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Agrophysics is interdisciplinary science engaged among other things in model­
ling of the processes taking place in the soil-plant-atmosphere-machine system. 
Agrophysics is an integral part of environmental physics and it deals with the 
processes in agricultural used land and processes connected with food production. 
Such areas cover only 9.7% of global Earth surface, however, they are under 
intensive human ingeration e.g., monoculture crops, water management and high 
level of chemical and mechanical treatment.

Particular elements of the 
soil-plant-atmosphere-machi 
ne system (Figure 1), which is 
a habitat of plant growth and 
development, play different 
role in it. The purpose of hu­
man activity on the areas be­
ing under agricultural use is 
plant production, thus the uti­
lisation of all possible agro- 
technical treatments for crea­
tion in the soil the optimum 
conditions of plant growth 
and development (Figure 2).

A model of plant growth 
and development (Figure 3,4) 
contains in its structure a part 
which is characteristic for a 
given plant and changeable 
during its phenological deve­
lopment. Such a model also 
contains, as border condi­
tions, agrometeorological da­
ta, reflecting the processes ta­
king part in the atmosphere,

FIGURE 1. The elements of soil-plant-atmosphere 
system [Mazurek 1998]
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CLIMATIC CONDITIONS TILLAGE

FIGURE 2. Variable and invariable parameters of soil solid phase

soil physical status and the processes which occur in the soil as the environment 
of rooting system growth and development as well as impact of a machine for the 
elements of this system in the aspect of forming soil properties through the 
mechanical action during the cultivation and the plant-machine action during 
cropping.

т т т т т т т т

GEOGRAPHICAL INFORMATION SYSTEM

FIGURE 3. The EURO-ACCESS model [1996]
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INPUT DATA

C L I M A T I C
F A C T O R S

S O I L  P R O F I L E  
C H A R A C T E R I S T I C S

P L A N T  
P A R A M E T E R S  
maize, soya, 
wheat, potato, 
sunflower

-Tmax
-Tmin
-Precipitation
-Potential
évapotranspiration

-Radiation
-Longitude
-latitude
-Altitude
-Topography

-Bulk density 
-Field capacity 
-W ilting point 
-Air dry moisture 
-Retention curve 
-Saturated hydraulic 
conductivity 
-Mualem- 
-Van Gcnuchtcn 
parameters 

-Saturated water 
content

-Optimal growth 
temperature 

-M inimal growth

-Maximum leaf 
area index 

-Crop harvest 
index
-MftTimiifti plant
hight
-Maximum rooting 
depth

-Heat unit index 
o f the phase 

-Plant water 
resistance 
-Water stress 
index

-Thermal stress 
index

H Y D R O L O G I C A L
S U B M O D E L

-Richard’s equation 
-Actual

-Drainage
-Irrigation

G R O W T H
S U B M O D E L

-Biom ass production 
-Crop phcnophascs 
-Leaf development 
-Rooting depth 
-Thermal and water stress

FIGURE 4. Input data of EURO-ACCESS model

THE MODELS OF AGROCLIMATIC PARAMETERS

One of the most developed groups of methods of actual évapotranspiration 
determination include the methods basing on the energy balance equation:

L E  + H + Rn + G  = 0
where:
L ■ E —the latent heat flux density (the energetic equivalent of évapotranspiration flux) [W 

xnT2];
L -  the latent heat of vaporisation of water (L=2.45 • 106 J • kg-1);
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—2 —1E -  the évapotranspiration flux [kg • m x s  ]; 
H -  the sensible flux density [W • Ц- 2 ];

Rn -  the net radiation flux density [W ■ m- ];
G -  the heat flux into the soil [W- m-2]

In this equation fluxes directed towards the active surface are given positive 
values while fluxes coming out of the surface are given negative values.

The methods basing on heat balance equation consist in assuming one of its 
components as unknown (usually it is L ■ E) and determining the other components 
using indirect methods.

In the heat balance method of actual évapotranspiration evaluation a new 
approach was created when the measurement of radiation temperature of evapo­
rating surface became possible. Precise, remote sensing measurement of the 
radiation temperature for the large areas gives a chance of following modification 
of heat balance method and its application for regional scale. The sensible heat 
flux, expressing the thermal energy transport from the evaporating surface towards 
the atmosphere is directly proportional to the difference between the temperature 
of evaporating canopy and the air temperature:

T -  TT1 „ 1 с M aH=  p- С ---------
'  rah

where:
Tc -  crop surface temperature [K];
Ta -  air temperature [K] measured at reference height;
T -  the apparent canopy surface temperature;
r h -  diffusion resistance for transport of heat [s • m-1];
p  -  the air density [kg • \±”3];

cp -  air specific heat [J- kg-1 • КГ1]

Till now many attempts have been undertaken to use heat balance equation for 
the evaluation of actual évapotranspiration of large areas [Kędziora 1995].

The daily courses of heat balance components are presented in Figure 5 for a 
pair of lysimeters with different soil water conditions (comfort water conditions 
-  ground water level 60 cm and stress water conditions -  gravitational water 
completely carried away). Significant differences in the courses of sensible and 
latent heat fluxes were noticed for these two lysimeters. The évapotranspiration 
rate expressed by the latent heat fluxes showed high differences for the lysimeters 
with different soil water conditions. During midday hours the differences between 
LES and LEC fluxes reached 200 W • m . Simultaneously the rapid changes of 
net radiation flux led to the rapid changes of latent heat fluxes.

The differences of instantaneous values of potential évapotranspiration deter­
mined by three different methods were noticed with exception of night hours and 
the moments of decreasing solar radiation.
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Time [h]
FIGURE 5. Daily courses of heat balance components: R„ -  net radiation flux, G -  heat flux in 
the soil, Hs and Hc -  sensible heat fluxes respectively for the lysimeters with comfort and stress 

water conditions, LES and LEC -  respective latent heat fluxes [Baranowski 1999]

Analysing the daily courses of potential évapotranspiration calculated with 
different methods and actual évapotranspiration for lysimeters with stress and 
comfort water conditions, it was stated that the hourly values of actual évapotran­
spiration in the lysimeters with comfortable water conditions follow best the 
évapotranspiration calculated according to the Penman-Monteith and Kimberly- 
Penman formulae whereas under the water stress conditions its magnitudes are 
remarkably lower [Figure 6].

The main components of water balance are: rainfall, interception (a volume of 
water attenuated by the plants covering the soil) and évapotranspiration (the 
amount of water which evaporates from the soil and transpirates from the plants 
growing on it). The water balance in this form is the base of the physical model 
of the process of water exchange in the soil-plant-atmosphere system. The know­
ledge of the water balance is indispensable for the evaluation of the amount of 
water swelling the rivers and water reservoirs and for the estimation of the soil 
water erosion intensity.

The runoff is one of the main components of the water balance in the soil-plant- 
atmosphere system. It is formed under the impact of hydrological and climatic 
conditions, characteristic for a given area. The condition of appearing of runoff is 
that the amount of rainfall reaching the soil surface was higher than the value of 
water conductivity coefficient in the saturated zone. Thus runoff does not begin 
at the moment when rainfall takes place. The amount of water reaching the soil 
surface is smaller than rainfall intensity because of interception value. This effect 
of water attenuation on the leaves additionally delays the moment of runoff 
appearing and it decreases its total value.
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1

Time [h]
FIGURE 6. The daily courses of potential and actual évapotranspiration calculated with different

methods [Baranowski 1999]

The role of ewapotranspiration in the water balance during the rainfall is 
minimal. Because of the high value of air humidity in this case, water does not 
evaporate from the soil surface or from the plants.

The infiltration, which decides about the runoff intensity during the concrete 
rainfall, is depended on soil hydrophysical characteristics, presence or lack of 
presence of macropores and on kind of soil surface. Taking into account the 
physical description of infiltration process, the fundamental soil hydrophysical 
characteristics are: the coefficient of water conductivity in saturated zone, the 
coefficient of water conductivity in unsaturated zone and the water retention curve. 
Another non-physical quantity, approximately characterising soil ability for water 
storage is water field capacity. The knowledge of the soil hydrophysical charac­
teristics enables the process of numerical modelling of water infiltration.

The existence in a given area of the soils with macropores of biological origin 
(biopores) or macropores which came into being as result of soil swelling and 
shrinking (cracks) has an important impact on infiltration process conditioning 
runoff in a given area.

Due to existing macropores, water can faster flow into the deeper soil profile 
layers increasing the total infiltration rate. However, in the case when water is 
polluted with chemicals, the process of preferential flow can lead to the contami­
nation of the soil profile and getting of chemicals into ground waters. The process 
of preferential flow can result in decreasing of runoff and thus in decreasing of 
water quantity flowing directly into the rivers and water reservoirs. To determine 
the runoff intensity the intensity of rainfall should be measured.

On standard agroclimatic stations the amount of rainfall is only measured, not 
its intensity, which results in creation of the methods and models for evaluation 
of the runoff (with respective accuracy), in which the intensity of rainfall is also
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estimated. In the Institute of Agrophysics PAS in Lublin, the method has been 
elaborated for rainfall intensity estimation, in which the distribution of intensities 
occurring in a given rainfall is approximated with lognormal distribution. Kno­
wing the rainfall intensity and the value of soil water conductivity coefficient in 
saturated zone, the runoff can be evaluated.. To calculate the infiltration in the 
case, when the soil is not still saturated, the precise description of infiltration by 
Richard’s equation should be applied, what requires the knowledge of the soil 
hydrophysical parameters, which can be directly measured or estimated basing on 
different models with the use of information about soil physical properties.

MODELLING OF WATER AND HEAT MOVEMENT 
IN THE SOIL

For the description of this process the mass conservation law is used, expressed 
by the equation of continuity, which for solenoidal field can be written as:

Comparing the equation of continuity for a field with sources with Darcy 
equation of water flow in unsaturated zone:

t=  K(e) ■ V *P

the Richard’s equation is obtained in the form:

?)G)
^  = -V 1 (0 )V 4 ' + F(r?t) 

where:
q -  water flux,
K(&) -  water conductivity coefficient in unsaturated zone,
0  -  soil water content,

-  soil water potential,
F(r,t) -  source function (e.g. water uptake by the roots, watering-dewatering drainage 

systems).
By solving Richard’s equation for given initial and boundary conditions it is 

possible to predict the dynamics of soil water content changes in the soil profile. 
For stability of solving the differential equation ( e.g. Richard’s equation), the 
errors of its solution generated in successive time steps should be of decreasing 
amplitude.

and for the field with sources:
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The main source of the heat provided to the soil is solar energy. This energy is 
transformed on the active surface which is the soil surface with plants growing on 
it. The heat flow in the soil can occur by conduction, radiation, the change of water 
aggregation state and convection. The heat radiation is a process which consists 
in energy emission in the form of electromagnetic radiation. The convection is a 
process of moving of the energy stored in the soil air. The heat transport as a result 
of changing of water physical state consists in evaporation of water in some soil 
parts and its condensation in some other parts. The energy flow as radiation, 
convection and change of water aggregation state plays an important role on the 
soil surface. In the soil profile, the main way of heat transfer is the process of its 
conduction.

The process of heat transfer in the soil can be described by the equation 
proposed by Philip and De Vries [1957]:

C §  = V- (kV T) -  LV • (D0V V 0 )

where:
С -  the heat capacity [J/m3 x°C];
T -  the temperature [°C];
t -  the time [s];
X -  the thermal conductivity [W/m x °C];
L -  the latent heat of vaporisation of water [J/m3];
0  -  the volumetric soil water content [m3/m3];
D 0V -  the water vapour diffusion coefficient in isothermal condition [m2/s].
This equation describes the three-dimensional heat transfer in a three-phase 

capillary-porous medium, which is the soil. The first term in this equation 
describes the process of heat conductivity under the temperature gradient, while 
the second term describes the heat transfer as a result of evaporation and conden­
sation of water which term in reference to the heat transport in the soil profile can 
be omitted with good approximation [Chung Sang-Ок, Horton 1987].

As the result, the transport equation can be written in following way:

сЩ~ = V-iXVT)at
In general, the equations of heat and water transport in soil medium are a second 

order non-linear differential equations because the coefficients are temperature 
and moisture dependent.

c f  -  V-(XV7) -  LV-(D0vV0 )

= -V(Z>eV0) -  V (D7VD -  VK

In natural conditions, the periodical changes of temperature in particular layers 
of soil profile are noticed. These changes are observed for both daily and annual 
scales (Table 1, Figure 7).

Wijk and de Vries assumed that diurnal changes in temperature may be 
described by a diminishing since wave (Figure 8) as per the formula:
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TABLE l.Soil temperature changes at Argonne, Illinois [Carson, Moses 1963]

Depth Mean annual variation in Maximum daily variation in
temperature [°C] temperature [°C]

1 cm 25 12
10 cm 24 9
20 cm 23 3
50 cm 22 0.5
10 feet (304.8 cm) 8 0
29 feet (884 cm) 1 0

where:
TQ -  mean temperature of soil surface [°C]
Ta -  amplitude of temperature at soil surface [°C] 
с -  coefficient of mean temperature changes with depth [°C x cm-1] 
z -  depth [cm] 
t -  time [s]
со -  angular frequency [s-1] 
d -  attenuation depth [cm]

MODELLING OF THE MACHINERY-SOIL INTERACTION

The application of agricultural machines loosening and compacting soil is a 
purposeful agrotechnical measure, aimed at the obtaining of a soil compaction

FIGURE 7. History of temperature on days after watering at depth of 0.4 and 13 cm 
below the surface soil [Rose 1968]



60 R. T. Walczak

FIGURE 8. Cycling variation of temperature at soil surface and at depth z 
[Wijk and de Vries 1963]

optimal for the growth and development of cultivated plants. All agrotechnical 
measures, not always connected with the mechanical processing of soil, like for 
instance fertilizing, plant protection, weeding, agricultural crop transportation, are 
accompanied by repeated kneading of soil by the wheels and track of vehicles.

The dependency between elasticity, viscosity and deformation expressed by 
mathematical equations has the form of mathematical-physical models [Pukos, 
Walczak 1973]. In Table 2 the reological equations of chosen models are presen­
ted.

The soil compaction causes changes in the volume, dimensions and shapes of 
soil pores (Figure 9), and thus it influences the water and air properties of soil 
(Figure 10, 11). In soil sciences many works are concerned with investigations of 
the water properties of soil and their connections with, among other things, the 
specific surface, mechanical composition and the content of organic substance.

FIGURE 9. Participation of pores of chosen groups of soil compaction. Amounts of pores in gi­
ven ranges, diameters 1 dm in (15-6 X lO"6 m), dm ax (15-6 X  КГ6 m); 2 -  dmin (30-18.5 x lO"6 
m), dm ax (30-18.5 x 10~6 m); 3 -  dmin (1200 x 10~6 m), d max (1200 x 10~6 m); 4 -  d mi„ (15-6 x 

10-® m), dmax (1200 x 10"6 m) [Walczakl977]



TABLE 2. Mathematical equations of chosen reological models [Konstankiewicz, Pukos 1993]
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FIGURE 11. Loops of pF-moisture 
hysteresis for maximal, middle and 
minimal soil compaction [Walczak 

1977]
FIGURE 10. pF characteristics for soil of different com­

paction (moisture in kg x k g '1 100%) [Walczak 1977,
1984]

EXPERIMENTAL VERIFICATION OF EURO-ACCESS II 
HYDROLOGICAL SUBMODEL

In the frame of EURO-ACCESS (AgroClimatic Change and European Soil 
Suitability) project (Figure 12.) the model of crop growth and yield prediction was 
elaborated. Hydrological part of this model is based on one-dimensional Richard’s 
equation. For the purpose of heterogeneity of the soil profile, in the Institute of 
Agrophysics PAS, the model of bypass flow was elaborated and included into the 
hydrological part of EURO-ACCESS model [Sławiński et al. 1996, Walczak et 
al. 1996 a, b].

Main assumptions of bypass flow submodel:
-  Heterogeneous soil profile is divided into homogeneous compartments.
-  Vertical water flow in soil matrix is described by Richard’s equation (one-di- 

mensional flow model).
-  Part of water is flowing directly in macropores (proportionally to relative 

cracks area).
-  Part of water, which can not vertically infiltrate in soil profile (runoff) is 

flowing into the macropores.
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INPUT DATA

 z . \ ___
HYDROLOGICAL GROWTH

SUBMODEL SUBMODEL

-------------------------------------------------------------  -Biomass production
► Richard's eqation

I  ^ -Rooting depth
-Thermal and waterSdtSK

__________T   ł ______________ i -------------------------

bvpass evaporation
flow
submodel irrigation

consumption 
by root 
systemu p  ,

moisture, /  \

| g “  j [ y i e l d  )

FIGURE 12. The EURO-ACCESS-II model [Sławiński 1997]

-  Water fills crack (Figure 13), giving the hydrostatic pressure distribution at 
the crack wall which is used as the boundary condition for the water infiltration 
into the soil.

-  Initial moisture for each time step of horizontal infiltration is assumed to be 
constant in space.

-  The Green-Ampt approach is use for the horizontal infiltration description.
Intensity of precipitation determines the amount of water accumulated in soil

layers and amount of runoff water. At the standard agroclimatic stations, only 
cumulative daily value of precipitation is collected as climatic and agroclimatic 
information set.

On the basis of standard meteorological data (the amount of daily rainfall) it 
was find that the distribution of rainfall intensity is asymmetric. Lognormal 
distribution is asymmetric and it is often used for describing natural environmental 
processes.

Figures 14, 15 and 16 show the real and approximated distributions of rainfall 
intensities in May, July and October.

The experimental validation of the model was done using data gathered at 
Grabów site. The research area Grabów is located in the southern part of the 
Mazovian Plain, constituting a part of the greater physiographic subprovince 
called Middle Polish Lowlands. The soil is classified as Stagnogleic Luvisol. The
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FIGURE 13. Scheme of macropore [Sławiń­
ski 1997]

FIGURE 14. Frequency histogram of intensity 
of precipitation (May 1979-1991) [Walczak et 

al. 1995]

intensity of precipitation intensity of precipitation

FIGURE 15. Frequency histogram FIGURE 16. Frequency histogram of intensity
of intensity of precipitation (July 1979-1991 ) of precipitation (October 1979-1991 )

[Walczak et al. 1995] [Walczak et al. 1995]
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FIGURE 17. Results of experimental verification (Grabów-Poland) of importance of precipita­
tion intensity in dynamic modelling of example profiles compartments (a -  85 cm, b -  135 cm) 
for three versions: R. -  soil profile is composed of homogeneous layers; rainfall intensity is ap­
proximated as daily average value; R.+PR. FL. -  soil profile is composed of homogeneous lay­
ers with vertical macropores; intensity is approximated as daily average value; R.+PR. FL.+LN. 
D. -  soil profile is composed of homogeneous layers with vertical macropores; rainfall intensity 

is approximated by distribution estimated from pluviographic data collected for a given place
and period of year

profile is at a site characterized by intensive farming and belongs to a state-run 
farm -  Agricultural Experimental Station of the Institute of Soil Sciences and Plant 
Cultivation.

The experimental field is located about 100 meters far from the agrometeorolo- 
gical station, where the following climatic data are collected: precipitation, 
max/min temperature, wind velocity and direction, total and net radiation, and 
cloudiness. The collected meteorological data were used for modelling. The water 
content dynamics in the soil profile was measured using TDR equipment [Walczak 
et al. 1996; Wijk et al. 1963] everyday on i  PM. There was measurements for 
winter wheat.

The relative crack cover was fit to the data in order to minimize the difference 
to measured water content. The best fit gives the value G=1.0% for the relative
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crack area. We checked the values between 0.0% and 20.0% which cover the whole 
range of variability of this parameter.

REFERENCES
BARANOWSKI P. 1999: Modelowe badania wykorzystania pomiaru temperatury radiacyjnej 

roślin do oceny ewapotranspiracji aktualnej. In Polish. Doctor thesis. Institute of Agrophysics, 
Lublin.

CARSON J. E., MOSES H. 1963: The annual and diurnal heat-exchange cycles in upper layers of 
soil. J. App. Meteor., 2, 397-405.

CHUNG SANG-ОК., HORTON R. 1987: Soil heat and water flow with a partial surface mulch. 
Water Resour. Res. 23, (12): 2175-2186, December.

Euro-ACCESS (Agroclimatic Change and European Soil Suitability) Edited by Loveland P. J. And 
Rounsevell M. D. A. ISBN 1-871651-17-4, Cranfield University, UK, 1996.

KĘDZIORA A. 1995: Podstawy Agrometeorologii, PWRiL, Poznan.
KONSTANKIEWICZ K., PUKOS A. 1993: Haman’s inspiration concerning new mechanics of 

three-phase media. Int. Agrophysics. 7, 3-14.
MALICKI M.A., SKIERUCHA W. 1989: A manually controlled TDR soil moisture meter 

operating with 300ps rise-time needle pulse. Irrig. Sei. 10:153.
MALICKI M. A., R. PLAGGE, M. RENGER, R. T. WALCZAK 1992: Application of time-domain 

reflectometry (TDR) soil moisture miniprobe for the determination of unsaturated soil water 
characteristics from undisturbed soil cores. Irrig. Sei. 13: 65-72.

MAZUREK W. 1998: Temperatura radiacyjna jako wskaźnik stresu wodnego roślin. In Polish. 
Doctor thesis. Institute of Agrophysics, Lublin.

PHILIP J. R., De VRIES D. A. 1957: Moisture movement in porous materials under temperature 
gradient. Eos Trans. AGU, 38: 222-232.

PUKOS A., WALCZAK R. 1973: Podstawy teoretyczne badania właściwości mechanicznych gleb. 
Problemy Agrofizyki. 1.

ROSE C. W. 1968: Evaporation from bare soil under high radiation conditions. Cong. Int. Soc. Soil 
Sei. Proc. Adelaide, 57-66.

SŁAWIŃSKI C. 1997: Modelowe badania preferencyjnego przepływu wody w ośrodku glebowym. 
In Polish. Doctor thesis, Institute of Agrophysics, Lublin.

SŁAWIŃSKI C., SOBCZUK H., WALCZAK R. T. 1996: Submodel of bypass flow in cracking 
soils -  part 1. Theory. Int. Agrophysics, 10(3): 189-195.

WALCZAK R. 1977: Model investigation of water binding energy in soils of different compaction. 
Zesz. Probl. Post. Nauk Rol. 197: 11-43.

WALCZAK R. 1984: Modelowe badania zależności retencji wodnej od parametrów fazy stałej 
gleby. Problemy Agrofizyki 41.

WALCZAK R. 1987: Basic problems of mass and energy transfer in the soil-plant-atmosphere 
system. ZPPNR, 346: 11-22.

WALCZAK R. T., SLAWINSKI C., KASZEWSKI В. 1995: The method of rainfall intensity 
estimation for runoff prediction. ZPPNR, 419: 119-123

WALCZAK R. T., SOBCZUK H., SŁAWIŃSKI C. 1996: Submodel of bypass flow in cracking 
soils - part 2. Experimental Validation. Int. Agrophysics, 10(3): 197-207.

WALCZAK R. T. SŁAWIŃSKI С. SOBCZUK H. GLIŃSKI J. 1996: Modelling soil crack 
development in EURO-ACCESS II. 1.Technical Report (Chapter 5).

WIJK W. R., de VRIES D. A., Periodic temperature variations in homogenous soil. (In) W. R. Wijk 
van (ed.), Physics of plant environment. J. Wiley and Sons, New York, 1963, p. 210-235.

Author's address: Prof. dr hab. R. T. Walczak
Institute of Agrophysics PAS,
20-236 Lublin, str. Doświadczalna 4.


