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Abstract: One of the important processes taking place during soil surface tillage is the variation
of the soil temperature at different depths. The paper presents the results of research into the
dynamics of soil temperature variation in terms of such parameters of the soil as its thermal diffusivity
and temperature oscillation frequency. It has been established that the temperature oscillation
amplitude decreases when the depth increases, following the logarithmic law. In this variation, the
temperature difference between the 0-5 cm layer and the adjacent 5-10 cm layer has the greatest value.
This circumstance is a favorable factor for the fallow tillage technology, where the soil is regularly
cultivated to a depth of no more than 5 cm, in case of a moisture deficit. A decrease in the frequency
of the soil temperature oscillations can result in the reduced level of its heating in different layers. In
terms of qualitative changes, the reduction in soil thermal diffusivity results in the amplitude of the
soil temperature oscillations being lowered and at the same time the maximum of these oscillations
being shifted towards a delay.

Keywords: soil; amplitude; fallow; thermal diffusivity; vibration frequency

1. Introduction

When the soil is loosened, the field surface in immediate contact with atmospheric air
increases [1], so supporting the intensive evaporation of soil moisture [2]. This evaporation,
which increases with the depth of the loosened soil layer [3], substantially changes the
temperature conditions of the soil layer and consequently its properties [4,5].

First, soil temperature has a significant effect on soil carbon fixation [6-8]. In this
respect, it has been found that with a temperature increase the CO;, emissions from the
soil into the atmosphere become greater [9,10]. For example, one of the interesting results
obtained in the research is the fact that the CO, emissions at a soil temperature of 23 °C are
greater by a factor of 2.4 than the emissions at a temperature of 10 °C [11-13].
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The solar energy that reaches the soil surface can be split into soil heat flux, sensible
heat reflection, and latent heat for water evaporation [14]. The heat flux of soil relies on its
heat capacity and thermal conductivity, which are affected by bulk density, soil composition,
and water content [15]. Usually, dry soils cool and warm faster than wet soils due to soil
particles, which have a lower heat capacity and greater heat conductivity than water [16].
In this context, the tillage technique modifies the soil surface by increasing air pockets in
which evaporation occurs, and then potentialities of soil heating and drying are changed.
Tillage causes a lower soil thermal conductivity compared to that of the untilled soil and
then no-tillage system promotes temperature lowering in the soil. Really, comparing to the
conventional soil tillage techniques, the no-tillage allows us to reduce by at least 1.97 °C
the heating of the soil [17,18]. Moreover, the temperature reduction can reach a level of
over 3 °C if the no-tillage technique is joined to soil mulching, which allows us to lower
the soil heat flux and increase the amount of reflected heat. Soil temperature goes down
also using the strip-tillage technique, even if it remains higher by about 1.4-1.9 °C than
no-tillage practices [19], considering that the strip-tillage has the feature of increasing soil
temperatures along the rows and lower the temperature along the inter-rows covered by
residues in which soil moisture is conserved [20,21].

Bulgakov et al. [22] developed the black fallow tillage technology, in which the soil
ripping depth does not exceed 5 cm. It has been established experimentally that the
CO, emissions from fallow soil at a temperature of 33.4 °C are 5.5 times greater than at
a temperature of 17.6 °C [23]. Furthermore, no experimental data concerning the soil
temperature distribution as a function of the soil tillage depth are available, and data about
the temperature of the 0-5 cm soil layer are not known, nor how this temperature affects
those ones concerning the deeper soil layers.

In contrast, in the fallow tillage technology such data are needed to choose the suit-
able tillage parameters to create negligible conditions of soil heating and, accordingly, of
moisture losses from the layers below 5 cm.

The dynamics of the variation of soil temperature in relation to depth can be adequately
described by a suitable mathematical model, and currently three typologies of such models
are known [24,25].

The first typology is represented by the empirical models, which are the most widely
used. They are based on the statistical relations between the soil temperatures at certain
depths and the local climate and soil conditions. These conditions include radiation
absorbed at the soil surface, soil surface emissivity, air volumetric heat capacity, soil
surface conductivity, air temperature, air density, atmospheric pressure, latent heat for
water vaporization, water vapor pressure at the surface, air vapor pressure, soil thermal
conductivity, soil surface albedo, and others.

The second typology is represented by the mechanical models, which are based on
the rather complicated balance of radiant energy. Additionally, such models attempt to
describe the apparent, latent, and heat-conducting heat flows in the soil, which are partially
described by the Fourier-Biot equation [25].

The models in the third typology allow us to calculate the temperature in different
soil layers based on the physical principles of heat flows [26]. However, the boundary
temperature at the soil surface must be found empirically in such models.

The deeper analysis of the models of all typologies highlights their complexity for
being employed in practice.

Taking into account the aforesaid, the aim of this research is to find a mathematical
tool which would be simple for calculation purposes but at the same time would enable
the process of heat penetration into soil to be controlled. The results of the analysis would
be useful for carrying out the fallow tillage technology, which affects a worked soil depth
of no more than 5 cm.
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2. Materials and Methods
2.1. The Considered Mathematical Model

One of the possible theoretical solutions of the Fourier-Biot equation has been assumed
as quite a simple model, for analyzing the law T (s, t), concerning the distribution of the
soil temperature t, °C, along its tillage depth ks, cm [27]:

T(hs,t) = Ts + Ao- [sin (wt - hs-\/g)] -exp(—hs- ;;{), 1)

where Ts, A, are, respectively, the mean value and amplitude of the soil surface temperature,
°C; w is the soil surface temperature oscillation frequency, h™!; k is the thermal diffusivity
of the soil, cm2 h1.

No data has been found on how adequately this equation represents the real dynamics
of the T = f(hs, t) process that takes place in some specific soil conditions. Furthermore,
there is no data on the effect that the period or frequency of the soil temperature oscilla-
tions and especially the thermal diffusivity k of the soil have on the distribution of the
temperatures in the soil layers.

Therefore, first of all, in order to verify the adequacy of the assumed mathematical
model, that is Equation (1), experimental tests were carried out to assess the agreement
among the effective temperatures measured over a time period in the 0-5 cm layer and the
corresponding values calculated by means of Equation (1).

2.2. Laboratory and Field Test Carried Out to Verify the Adequacy of the Mathematical Model

The measurements were carried out in a fallow field in Zaporizhia Oblast (Ukraine),
the soil of which had the following characteristics: dark chestnut, medium loam soil with
a humus content of 2.6% in the 0-20 cm layer. The same layer contained (per kg of soil):
(i) 21.2 mg of total nitrogen; (ii) 38.5 mg of phosphorus; and (iii) 295.0 mg of potassium.
The minimum moisture-holding capacity of the soil was at a level of 21-22%, its withering
point —9%.

The soil temperature in the 0-5 cm layer was measured over a period of three spring
days (from 28 to 30 of May 2021), by using the DS18B20 (Dallas Semiconductor) sensor.
This tool had the following main characteristics: a temperature range of -10 °C to +85 °C,
and an absolute measurement error of less than 0.5%. The electric signal from the sensor
was recorded with the use of an Arduino Uno device.

The soil thermal diffusivity k was assessed by the copper plate method. This copper
plate had the following dimensions: (i) thickness, 0.2 cm; (ii) width, 15 cm; (iii) height,
10 cm (Figure 1). The plate was heated to a temperature of 60 °C. This temperature was
measured by means of the HYELEC MS6501 digital thermometer equipped with a Type
K thermocouple and characterized by a measurement error of less than 2 °C. The heated
copper plate was immersed in the soil (Figure 1) and in turn placed in a box with the
following dimensions: (i) length, 50 cm; (ii) width, 16 cm; and (iii) depth, 15 cm.

A mercury thermometer TM-10 (Figure 1a) with a division value of 0.2 °C was placed
at a distance of X = 3 cm from the plate centerline. In the course of time, the temperature
of the soil at the point situated at a distance of X = 3 cm from the centerline gradually rose,
reached the maximum value T4y, stayed at this maximum level over a time T; (s), then
went down.

The readings of the mercury thermometer were recorded each 60 s. The number of
experiments for determining the thermal diffusivity of the soil (k) was equal to 5. The value
of the coefficient k in each experiment was calculated using the following formula:

1800- X2
k= v ()
(Tmax + 0.5' TZ)
where X was the distance between copper plate and thermometer, cm; Ty,x Was the time
between the measuring start and the time corresponding to the maximum temperature
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recorded by the thermometer, s; T; was the duration of the time, over which the thermometer
has registered the temperature T4y .

(a)

Figure 1. Complete set of equipment for measuring thermal diffusivity of soil (a) and arrangement of

this equipment during measurements (b): 1—box with soil; 2—thermometer; 3—copper plate.

Prior to conducting the experiments, the moisture content and density of the soil
were measured. The moisture content was determined with the use of the gravimetric
(thermostat-weight) technique [28].

The soil bulk density was measured as follows [29]. A soil sample was taken with a
28.35 cm? cylinder and weighed on the scales. The latter were configured to measure in
ounces. Because 1 oz. = 28.35 g, the scale displayed the value of the soil mass that was
equal to its density in g cm™.

The parameters Ts, A,, and w in Equation (1) needed for verifying its adequacy were
found by analyzing the soil temperature measurements obtained over a three-day period
specifically in the 0-5 cm layer.

The soil surface temperature values calculated by means of Equation (1) were com-
pared with the experimental temperature values measured through the aforementioned
DS18B20 electronic transducer over a three-day period. The calculated and experimental
data agreement pattern was used to estimate the adequacy of Equation (1).

2.3. Experimental Test Aimed at Measuring the Soil Temperature Distribution along the Depth

The experimental investigations were carried out in the soil with the parameters
described earlier in the paper. The soil background within the depth range of 0-25 cm was
divided into 5 layers, each 5 cm thick. In each layer, a DS18B20 temperature sensor was
placed (Figure 2), then soil was filled in to cover the sensors.

The signals from the soil temperature sensors were recorded in a text file in the memory
card with the use of the Arduino Uno unit. The resultant experimental data were used to
plot the respective relation diagrams.

The distribution of the soil temperature in the 0-25 cm layer was recorded in the
period from 1 to 3 of June 2021.
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Figure 2. Soil temperature measurement sensors placed at different depths.

3. Results and Discussion
3.1. Adequacy of the Mathematica Model

As a result of processing the obtained experimental data with the use of empirical
Equation (2), it has been established that the soil under investigation with a moisture
content of 14.5% and a bulk density of 1.23 g cm™ has a thermal diffusivity coefficient of
k=180 cm? h™'.

Based on the data obtained for the soil temperature dynamics in the 0-5 cm layer
(Figure 3), the following values have been assumed for the purpose of verifying the
adequacy of Equation (1): Ts =30 °C; A, =11 °C; w = 0.25 rad hl.

The comparison of the calculated and experimental data (Figure 3) has proved that the
maximum difference between them within the whole range of the recorded measurements
does not exceed 20%. Such a result provides reasonable grounds to consider Equation (1)
as adequate and suitable mathematical model for the further predictive analysis of the
patterns in the distribution of the soil temperature along the depth.

3.2. Analysis of the Heat Penetration into the Soil through the Mathematical Model

Some examples of the dynamics of soil temperature variation at different depths,
obtained by means of Equation (1), are reported in Figure 4. Their analysis indicates the
following: the deeper in the soil the point of observation is, the smaller the temperature T
oscillation amplitude becomes. In principle, this conclusion agrees in a qualitative sense
with the data presented in the papers by Horton et al. [19], Arkhangelskaya [30], and
Sandor and Fodor [25].
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Figure 3. Experimental and calculated data on soil temperature variation.

28
hs=5cm
| — hs=10 cm
—— hs=15cm
— hs=20 cm
24 1 hs=25 ¢

Soil temperature (°C)
N
o
|

12 I | | | I I |

0 10 20 30 40 50
Time (h)

Figure 4. Dynamics of soil temperature variation at different depths according to Equation (1).

It is to be pointed out that the decrease in temperature with time (t) is not proportional,
but follows the logarithmic law (Figure 5), which can be satisfactorily approximated by the
following equation:

T =7.774-In(t) + 42.451. 3)
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Figure 5. Dynamics of soil temperature decrease with time.

According to this law, the difference of temperatures between the 5 cm and 10 cm
layers is greater than that between the 10 cm and 15 cm layers. On the other hand, the soil
temperature difference between the 10 cm and 15 cm layers is smaller than between the
15 cm and 20 cm layers. In the case under consideration, for example, the difference between
the maximum temperature values in the 5 cm and 10 cm layers is equal to 2.3 °C. The same
difference between the 10 cm and 15 cm layers is equal to 1.3 °C, i.e., by 1 °C lower.

It is to be pointed out that such a trend in the dynamics of the soil temperature
variation with the depth is very important for the fallow tillage technology. As mentioned
previously, one of its features is the systematic cultivation of the soil to a depth of no more
than 5-6 cm. In that context, if the soil temperature difference between the 0-5 cm and
5-10 cm layers is greater than between the 5-10 cm and 10-15 cm layers, the conditions
arise for obtaining dew in the soil at the boundary between the 0-5 and 5-10 cm layers.

Therefore, Equation (1) provides the theoretical basis to solve the problem of finding
the dew point in the soil. In the conditions of a soil moisture deficit, this problem is of
critical importance.

Figure 4 highlights that the decrease in the soil temperature oscillation amplitude at
greater depths is accompanied by a certain phase shift At of the temperature towards a
delay with respect to the surface. Theoretically this time lag At can be calculated by the
following formula [30]:

hs ]t
At =2 — 4
=V @)

where T; is the temperature oscillation period, h.

In the case under consideration T; = %’T = % = 25.12 h, therefore, the phase shift At
(that is, the delay) in the temperature oscillations shown in Figure 4 is equal to 1.75 h.

In terms of reducing the level of soil heating, it is desirable that the parameter At
shows a growing trend. It can be concluded from Equation (5) that this purpose can be
achieved in three different ways: (i) by increasing the temperature oscillation period T; (or
reducing the frequency w); (ii) by reducing the value of the thermal diffusivity k of the soil;
(iii) by simultaneously changing the parameters T; and k.
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The calculations based on Equation (1) indicate (Figure 6) that the decrease in the
soil temperature oscillation frequency at a depth of 5 cm from 0.25 to 0.15 rad h™! quite
expectedly results in the increased value of the oscillation period T;. In the case under
consideration, it is equal to approximately 3 h.

—— (0.25rad h?!
— (0.20rad h?

-1
28 - — 0.15rad h
24
3
o 4
=
©
o 20 -
Q.
E
2
%
%]
16
12 I I I I I T T T T 1
0 10 20 30 40 50
Time (h)

Figure 6. Dynamics of soil temperature variation in relation to temperature oscillation frequency at a
depth of 5 cm.

At the same time, simultaneously with the increase in the soil temperature oscillation
period, certain growth is observed in the maximum values of the temperature. According
to the calculations based on Equation (1), in the case of a decrease in w from 0.25 to
0.15 rad h™!, this growth will be small and equal to a mere 0.6 °C (Figure 6).

It should be noted that such a parameter as the soil temperature oscillation frequency
can be controlled only in indoor rooms, such as greenhouses [31]. In outdoor areas, the
value of the parameter w is determined only by the present climatic conditions.

As distinct from w, the value of the thermal diffusivity k of the soil can be controlled.
The analysis of the calculated data obtained on the basis of Equation (1) proves that the
reduction in the value of the coefficient k from 28 to 8 cm? h™! results in a decrease in
the soil temperature oscillation amplitude with the simultaneous shift of the temperature
maximum towards a delay (Figure 7). The amount of this shift is about 1 h, while the
difference between the maximum values of the soil temperature reaches 2 °C in this case.

The next step is to find out in what way it is possible in practice to change (in the case
under consideration—to decrease) the value of the thermal diffusivity of the soil k.

According to Arkhangelskaya [30], Goncharov and Shein [27]:

A
= 7 5
s ©)

where A, Cyy, p are the heat conductivity factor, the specific heat capacity, and the density of
the soil, respectively.



Agriculture 2022, 12, 450

9o0f12

28

— k=8 sz h—l
k=18 cm?h?
k=28 cm? h!

1
m—

Soil temperature (°C)
) N
o I
1 I

—_
D
|

12 | | 1 | | | I I | I

Time (h)

Figure 7. Dynamics of soil temperature variation at a depth of 5 cm at different values of thermal
diffusivity of soil.

The analysis of Equation (6) results in the conclusion that greater soil density values
correspond to lower heat conductivity values and vice versa. The bulk density of the soil
can be changed by means of tillage, i.e., loosening it.

In the fallow tillage technology that implies the soil tillage to a depth of no more than
5 cm, the density of this layer is always lower as compared to the density of the 5-10 cm
layer and then the thermal diffusivity of the soil in the first layer is higher, than in the
second one. Due to the higher value of the coefficient k, the soil in the 0-5 cm layer is
heated to a greater extent, than the soil in the 5-10 cm layer. Due to this situation, when
the ambient air passes through the 0-5 cm soil layer, its high thermal potential changes
little. Passing further into the soil, the warm air contacts the more compacted, denser and,
therefore, cooler soil in the 5-10 cm layer. As a result of that, there is a potential possibility
that, at the interface between the 0-5 cm and 5-10 cm layers, such a difference between the
soil temperatures arises that it occurs the condensation and dew. As aforesaid, such a result
is very desirable in the conditions of a soil moisture deficit.

The right application of Equation (1) then can contribute to assessing and solving
conditions of intra-soil moisture deficit.

3.3. Analysis of the Heat Penetration into the Soil through the Mathematical Model

Such an approach is rather efficient in terms of its practical application because the
use of the similar data obtained experimentally (Figure 8) is less convenient.

The actual dynamics of temperature variations along the soil depth shown in Figure 8
highlight similar trends to the theoretical temperature distributions of Figure 4, calculated
using Equation (1).
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Figure 8. Dynamics of soil temperature variation at different depths observed in field conditions.

However, Figure 8 is not convenient for the objective assessment of the discussed
process. First of all, because the real dynamics of the temperature variation along the depth
can be, as in this case, unsteady in terms of the mathematical expectation. The difficulty in
this situation is that the pattern of this instability is virtually impossible to predict.

Furthermore, the plotted temperature curves can feature certain data trends (like the
curve for the 0-5 cm soil layer, Figure 8), the cause of which is very difficult to explain and
even more so to predict. The theoretical data are in such cases more suitable for both the
analysis and the further forecasting.

4. Conclusions

It has been established in the research that the amplitude of the soil temperature
oscillations decreases with an increase in the depth. This decrease follows the logarithmic
law so that the temperature difference between the 0-5 cm layer and the interfacing 5-10 cm
layer has the greatest value. That is a favorable factor for the application of the fallow
tillage technology in the conditions of a moisture deficit since this technology implies the
systematic cultivation of the soil to a depth of no more than 5 cm.

The reduction in the frequency (or the increase in the period) of the soil temperature
oscillations can result in the decrease in the level of soil heating across the layers. The
growth of the maximum temperature value in each soil layer that is possible in this case
is not significant. This conclusion is rather informative for the controlled greenhouse
conditions.

In terms of qualitative changes, a decrease in the value of the thermal diffusivity
of the soil k results in the reduced amplitude of the soil temperature oscillations and
simultaneously the shift of the maximum of these oscillations towards a time delay. In
quantitative terms, when the value of the parameter k decreases by a factor of 3.5 (from 28
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to 8 cm? h1), the value of the time delay is equal to about 1 h, while the difference between
the maximum soil temperature values reaches 2 °C.
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