due to capillary forces (kg/(m?s)),
F, - water mass flow in the soil due to gravity force (kg/(m?s)).

In the second boundary condition the soil temperature (T}) at the bottom of the
soil layer (z,) is kept constant during the simulation time and water or vapour mass
flow through the bottom boundary level (2) is set to 0:

900
0z
At the beginning of each simulation, the initial conditions are determined by the

soil temperature and volumetric water content in the middle of each computational
layer.

o6
z =2, Tp= const., (&)% =(53")s =0 (15)

3.4 Input data

MEBIT uses input data that describe weather conditions and soil type. The input
data representing weather conditions are hourly values of air temperature, relative
humidity, pressure, wind velocity,.global radiation and precipitation. Usually we
can get data in an appropriate form from an automatic meteorological observation
station. The input data describing soil type are texture, organic matter content and
thickness of soil layer.

4 Description of the model

For computer application, MEBIT is written in Pascal. It can be run on PC (386
or 486) or on work station (HP Appolo series 700). The computer program consists
of four main parts. The first part includes initialization procedures, the second
part procedures for soil heat flow simulation. In the third part, the procedures for
soil water mass flow are included and in the fourth time integration and output
file construction take place. The output files include predicted hourly values of the
soil temperature, volumetric water content, soil water potential, soil heat and water
mass flow for the chosen computational layers. These files are suitable for a graphic
representation of the results in Quattro Pro or in other graphical programs.

5 Presentation of some results

The application of the model was done for eutric cambic soils at the meteorological
observation station in Bilje in the south-west of Slovenia. The whole soil layer is
0.7 m deep and it consists of three soil sublayers with different physical properties.
This type of soil is very common in Slovenia and is suitable for agricultural work.
The depth of the bottom boundary of the whole soil layer should be determined
with respect to the assumption of no ground water influence in the model. The
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Figure 2: Hourly values of air temperature and precipitation in Bilje, 25th April to
4th May, 1991.

thickness of the computational sublayers was determined due to the stability of the
numerical solution with heuristic approach. It was found that the thickness of the
first computational sublayer under the soil surface has the greatest influence on the
solution stability.

The comparison between predicted and measured values of soil temperature
showed that MEBIT gave good results in the five day simulations. The CPU time
in five day simulation is about 5 minutes on HP Appolo 730 work station.

The simulation was performed during the period 25* April to 4" May 1991 (see
Figure 2). Weather conditions were representative for this time of the year in Bilje.

For the chosen conditions, MEBIT gives stable results if the thickness of the first
computational layer is about 0.01 m and the time step is about 600 s. Two five day
simulations were made. Figure 3 and 4 represent model output hourly values for
soil temperature and soil moisture, in six different soil depths.

6 Conclusion

MEBIT was made to simulate soil temperature and soil moisture variations in a
vertical direction in different soil types and under different weather conditions. The
physical properties of the soil such as. heat conductivity, heat capacity, hydraulic



Dynamic Model MEBIT 189

30

25 4

N
o

soil temperature (0C)
= o

[ R ettt DU TR s s ML L e e E LU L ARG L L D

254. 26.4. 27.4. 28.4. 20.4.
date

-—2cm - Sem == 10cm ---- 20cm — 30cm ---- 50 cm

0.5 20

volumetric water content (m3/m3)
precipitation (mm)

date

—=1cm - 4cm ~——S5cm - 10cm — 30cm [ RR
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25th to 29* April 1991, in Bilje.
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conductivity, and desorption curve, are determined by empirical or semiempirical
relations (de Vries, 1963; Saxton et al., 1986; Campbell, 1985). They depend on soil
texture, organic matter content and water content.

To solve the system of two nonlinear differential equations the variable com-
putation time step Runge-Kutta fourth order numerical method was found as the
most suitable method to get a stable solution. The stability of the space integration
depends, first of all, on the thickness of the first computational layer under the soil
surface. In MEBIT, this thickness is determined heuristicaly and it depends on soil
type and weather conditions.

In further work the model could be adjusted for other agrometeorologic weather
stations.
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