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Abstract

Climate, which has important effects on pedogenesis, affects soils and its structure and mass
transport through temperature and precipitation. Soil salinity or alkalinity, which is caused by the
effect of climate, parent material, topography and anthropogenic factors, is one of the important
problems of arid and semi-arid regions and has negative effects on soil quality and need specific
attention due to the limited little researche. In this study, thermal properties (thermal diffusivity,
thermal conductivity, damping depth, thermal effusivity, heat wave velocity, heat wave length and
heat heat flux) were calculated using various classical (amplitude, arctangent, logarithmic, phase)
and improved (point) models in winter, spring, summer and fall in alkaline and non-alkaline soil.
For this purpose, temperature sensors were placed at different depths (0, 5, 10, 15, 20, 40 cm) on non-
alkaline and alkaline lands, and temperature data were collected from the sensors for 365 days. The
study showed that (i) the thermal properties of both soils vary depending on the seasons of the year,
and (ii) the thermal properties (thermal conductivity, thermal conductivity coefficient, thermal
conductivity, attenuation depth, thermal conductivity coefficient, speed and length of the heat wave)
were lower in alkaline soil. The result coul be usedmfor consideration of climate change mitigationin
in similar semi-arid zone.

Keywords: soil; thermal diffusivity; thermal conductivity; alkalinity; modelling; seasons; improved
method

1. Introduction

In soil formation, climate, topography, parent material and organisms outstand as effective
factors. Soil salinity or alkalinity, which is caused by the effects of climate topography and
anthropogenic factors, is one of the important problems of arid-semi-arid regions and has negative
effects on soil health [1-2].

Soil temperature, in the context of climate change may affect soil functioning and quality, which
is one of the important factors of climate, is effective on physical (soil thermal properties, water flow
etc.), chemical (mineralization, nutrients etc.) and biological (microbial activity, microbial community
etc.) properties of soils [3-5]. Soil thermal properties are closely related to moisture content,
temperature, bulk density, organic matter, salt content and porosity [5]. Some researchers have
determined that in non-sodic soils, as the salt content of the soils increases, the thermal diffusivity
decreases. In sodic soils sSodicity (ESP), which refers to the presence of excessive sodium ions (Na*)
in the soil exchange complex, can significantly alter soil structure and behavior, which in turn
influences how heat or water are stored and transferred through the soil[1,6, 7, 8].
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Noborio & Mclnnes (1993) [8] reported that the apparent thermal conductivity of soils decreases
as the salt concentration increases. Abu-Hamdeh & Reeder (2000) [9-10] also detected that an increase
in the amount of added salts, at a given moisture content, decreased thermal conductivity. Morozova
[11] determined that the thermal conductivity increased with the increase of KCl. Tikhonravova [12-
13] revealed that the thermaldiffusivity depends not only on the salt content but also on the moisture
content.

Relevant research has shown that the field studies cost money, labor, time, etc. in determining
the thermal properties of the soils. This shows that laboratory measurements under controlled
conditions and in shorter periods are common [14-18].

Although the effects of salts on thermal properties of soils have been studied, these studies were
carried out under controlled conditions in the laboratory and may not reflect the field conditions,
particularly for sodic or alkline soils[]". In field conditions, it is important to calculate thermal
properties with long-term temperature measurements ot the main thermal properties of soils such as
volumetric heat capacity (Cv), thermal diffusivity (k), thermal conductivity (A), damping depth (d),
thermal effusivity (e), heat wave velocity (v), heat wave length (A) and heat flow (q).

The determination of these parameters is important in shaping the thermal regimes of soils. In
this work, classical (amplitude, arctangent, logarithmic, and phase) methods are first used to
determine the thermal conductivity coefficient [19-31]. Subsequently, a new "point" method was
developed by our team [32-38], which, unlike classical approaches, also incorporates the amplitude
of daily surface soil temperature (Ta)—a critical parameter that significantly influences thermal
diffusivity in soils. Moreover, the proposed method accounts for the depth of the soil profile (i.e., z =
L). Notably, in this approach, the thermal diffusivity parameter can be calculated at any investigation
point (zi) within the soil profile. Selecting the most suitable predictive model is essential for the
effective monitoring and management of soil thermal dynamics. Accurate models provide deeper
insight into soil temperature fluctuations, which directly influence key processes such as irrigation
scheduling, crop development, nutrient cycling, and microbial activity. Reliable predictions of soil
thermal properties are particularly valuable for informed decision-making in areas such as precision
agriculture, land reclamation, and environmental monitoring. Consequently, evaluating and
selecting models based on their accuracy and performance under real field conditions is critical to
promoting long-term sustainability and efficient resource use. [3-5, 9, 10, fm32-38].

he objectives of this study were: (i) to calculate thermal diffusivity (i) using both classical
methods and the new "point" method developed by our team, and to identify the most accurate
method for the study area; (ii) to determine key thermal properties of the soil —namely volumetric
heat capacity (Cv), thermal diffusivity (x), thermal conductivity (A), damping depth (d), thermal
effusivity (e), heat wave velocity (v), heat wavelength (A), and heat flow (Q)—across different
seasons; and (iii) to investigate the effect of soil alkalinity on these thermal properties.

2. Mathematical formulation of the problem

The propagation of heat waves in soil represents one of the earliest applications of Fourier's
theory of heat conduction [19] to the study of natural phenomena. Numerous theoretical and
experimental studies have since been conducted —both in the field and under laboratory conditions—
using measured soil temperature data and various heat transfer models to determine the thermal
properties of soils. In most of these studies, analytical solutions were derived based on the unrealistic
boundary condition T(z—ee,t)=T0T(z \rightarrow \infty, t) = T_0T(z—ee,t)=T0, assuming a constant
temperature at an infinite soil depth. Algorithms developed from these solutions have been widely
used to estimate the thermal diffusivity parameter.

In contrast, the present study employs analytical solutions that are based on more realistic
boundary conditions: this study uses analytical solutions obtained for the boundary conditions
0T(z=L, t)/0z=0 at finite (i.e.: z=L) depth and 0T(ee, t)/0z=0 at indefinite (i.e.: z—o0) depth, which reflects
reality [35-38].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2.1. The equation of heat movement in soil by conduction

The differential equation that describes the heat movement occurring through conduction in a
three-dimensional heterogeneous-isotropic porous medium is expressed as follows [23-24, 26-27]:

or o(.er\ of. ar) of. or
A_of, AN o, A 90,90, ,
(pe), ax("axj+ay[yayj+az(zazj+r @1

where T(x,y,z, t) - is the soil temperature (K or °C) at point z (m) at time moment ¢ (sec); 9T/0x,
0T/dy, 0T/0z - is the temperature change in the direction of the ox, oy and, oz axis; 0T/0t - is the
temperature change in unit time; ps - is the soil bulk density (kg m-); ¢s is the specific heat capacity (J
kg1 °C1); Ax Ay Az — is the component of the thermal conductivity of the soil in the x, y and z directions,
respectively (Wm °C1); r - the source of heat inside the soil is (°C).

Experiments have shown that dos/0T~0, 0Cs/0T~0, 0A/0T~0 are correct for the important soil
properties: density, volumetric heat capacity and thermal conductivity parameters when the
temperature ranges from -50 < T <+ 50 °C [26, p. 13].

The general one-dimensional heat transfer equation for a homogeneous isotropic porous
medium can be written as follows:
a—T:E(/Iz 8—Tj+r, (z,1)€(0,¢)x(0<z <L orx)
ot 0z 0z 2.2)

where T(z, t) - is the soil temperature (°C) at point z (m) at time moment ¢ (sec); 0T/0z - is the
temperature change in the direction of the oz axis; 0T/0f - is the temperature change in unit time; ps -
is the soil bulk density (kg m=3); ¢s is the specific heat capacity (J kg °C"); Az — is the component of the
thermal conductivity of the soil in the z direction (Wm-! °C1); r - the source of heat inside the soil is
(°Q).

It is known that when modeling soil processes occurring in the soil-plant-atmosphere system,

(p.c,)

the main stages are identification (selection of equations describing these processes and boundary
conditions) and realization implementation (solution of direct and inverse problems) of the model

Therefore, a systematic approach to analyzing the thermal regime of soil (depending on
laboratory or field conditions) should sometimes involve simplification of the heat transfer equation
and boundary conditions [36].

Essential simplification of equation (1) is possible for some problems if the coefficients of heat
capacity, thermal conductivity and thermal diffusivity of soil are set constant

It is known that one-dimensional heat transfer in soil is described by the classical thermal
conductivity equation, which has the form [19- 41]:

or_ or (K:i} (z.1)€(0,6)x(0<z< L or )
< N

or "o

where T(z, t) is the soil temperature (°C) at point z(m) at time t — time (hour, day, year); k —
thermal diffusivity of the soil (m?s?); A —is the thermal conductivity of the soil (Wm- °C1); Cv= Qs cs
— volumetric heat capacity of the soil (J m?°C?); ps - is the soil bulk density (kg m?); and cs - is the
specific heat capacity (J kg °C?); L is soil depth (m) starting from which T(z, t) = const or 0T(L, t)/0z
=0.

There are a number of works [19-21, 23-25] in which solutions of the heat conduction equation
(2.3) under different boundary conditions are considered. In this work we will also consider equation
(2.3). In order to determine the change in soil temperature under the influence of various
environmental factors depending on a time and depth, equation (1) must be solved analytically or
numerically. For this purpose, Equation (1) must be defined and supplemented with initial and
boundary conditions that account for the various factors influencing temperature variations in soils.

2.3. Identification boundary-value conditions of the soil heat conduction equation

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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To solve Equation (2.3) analytically, it is necessary to define initial and boundary conditions that
accurately reflect heat transfer within the soil. Depending on the nature of these conditions, three
types of initial-boundary value problems can be distinguished.

2.3.1. Identification 1nitial condition

It should be noted that, regardless of dimensionality, only one initial condition is required for
the thermal conductivity problem because Equation (2.3) is first-order in time (it involves the first
derivative of temperature with respect to time). To study the influence of boundary conditions on
heat transfer modeling in soil, both initial and boundary conditions must be specified. The
temperature distribution of the soil profile at the initial time is given by the following equation, which

serves as the initial condition: T(Z,Z = 0) = ¢)(Z) ,0<z<Lor 0<z< (2.4)

Here, @(z) is the function expressing the distribution of temperature values in the [0, L] or [0,%)
region of the soil.

For modeling, the analytical expression of this function needs to be determined in advance. Some
researchers define the function ¢(z) as follows:

T(z,t:O)zTO,const, OSZSLOr 0<z<w© (2.5)

For convenience of solving the boundary value problem, the function ¢(z) is sometimes
approximated by a polynomial of degree n. Then the initial condition (2.4) will have the form:

T(zt=0)=) "az, 0525l o 052<% o4

i=0 i
Here an are the coefficients of the polynomial.
It is easy to see that the special case (2.6) for n = 0 corresponds to the uniform initial condition
(2.5).
Since the temperature in the soil decreases with depth, the function ¢(z) is sometimes
approximated by a decreasing step function:

T(20=0) = {T,- ,z,<z<z, (i=0,1,2,...,n)
(2.7)

T,=const,x,=0;x, =L&x

It is known that the influence of the initial condition practically does not affect the soil
temperature distribution at the moment of observation.

If the moment of time we are interested in is sufficiently distant from the initial one, it makes
sense to neglect the initial conditions, since their influence on the process with the passage of time
weakens even more, especially in the case of periodic formulation of the problem. In the periodic
formulation of the problem, the initial condition does not need to be given (the so-called “tasks
without an initial conditions”) [23-26, 35-36].

2.3.2. Identification of boundary conditions

The condition known as Boundary Condition 1, which expresses the temperature change at the
soil surface, is written as a function of time in the following form:

T(z=0,¢)=(t) 2.8)

where @(t) is a function of the soil surface temperature; the analytical form of the function must
be determined in advance.

Various empirical functions can be determined by the least squares method (LSM) to analytically
express @(t) based on daily, monthly, or annual soil surface temperature measurements.

As is known, the temperature of the earth has a distinct periodic character, both daily and
annual. Sometimes there may be deviations from this periodic distribution.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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For example, if the weather is cloudy, the periodicity of the measurement values of the thermal
sensors used to determine the temperature values will be disturbed.

In these and similar meteorological (extreme wind, rain, etc.) conditions, periodicity will be
disturbed in the distribution of temperature values measured by sensors on the soil surface at some
moments of time.

To overcome this deficiency, it is appropriate to use a trigonometric polynomial to determine
the analytical expression of the distribution of soil surface temperature values. That is, the first type
of boundary condition on the soil surface will be as follows [23-24]:

T(z:O,t)=7})+Z;”:1T/.-cos(j-o)t+gj) , 120 29)

where To is the average daily (or annual) temperature of the active soil surface (°C); Tj is the
amplitude of the wave at the surface level for the j*» harmonic (°C or K); j is the index of the harmonic
in the series; m is the harmonic number; w = 27t/7o is the angular daily (or annual) frequency; 7o is the
temperature wave period (days or years), for ©=24 hours: w =7,27-10- (rad/s); ¢ — time; ¢j is the phase
angle of the wave at the surface level for the jt harmonic (radians).

Sometimes condition (2.9) can be written in a more practical form:

T(z=0, t)=TO+Z';1:1[Ajcos(j-a)t)+3j cos(j-a)t)] , >0

(2.10)
Here, the parameters To, Ts, Aj and Bj are calculated by the following formulas:
1 N 2 N . 2 N Lo
T, :WZHT(O,Q), A, :WZiZIT(O,ti)cos(]a)ti), B, :ﬁzile(O,ti)sm(]a)ti)

(2.11)

Where; T(0, t:) - is the temperature of the soil surface at time ti (°C); ti - is the time of observations,
N - is the number of observations. The phase shifts (phase angle) ¢j and amplitude terms (T}) are
calculated with the coefficients Aj and Bj as follows:

arctan(—Bj/A]) s Aj >0

T, :4/A‘/.2+Bf, g, = /2 ,A4,=0 ,(j=12,..,m)

ﬁ—arctan(Bj /Aj) R A_,. <0 2.12)

The boundary conditions can be set at any depth of the profile, similar to the boundary condition
at the soil surface.

The oscillation of the soil temperature wave becomes increasingly relaxed as depth increases,
and after a certain depth z > L the temperature does not change.

Therefore, the boundary conditions are written in two forms that can express the situation where
there is no heat source and transfer at the depth of the soil:

In most studies [19-31], the soil is usually considered as a semi-infinite region, and the lower
boundary condition is set by considering the fact that the soil temperature at great depth is constant
and equal to To. In this case, a boundary condition of the 1st kind is set:

T(Z—)oo,t):](") T(Z—)oo,t):];:comt

or (2.13)

It should be especially emphasized that at infinity the temperature of the Earth: T(z—e,t) cannot
be known (since the radius of the Earth's sphere R# is not infinite, since R < 6.371 km).

Therefore, it is important to emphasize that in practical calculations it is not reasonable or
possible to give the boundary condition at z—-ee.

Moreover, the study shows that temperature fluctuations in the soil attenuate already at a depth
of 0.5—1 m of sail [23].

Consequently, at a certain soil depth, one of the following conditions, known as boundary
condition 2.type, more plausibly reflects reality:

OT(z=L,t)/&z=0 214)  or OT(z—>w1)/dz=0 (2.15)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2.4. Solution of the direct problem of thermal conductivity in soil

Given the initial and boundary conditions, different solutions can be proposed for the direct
problem of heat transfer, i.e., the determination of the temperature dynamics at a specific depth.

In particular, of great practical interest are the problems of thermal conductivity in soils with
periodically varying temper atures on the surface of soil.

Problem-1. First, let us consider the heat transfer problem for a semi-infinite homogeneous soil
region, i.e. [0 <z < oo):

2
T _ 9T (k=21C), (2.0)(0,6)x(0 < z <o0)
ot Oz ’ (2.16)
0 =Ty, 1,
T(z=0,1) =T0+Zj;:"7"j~c0s(ja)t+gj),(120) 218)

6T(z—>oo,t)/az=0, (tZO) 2.19)

The solution of equation (2.16), with the initial (2.17) and boundary conditions (2.18)-(2.19), in
dimensionless variables and parameters is as follows [33]:

T(y,r) T, +Z ( ) cos[]a)r+a (bf’y)](ZZO)

Where, y:% = t b = ’]— !]T_ o = a)_
0
by

D, (b,y)=Tee ", ,(b_,y) g~by @21

@;j (b;, y) is the amplitude of temperature fluctuations at the dimensionless depth y; aj (b;, y) is the
phase angle of the wave at the surface level for the jth harmonic at dimensionless depth y (radians).

This problem was studied by Fourier; it was first used by Kelvin to determine the course of
temperature in the soil of Edinburgh [23]:

As correctly noted in [33, 35, 38], when performing practical calculations, it is impossible to set
as input data the values of soil temperature at infinity, since they are unknown. And it is impossible
to measure it. Therefore, instead of T(z—-ws, t) it is necessary to set the temperature at some depth L,
starting from which at z > L the value T(z, t) = const or 0T(L, t) / 9z = 0. Thus, condition (2.15) (3T(L, t)
/ 0z = 0) is more consistent with the real conditions than boundary condition (2.14) (T(z—°, t) =
To=const) [34]. Therefore, the following boundary value problem for equation (2.16) should also be
considered.

Problem-2. Next, consider the boundary value problem for the thermal conductivity equation
in a finite [0 <z < L] homogeneous soil region in the following form:

or_ or

Pl (z.t)(0,1)x(0<z<L)
zZ

, (2.16)

T(O,t):% _,_Zj:"TJ .cos(ja)t+8j),(t20) (2.18)

0T (z=L,t)/z=0,(120). o)

The solution of the problem (2.16), (2.18) u (2.22) with dimensionless variables and parameters
is as follows [33-34, 36, 38]'

T(y,r)=T,+> " ®,(b,,»)-cos| jor+a,(b,»)] 2.23)

y=z/L, t=xt/L’

Where and

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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B ch(a’j)+cos(dj) B ~ ~ T
®,(b,y)=T, (2 reos(25) d;=2b,(1=y). b, =Ly j >~
o sh (qj)sin (bjy)+sh (bjy)sin(qj) B ~
a/(b.f’y)_gj arctan Ch(qj)COS(bjy)+ch(bjy)cos(qj) .4, =b,(2-Y) ot

ch(z)= (eZ + eiz)/Z, sh(z)= (ez —e )/2 - are the hyperbolic cosine and sine,

respectively.

In the analytical methods developed for the determination of the parameters of the heat and
mass transport models, it has been shown that the data at any depth z = zi of the soil profile are
determined with statistically greater variation than the average data in the [0, L] layer of the soil. In
other words, the average temperature of a certain soil layer (e.g. 0-20 or 0-40 cm layer), varies less
than the temperature at a certain depth z = zi [39-40].

Therefore, the average values of soil layer temperature should be used to determine the thermal
diffusivity coefficient from the data of field and laboratory experiments.

The use of average temperature values in determining the heat emission parameter is called the
average integral method.

For this purpose, to determine the average temperature in the layer 0 < z < L, let us calculate the
definite integral of the dimensionless solution (2.20) of equation (2.16) in the interval 0 < y <1 with
respect to the variable y.

T(bl,...,bj,t):];+iMj (bj)-cos[ja)t+aj (bj)], bj =L\/jm/t K
/=l (2.25)

cosh(b.)—cos(b,
M/.(bj):Tj ( ;Zeb_, ( ])
j

1-e” (sin bj +cos bj )

l+e” (sin bj —cos bj. )

. a, (bj) =&, —arctan

(2.26)
Similarly, for the solution (2.23) with arbitrary harmonic m, the average temperature in the layer
0<z<L can be determined as follows:

T(besbt) =T+ >0, (5, )-cos| joot +7, (5]
Jj=1

\/sinh2 (2bj)+sin2 (2bj) ~
@ (b,)=T, ha0) . A(b,) =cosh (2, )+cos (2, )

B sinh(26,)-sin(26,) | [ 7
G e Ee | e

These solutions are widely used in soil science for two purposes: estimating temperature values

(2.27)

in the soil profile and calculating thermal conductivity (k).

2.5. Solution of the inverse problem of thermal conductivity in soil

Most methods for determining the thermal diffusivity of soil are based on solving inverse
problems of thermal conductivity, which are obtained under given boundary conditions. Depending
on the boundary conditions, different methods are obtained.

A more detailed review of studies on the determination of the diffusion parameter in soils is
given in many works [19-25, 27, 30-36, 41-49].

This paper details methods for determining the thermal diffusivity using analytical solutions
(2.20) and (2.23) found by second-order boundary conditions 0T (z—ee, t)/0z=0 and 0T(z=L, t)/0z=0.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Depending on the use of measured temperature values of the soil profile, these methods are
divided into 3 classes: layered, point, and numerical (harmonic) methods.

These methods are based on using 1) temperature values at two different depths of the soil
profile, e.g. z=zi and z=zi+1, 2) temperature values at a certain depth z=zi and 3) the value of the average
temperature in the [0, L] layer of the soil.

2.5.1. a. layered methods

These methods are based on temperature measurements at two different soil profile depths z=zi
and z=zi1 and are called layerd methods. In addition, these layered (classical) methods will be
denoted as M1, M2, M3, M4 algorithms.

2.5.1. b. Point methods

These methods are based on the use of measured temperature values at a certain depth z = zi of
the soil profile and the amplitude (Ta) of the soil surface temperature wave and are called point
methods [32-36, 38]. In addition, these point (proposed) methods will be denoted as algorithms M5,
Meé, M7, M8.

2.5.1. c. Numerical (Harmonic) methods

The value of heat diffusion (i) is selected iteratively in a way that minimizes the sum of the
differences between the measured temperature values Tmes(zi, fi) at the desired depth zi and the
temperature values Tal (z, ti) estimated according to solutions (2.20) or (2.23) [27-30, 33]:

- 2
min > [Tm (z..t,)- T, (201, )] (2.29)

For example, the iteration can be continued until the condition is met. The sum of squares will
be composed of 24 whole (r=0,1,2,...,24) or half-hour (r=0.5,1.5,...,23.5) differences between measured
and calculated temperature.

The existing and proposed methods for calculating the thermal diffusivity parameter, developed
respectively for the boundary conditions 0T(ee, t)/0z=0 and 0T(z=L, t)/0z=0, are given below.

The existing (Classical) methods for calculating the thermal diffusivity parameter derived from
the boundary condition 0T (z—ee, t)/0z=0 are as follows

Classical methods. Below we present classical algorithms based on the solution of inverse
problems of the heat transfer equation obtained for a semi-infinite homogeneous soil region under
the boundary conditions 0T (e, t)/0z=0 when the diurnal temperature variation at the soil surface is
represented by one (M1, M4) and two (M2, M3) harmonics;

M1. Amplitude Method. [19, 21, 23]:

n (Zi+1_Zi)2 A( l_)=Tmax(Zi)_Tmin(Zi)

K, =—— ,
T, In*[A(z,,)/A(z)] 2 230
M2. Arctangent Method [22]:
- _r (Zi+1 —Z )2
l Ty arctanz [Tl(zi)_Ts(Zi)][Tz(Zm)_E(Zm)]_[Tz(Zi)_E(Zi)][ﬂ(zm)_Ts(Zm)]
[Tl(zi)_E(Zi)][]](zi+1)_713(zi+1)]+[Tz(zi)_E(Zi)][Tz(ZHl)_E(Zm)]
(2.31)

Ms3. Logarithmic Method [20]:
_dn(z-z) | L) [RE)-TE] HBE)-TE)]

% [1(z.)-Ty(z.)] +[D(z) - Tu(z.0)]
M4. Phase Method [24]:

K.

1

(2.32)
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— i+ — i
K =—|—— =—

1

2 2
| z,—z | Az Az, =z, -z
2.33)

- b
T\ &y —& 7, | Ag,

i+l i

Ag =g, —¢

i+1 i

where 1w in algorithms (2.30)- (2.33) is the period of the heat wave (for example, 24 hours for
daily observations); Twin (z) and T (z) are minimum and maximum tem-perature values during
measurements at depths z = zi and z = zi+1, respectively; Ti(z) and Ti1(z) in algorithms (2.31) and (2.32)
are the values of soil temperature at depths z = zi and z = zi+, respectively, at time ti = ito/4 (i=1,2,3,4)
(for this example, 70 =24 h and f1=6, t2=12, t3 = 18 and t+ = 24 h); &i is the initial phase of the soil
temperature at depth ziin algorithm (2.33).

Improved methods. In contrast to the above algorithms, we continued to develop new methods
that take into account the real process of heat exchange in the soil. For this purpose, we used the
solution of the heat transfer equation, under the boundary conditions 0T(z—e°, t)/0z=0 and 0T(z=L,
t)/0z=0, obtained for limited and semi-limited soil thickness. These methods are based on the use of
measured temperature values at a certain depth z = zi of the soil profile and the amplitude (Ta) of the
soil surface temperature wave and are called point methods [32-38].

Tthese point (proposed) methods will be denoted as algorithms M5, M6, M7, M8. The proposed
methods for calculating the thermal diffusivity of soil are presented below.

The following methods (M5 and M6) are developed on the basis of a boundary condition of the
second kind in the infinity z—es, i.e. 9T(z—e, t)/0z=0, when the diurnal temperature fluctuations at
the soil surface is represented by one (m=1) (M5) and two (m=2) (M6) harmonics.

These methods, unlike the classical ones (M1-M4), include the amplitude of fluctuations (Ta) of
the soil surface temperature

Mb5. Proposed Point method.

Algorithm including the amplitude of fluctuations (Ta) of the soil surface temperature and the
logarithm (m=1)[36]:

K, =2 (22")2

T, ln2 {Zj_l[T(Zi’tf)_T(Z"’tf”)T/4Ti} (234)

where; T(z;, tj) in the algorithm (2.34) are the soil temperature values at the depth z=zi, at the time
at the time moment t=j-70/ 4 (j=1,2,3,4) (for to =24 h and t1=6, £2=12, t3=18 and #:=24 h).

M6. Proposed Point method.

Algorithm including the amplitude of fluctuations (Ta) of the soil surface temperature and the
logarithm (m=2) [36, 38]:
T ( 2z, )2

T, 1n2{Zj_l[T(Zwtj)_T(Zi’tf*“)]z /STﬁ} 2.35)

where; T(z;, tj) in the algorithm (2.35) are the soil temperature values at the depth z=z;, at the time
at the time moment t=j-t0/ 8 (j=1,2,...,8) (for To=24 h and t:=3, t>=6, 3=9,..., ts=24 h).

The following methods (M7 and M8) are developed on the basis of the boundary condition of
the second kind at a finite depth z=L, i.e. at 0T(z=L, £)/0z=0, when the daily temperature fluctuation at
the soil surface is represented by one (m=1) (M7) and two (m=2) (M8) harmonics.

These methods, in addition to the amplitude of fluctuations (T.) of the soil surface temperature,

also take into account the depth of the soil profile (L).

M?7. Proposed Point method.

Algorithm including the amplitude of fluctuations (Ta) of the soil surface temperature and also
take into account the depth of the soil profile (L) (m=1) [36]:
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Zzl[ (yn ) J+2(yz’/+2)T_Cosh[zb(l_yi)]+cos[2b(1—y,-)] _

Mm:l b, = j=1 —
(bin)= 412 cosh(2b)+cos(2b) «

mes (b ’ y i )
(2.36)

where; T(zj, tj) in the algorithm (2.36) are the soil temperature values at the depth z=z;, at the time
moment tj=j-t0/ 4 (j=1,2,3,4) (for 70 =24 h and =6, t>=12, 5=18 and #=24 h).

Using the amplitude of fluctuations (Ta) of the soil surface temperature and the temperature
values T(z; tj) measured at different moments of time (ti=1, 2, 3 and 4) at a given depth z = zi (in the
dimensionless notation 0 < yi < 1) of the soil layer [0, L], we first find the value of the left side of

equation (2.36), i.e. M"'(b;y,). Then, the values of the expression M (b; y,,) on the right-

mes

hand side of equation (2.36) are calculated using different values of bi > 0 for each y~=zi/L.

Then the value of b* satisfying the condition ‘M by - M b yl)‘<10_4 is

mes

determined. Finally, using the found value of 0%, the thermal diffusivity (ki) of soil at a given depth
is calculated z=zi according to the following equation:

b = Lrins, =« =(7/7,)(L1b) (237)

MS. Proposed Point method.
Algorithm including the amplitude of fluctuations (Ta) of the soil surface temperature and also
take into account the depth of the soil proﬁle (L) (m=2) [32-34]:

2
ZI:T 7ot) Z”t’*“)] _cosh[Zb(l ]+cos[2b )] (e
87, - Cosh(2b)+cos(2b) a (037)
(2.38)

This method differs from M7 in that the number of harmonics on the soil surface is m=2. Also,
after calculating the values of the left Mmes™2 (b) and right Mca™2(b) sides of equation (2.38), the value

of b*i is determined which satisfies the condition ‘ M ’;”;2 (b*; z’) M"? (b z, )‘ <107

cal

M2 (byz) =2

Finally, using the b* value, the value of the thermal diffusivity (xi) is calculated using the
equation (2.37).

2.5.2. Calculation of Thermal Properties of Soil

2.5.2. a. Volumetric heat capacity

The volumetric heat capacity of the soil was calculated using the generally accepted formula [43,

51-52]:
m
H p,+C,p, 0
m (2.39)

where, the Cnsis the specific heat of the soil's solid part, J/(kg-°C); pvis the soil bulk density, kg/m3;
Cowis the volumetric heat capacity of the soil moisture equal to 4186.6 kJ/( m? °C); Cw is the specific
heat of water, J/(kg °C); pw is the water density, kg/m?; 0 is the volumetric moisture content (m3/m3);
Cm,og and Cum, min are the specific heats of the organic and mineral components of the soil solid phase
respectively, J/(kg °C); muorg is the mass of soil organic matter, kg; m is the soil mass (kg); morg /m  is

m
Cv = Cm,.v ) pb +Cv,w : 9 = {Cm.org : = + Cm.min .[
m

the content of organic substance in soil, %.

2.5.2. b. Calculation of other thermal properties

Other thermophysical parameters such as thermal conductivity (1), damping depth (d), thermal
effusion (e), heat wave velocity (v) and heat wave length (A), will be calculated using the following
formulas, respectively [23-24, 27, 53-54]:
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A=xC,d= "% e=CJx,9=2 ", A=2Jzrx =22d
TO

i (2.40)

2.5.2. c. Calculation of heat flux in soil

Calculation of heat flux in soil is based on the use of values of known thermal properties. If these
properties (volumetric heat capacity - Cv, diffusivity - k and average daily soil surface temperature -
To, amplitudes - Ti and phase shifts - i) are determined, it is possible to calculate the amount of heat
and heat flux (J) passing through the soil surface and causing a certain temperature change.

The soil heat flux in a soil (J) at depth z and time t is given by the Fourier law of heat conduction
can be expressed as [19, 21, 23, 24, 50]:
oT (z,1)

0z (2.41)

where ] is the soil heat flux (Wm); A is the thermal conductivity of the soil (Wm™ K7); T is the
soil temperature (°C or K) and z is the depth from the soil surface (m); 0T/0z is the gradient of
temperature. When referring to J at the soil surface (z=0), it is denoted G.

Existing methods for calculating heat flow based on the found solution for the boundary
condition AT (z—o, t)/dz=0.

The heat flux into the soil g (z, t) is calculated by substituting the solution of equation (2.3) into
equation (2.41). To calculate the heat flux from the soil surface to the depth, we first use the general
solution (2.20) obtained for the boundary condition of the second kind, i.e. 0T(z—e, t)/0z=0 in
equation (2.41). It can be easily shown that the heat flux into the soil at any depth z=h and time t is of
the form [23- 24]:

m () T ()
J(z,t)=)> TC .\ jox-exp| —h f — |-cos| —+ '(D'[+8.—h‘/ —
(Z ) 2121 ]y J p( JZk) 4 (J J JZkJ (242)

Proposed methods for calculating heat flow based on the found solution for the boundary
condition 9T (z=L, t)/0z=0.

Similarly, using the general solution (2.23) obtained for the boundary condition of the second
kind, i.e., 0T(z=L, t)/0z=0 into equation (2.41), we have [32-33]:

J(z,t) ==\

J(z,t)z—k—aT(Z’t)
oz |,
z_ii L, {[H A(b, y )cos(jmt+gA)+H .(bA v )sin(jmt+a)]}
szlA(bj) 1j\"j>7h J 2j\7j>7h J
(2.43)
where,
Hlj(bj,yh)zsh(bjyh)cos bj(2—yh)]—sh[bj(Z—yh)]cos(bjyh)+
+ch(by, )sin[ b, (2-y,)]-ch[b,(2-y,)]sin(by,)
sz(b],yh)zsh[bj(Z—yh)]cos(bjyh)—ch[bj(2—yh)]~sin(bjyh)+
+ch(b,,)-sin[ b, (2-y,)]-sh(b,y, )cos[b,(2-y,)]
A(b,) = ch(2b, 26)), b =L|i-2  y, =t 0<nz<L
(1) C( J)+COS( J) J J i Y L (2.44)

2.5.3. Comparison of Methods, Models assessment

To determine the values of the parameters of empirical models (type (2.10)), as well as to
compare the measured Tmes(zi, tj) and calculated Tea(z t) temperature values of the studied soils using
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formulas (2.20) and (2.23) for one and two harmonics, various criteria are used, which are given below
[54-56]:
1. Pearson’s Correlation Coefficient (r):

Yo -T)(7-7)
=
(g (i)
IR ID R
2. Nash-Sutcliffe efficiency coefficient (NSE) [56].
" ~\2
zzel(]; _]:)
n —\2
Zi:l (7: _T)

This formula can be applied for linear regression and original data on any model.
3. Adjusted coefficient of determination or adjusted R-squared (R2dj)

2 2\ n—1
R, =1-(1-R*):
n—-p
4. Root mean squared error (RMSE):

RMSE = o, = \/éz;;(q Vg {

5. Normalized root mean square error (NRMSE),
1  [— ~ N2
NRMSE=——— |—» (T, -T,
Ti,max - Ti,min \/n Zl:l( l l )

6. Mean absolute percentage error (MAPE):
17
T.

i

7. Mean absolute error (MAE),
1 n -~
MAE =3 [T -7

NSE=1- (2.46)

(2.47)

n—p-1,n<30

n—-p , n>30 (2.48)

(2.49)

MA1)E=%1oole[1
Py

(2.50)

(2.51)
8. The bias is used as a measure for a systematic underlying mismatch between the observed
and predicted temperature values of soils

I < ~
bias = —Z AT -T
n =" ( ) (2.52)
9. Agreement index or Willmott’s index of agreement (D):

27:1(7; -7, )2

S e
X (1= [7 -7
=1 (2 .53)
10. Theil's forecast accuracy coefficient:

N ESS ESS VESS

Ul = - — ,Ullzf,UIII: —
\/Zizlzz +\/Zi:1];2 Zi:l]f Zi:l i2 (2.54)

11. Akaike information criterion:

m[@]ﬂ—p, (n/ p>40)
n n
AIC=9 e 2p(p)
p(p
In : / p<40
[ n ]+n—(p+l) (n p= )

(2.55)
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In equations (2.46)-(2.53), the following notation is adopted: Ti represents the observed values of
the dependent variable; Z represents the estimated values of the dependent variable;
T = Z ': T,/n— represents the average of the observed values; n represents the number of data

points; p represents the number of estimable parameters in the approximating model, including the
intercept term, where p<n; R? represents the coefficient of determination; ESS represents the sum of

i=n ~\2
squared errors and is given by ESS = Z i (Tl - Tl) .

In our study, the computation of model parameters is carried out using the implementation of
the Levenberg-Marquardt method in the STATISTICA-7 software package.

3. Materials and Methods

3.1. Study area

The experiment was established at Igdir University Agricultural Research and Application
Center. The climate is hot in summer and mild in winter in the region. According to Koppen-Geiger
climate classification, the climate is Bsh (Hot semi-arid climates).

The mean, maximum, and minimum temperature values from 1941 to 2021 were 12.2, 42, and -
30.3 °C, respectively.

The highest precipitation is in May and the lowest is in August. While the annual average
precipitation is 254.2 mm, the evaporation is 1,094.9 mm [57]. The soil of the region were calcareous
alluvial material which were formed as a result of floods of the Aras River. The horizons of the soil
profile include Ap (0-35 cm), AB (35-55 cm), B (55-96 cm), BC (96-170 cm) in the region. According
to the WRB system, the soil is a Calcaric Pantofluvic Fluvisol (Loamic, Aric, and Densic) [58]. The soil
physical and chemical properties are shown in Table 1.

Table 1. Some physical and chemical soil properties.

Soil Depth Texture ov 0 OM pH EC ESP

o cm kg m- m3m-?3 % 01:01 dS m! %
0-10 CL 9743 0.1449 1.40 8.42 0.3877 32

10-20 CL 1023.3 0.1521 1.62 8.26 0.4126 3.4

alllja‘;?ne 20-25 L 1105.4 0.1717 2.35 8.01 0.5417 3.1
25-30 SCL 1245.7 0.1806 2.81 8.03 0.5524 35

30-35 SL 1158.1 0.1907 3.07 8.05 0.5507 3.7

35-40 SL 1216.5 0.1925 2.66 8.12 0.5121 3.6

0-40 1120.6 0.1721 2.32 8.15 0.4929 34

0-10 CL 1072,7 0,1463 1,26 8,70 12724 17,9
10-20 CL 1125,6 0,1628 1,24 8,56 1,2320 17,6

Alkaline 20-25 L 1194,0 0,1738 0,91 8,54 0,0842 18,2
25-30 SCL 1247.8 0,1874 1,12 9.45 0,8252 17,9

30-35 SL 1160,4 0,1945 1,08 9,50 0,6945 17,5
35-40 SL 1218,0 0,1948 1,55 9,68 0,5429 17,6

0-40 1169,7 0,1766 1,19 9,07 0,9252 17,8

CL: clay loam; L: loam; SCI: sandy clay loam; S: sandy loam; pv: soil bulk density; 6: volumetric water content
OM: soil organic matter; pH: soil pH; EC: soil electrical conductivity; ESP: exchangeable sodium percentage.

Temperature sensors (Elitech RC-4) were used in the study. The sensors were placed at different
depths (0, 5, 10, 15, 20, 40 cm) for both alkaline and non-alkaline soil. They were programmed to
collect temperature data hourly and data were received via computer. The sensors collected data for
a year to determine the seasonal changes in soil thermal properties of both non-alkaline and alkaline
soils.

A basic diagram of the sensor’s installation position is shown in Figurel.
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Figure 1. Vertical placement of sensors in the soil profile.

3.2. Soil analysis

For determining soil properties, disturbed and undisturbed soil samples were collected from
both non alkaline and alkaline soils with three replicates. Besides, disturbed soil samples were
collected to determine soil moisture content for each season from both non alkaline and alkaline soils
with three replicates. Soil texture, soil organic carbon, pH and electrical conductivity were
determined in disturbed soil samples while soil bulk density was determined in undisturbed soil
samples [50, 59-63]. Exchangeable sodium percentage (ESP) was calculated according to Shahid et al.
[64].

3.3. Calculation of thermal properties of soil

Thermal properties of the soils: volumetric heat capacity (Cv), thermal diffusivity (k), thermal
conductivity (A), attenuation depth (d), thermal effusion (e), heat wave velocity (u), and length heat
wave (A) were calculated using the above-described formulas (2.30)-(2.40).

3.3.1. Volumetric heat capacity

For determining volumetric heat capacity of the soil; specific heat capacity, bulk density and soil
moisture content were calculated with the Eq. (2.39):

m m
" " 3.1)
where Cms is the specific heat capacity of the soil solid phase, J/(kg @C); pv is the soil bulk
density, kg/m3; Cvw is the volumetric heat capacity of soil moisture, equals to 4186.6 kJ/(m? oC); Geis
the volumetric moisture content, m3/m?; Cm.org and Cmmin are the specific heat capacities of organic and
mineral components of the soil solid phase, respectively, J/(kg oC); morg is the mass of soil organic
matter, kg; m is the soil mass, kg; and morg/m is the organic matter content in the soil, %.

3.3.2. Calculation of thermal diffusivity of soil

The determination of thermal diffusivity coefficient of the soil has been discussed in many
experimental and theoretical works [19, 21, 23-24, 26-27, 40].

Thermal diffusivity will be determined first by existing (classical) layerd methods using
formulas (2.30)-(2.33) and then by the proposed point methods using formulas (2.34)-(2.38). These
methods are developed based on the boundary condition 0T(z—ee, t)/0z=0 and 0T (x=L, t)/0z=0.

3.3.3. Calculation of other thermal properties

Other thermophysical parameters such as thermal conductivity (1), damping depth (d), thermal
effusion (¢), heat wave velocity (v) and heat wave length (/) will be calculated using using formulas
(2.40).

3.3.4. Heat Flux
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Using the formula (2.42) found for the boundary condition 0T(z—e, t)/0z=0, for m=1 and m=2, to
calculate the heat flux g1(z=0,t) on the soil surface (z=0) at time ¢, we have [23-24]:

ql(z=0,t,m=1)=ql’f'z‘_10(t)=Bl-cos{£+(wt+el)}
4 (3.2)

q,(z=0,6,m=2)=q" (t)=B, cos[z +(out+el)}+B2 cos[z +(2a)t+82)}
’ 4 4 (3.3)

Similarly, using the formula (2.43)-(2.44) found for the boundary condition 0T(z=L, t)/0z=0 for
m=1 and m=2, to calculate the heat flux 42(z=0,t) on the soil surface (z=0) at time ¢, we have:

0 (2= 0.6sm=1) =gt (1) = r{smh(zb)cos[j (a)t+el)}—sin(2b)cos[%—(a)t+gl)}}

(3.4)

4 (2= 06m=2) =g, (1) = T, {sinh(2b1)cos{§+(wt+gl )} - sm(zbl)cos[g_(wﬁgl )}}+
+I, {sinh (2b,)cos [%—F(Za)ﬁ-sz )} —sin(2b, )cos [g ~(2wt+e, )}}

(3.5)

Where B =TCA~Nox, B,=T,C \2w (3.6)

ol i e

A(b;)=cosh(2b, )+cos(2b,), A(b,)=cosh(2b,)+cos(2b,), w=2m/z,

(3.7)

3.3.5. Calculation of parameters of the soil surface

Daily average temperature of the soil surface (To), amplitude (T.), phase (¢) were calculated from
the Egs (2.11) and (2.12).
3.4. Comparison of Methods

The performance of the classical-layer (M1-M4) and proposed (M5-M8) methods will be
evaluated using the most common model selection criteria described above by formulas (2.45)-(2.52).
These criteria will also be used in determining the soil surface parameters, i.e. To, Tz, T2, €1 and 2.

4. Results and Discussion

The different soil temperature values were observed in non-alkaline and alkaline soil. Figure 2a
— 2b show the mean temperature value of the seasons. Figures_show that, the highest soil
temperatures in the investigated soil depths and seasons were determined in alkaline soils. While it

was measured as 17.59 °C in alkaline soils at 5 cm soil depth in spring, it is 15.91 °C in non-alkaline

soils. This can be explained with the higher bulk density and higher volumetric heat capacity in

alkaline soils.

As a matter of fact, soil temperature increases with the increase in particle contact as a result of
the decrease in air-filled pores between soil particles due to the increased bulk density and the
combination of solid particles. In addition, soil alkalinity causes soil aggregates to break down and

micro aggregates to increase [65]._
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Figure 2. a. The average soil temperature data during 01/12/2019- 30/11/2020 at non-alkaline soil (°C).
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Figure 2b. The average soil temperature data during 01/12/2019- 30/11/2020 at alkaline soil (°C).

4.1. Calculations of the parameters of the soil surface zone

To determine the parameters of the active soil surface (To, Ti and &) and their statistical
approximation indices, we adopted one and two harmonics in condition (2.9).
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Based on the results of temperature measurements for z=0, i.e. T (z =0, ti), the parameters of the
distribution of the surface temperature of the studied soils were determined using the least squares
method.

At the same time, six metrics were used by formulas (2.46)-(2.48), (2.53)-(2.55) i.e: R? RZ%gj, D, UI,
o, AIC..

Tables 2 and 3 gives results of calculation of the parameters (To, T, and ¢i), and also statistical
characteristics of approximation between Tmes (0, ti)— the measurement initial data, and Te (0, #) — the
calculatin data computed from formula (2.9) at m =1 and m = 2 for non-alkaline and alkaline soils.

Table 2. Parameters of the nonalkaline soils surfaces and model performance for all seasons.

The number of harmonics in the equation (2.9)

m=1 m=2
Winter Spring Summer Autumn Winter Spring Summer Autumn
n* 24 24 24 24 n 24 24 24 24
p 3 3 3 3 p 5 5 5 5
df 21 21 21 21 df 19 19 19 19
To 1.8643 12.9127 24.5478 15.0455 To 1.8643 12.9127 24.5478 15.0455
Ta1 1.0327 3.4375 5.4270 3.9363 Ta1 0.3598 0.7946 1.5067 1.3964
&1 1.8468 2.1760 2.3607 2.2011 &1 4.5802 -0.8483 -0.4932 -0.9846
Statistical parameters of approximation
R 0.8862 0.9475 0.9227 0.8845 R 0.9938 0.9981 0.9938 0.9958
R%aqj 0.8810 0.9451 0.9192 0.8792 R4 0.9935 0.9980 0.9935 0.9956
D 0.9951 0.9991 0.9990 0.9979 D 0.9984 0.9995 0.9984 0.9989
Ul 0.0466 0.0362 0.0405 0.0560 Ul 0.0152 0.0041 0.0063 0.0063
RMSE 0.28 0.61 1.19 1.08 RMSE 0.07 0.12 0.35 0.22
AIC: -1.48 0.08 1.41 1.21 AIC. -2.25 -1.11 1.02 0.04
*n — number of observations, p — number of parameters, df — degree of freedom,.
Table 3. Parameters of the alkaline soils surfaces and model performance for all seasons.
The number of harmonics in the equation (2.9)
m=1 m=2
Winter Spring Summer Autumn Winter Spring Summer Autumn
n* 24 24 24 24 n 24 24 24 24
p 3 3 3 3 p 5 5 5 5
df 21 21 21 21 df 19 19 19 19
T 2,4052 14,8979 28,9658 17,3838 To 2,4052 14,8979 28,9658 17,3838
Tur 4,4773 7,9065 14,6342 13,1626 Tz 1,8615 2,5074 4,9455 5,3725
&l 2,3250 2,5422 2,5776 2,6118 & -1,0822 -0,4765 -0,5980 -0,6023
Statistical parameters of approximation
R’ 0,8424 0,9068 0,8943 0,8428 R’ 0,9880 0,9980 0,9965 0,9846
Ruy 0,8352 0,9026 0,8895 0,8356 Ruy 0,9874 0,9979 0,9963 0,9839
D 0,9525 0,9938 0,9934 0,9801 D 0,9970 0,9995 0,9991 0,9961
Ul 0,1922 0,0966 0,1068 0,1785 Ul 0,0451 0,0081 0,0105 0,0311
RMSE 1,46 1,92 3,80 4,22 RMSE 0,43 0,29 0,73 1,39
AIC: 1,83 2,37 3,74 3,95 AIC: 1,39 0,64 2,47 3,76

As can be seen from Tables 2 and 3 the introduction of the second harmonic makes it possible to
determine with high accuracy the parameters of the temperature distribution on the soil surface. It
was determined that the average temperature (To), amplitude (T.), phase (¢) of the soil surface were
higher in alkaline soils in all seasons (Table 3). Daily average temperature of the soil surface (7o),
amplitude (Ta), phase (¢) were calculated from the Eqs (2.11) and (2.12). The results of these
calculations are given in Table 4.
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Nonalkaline soils Alkaline soils
Winter Spring Summer Autumn Winter Spring Summer Autumn
T 1.8643 12.9127 24.5478 15.0455 T 2,4052 14,8979 28,9658 17,3838
Tu 1.0327 3.4375 5.4270 3.9363 Ta2 4,4773 7,9065 14,6342 13,1626
&1 1.8468 2.1760 2.3607 2.2011 & 2,3250 2,5422 2,5776 2,6118

Cy 1878.49 2126.30 1596.04 1746.15 Cy 2014.11 2349.05 1637.30 1846.64

4.2. Soil Thermal Properties

Thermal properties of the soil (volumetric heat capacity, thermal diffusivity, thermal
conductivity, damping depth, thermal effusivity, heat wave velocity, and heat wave length) changing
depending on the season, soil and calculation models (M1-M8), are given in Tables 5 and 6.

The calculations of these parameters are described in more detail below.

4.2.1. Volumetric heat capacity

The calculated values of the volumetric heat capacity of soils are given in Tables 5 and 6. As can
be seen, the volumetric heat capacity of soils varied depending on the soil and the time of year.

For example, the values of specifi heats of the organic and mineral components of the soils under
study are equal to Cm,org = 1925.928 J kg1 °C-1 or 0.46 cal g °C and Cm,min = 753.624 ] kg1 °C-* or 0.18
cal g1 °C respectively.

Based on results of the analyses of soil properties at the experimental site for layer 0.1-0.2 m, the
mean bulk density of (nonalkaline) soil pr was 1023.3 kg m-, the content of organic substance, to #1org/m
=1.62 % and volumetric moisture content, to 6 = 0.1521 m3m-=3(tabl.1)

mor mor J J
Chi=Cpg —+C, | 15 =1925.928—~0.0162+753.624—'(1—0.0162) =
m m kg°C kg °C
=31,2000 ! +741,4152912 ! =772,6153 ! =0.772615 K
kr-°C kg-°C kg-°C kg-°C

Next, using the formulas for calculating Cv and considering that for the 0.1-0.2 m layer of our
soil 6 =0.1521 m®m-, Cms = 0.772615 kJ/(kg °C), and the specific volumetric heat capacity of water Cv,w
= 4186.8 kJ/(m °C), we calculate the value of volumetric heat capacity for the 0.1-0.2 m layer of non-
alkaline soil as follows:

J 3

C=C -p+C.-0=0772615— 10233 k—g3+4186.8 01521 =
’ g-°C m m-°C m
=790.627162—_+ 636.81228— 142744 %
m’°C m’°C m’ °C

Similarly, the values of volumetric heat capacity of non-alkaline soil can be easily calculated for
all soil layers and for all seasons.

For alkaline soil, pp was 1125.6 kg m-, organic matter content was morg/m = 1,24%, and volumetric
moisture content was 6 = 0.1628 m3 m-3.(tabl.1)

To give an example, the value of specific heat capacity (Cms) for a 0,1-0,2 m layer of solid part of
non-alkaline soil calculated by formula (2) would be as follows:

morg morg J J
C, (10-20cm)=C,, - +Cy i t| 1=— [=1925,928 ———-0.0124 + 753,624 — (1—0.012
‘ £ m m kg-°C kg-°C
J J J kJ
=23,8815072 ———=+744,2790624 ———=768,16057 ———=0,768161 —;
kg-"C kg-"C kg-"C kg-"C

Next, using the formulas for calculating Cv and considering that for the 0.1-0.2 m layer of our soil 6 =
0.1628 m*m?, Cms =0.768161 kJ/(kg °C), and the specific volumetric heat capacity of water Cv,w=4186.8
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KJ/(m °C), we calculate the value of volumetric heat capacity for the 0.1-0.2 m layer of non-alkaline

soil as follows:
3

C,(10-20 cm)=C,, -p, +C,, -0 = 768,16057 — . 1.125,6k—g3+4186,8L-0,1628’"—3:
m

kg-°C m’-°C m
=864,664582 3kJ0 +681,5165021%=1546,181084%
m - C m - C m - C

Calculations of Cv values for non-alkaline and alkaline soils for all seasons and for all soil layers,
are given in Table 5 and 6.

4.2.2. Thermal Diffusivity (i)

The values of the thermal diffusivity parameter of the studied soils, for all season were calculated
using the formulas (2.30)-(2.38) and are given in Tables 5 and 6.

The estimated values of thermal diffusion calculated using classical (M1-M4) and proposed (M5-
MB8) methods show that there are significant deviations between them.

All the considered thermal properties varied depending on the time of year, the models used
and the soils (Table 3-4). Tong et al. [44] also reported that the thermal diffusivity differed according
to seasons.

Considering the differences between soils, higher thermal diffusivity was observed in non-
alkaline soils, with the exception of the values calculated by methods M1-M4.

These values may be due to low values of the average daily soil surface temperature (To), the
amplitude of fluctuations (Ta) of the soil surface temperature, the phase shift () and the volumetric
heat capacity in non-alkaline soils (Tables 2 and 3) or Table 4.

When the thermal diffusivity results of the soils are examined, there are quite high values in the
classical models (Table 5).

However, more moderate results were obtained in the proposed models

For example, the thermal diffusivity values calculated by the amplitude method (M1) were
7.2882x10° m s'in winter, 92.768x10-¢ m s?in spring, 209.4553x10¢ m s in summer and 35.4889x10-
m s7in autumn in alkaline soil.

Whereas, the thermal diffusivity values calculated by the (M8) method were 0.2371x10-¢ m s in
winter, 0.3214x10¢ m s in spring, 0.1935x106 m s in summer and 0.1413x106 m s in autumn in
alkaline soil.

This deviation shows that classical models are incorrect due to theoretical assumptions in setting
boundary conditions at depth, i.e. x=L.

Consequently, the parameters of the soil’s active surface (To, Ts, and ¢), also affects soil thermal
diffusion.

The results of the thermal diffusivity values calculated by methods 1-4 differ greatly depending
on the time of year. This indicates the mathematical incompatibility of these methods. In contrast, the
k-values calculated by the improved method do not differ significantly.

The results of our studies (Tables 5 and 6) showed that the thermal properties (temperature,
thermal conductivity, etc.) of soils decreased with increasing salt content at a given water content are
consistent with the findings [8].

Also, unlike the others, the improved method in addition to the amplitude of fluctuations (Ta)
of the soil surface temper-ature, also take into account the depth of the soil profile (L), which are
important parameters.

Table 5. Thermal properties of nonalkaline soils.

2 g g 10° A d e V10 A Cv
= £ .- 4 m?s’! Wm'! °C"! cm Ws%>m2 °C-! ms’! m kJ m?3°C!
= £ & Layered methods with boundary conditions: 0T (c.t)/0z =0
M1 = Winter 0.5376 1.0099 12.16 1377.35 0.8843 0.76 1878.49
Spring 0.6972 1.4824 13.85 1775.39 1.0070 0.87 2126.30
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Summer 0.7422 1.1846 14.29 1375.01 1.0390 0.90 1596.04
Autumn 0.6066 1.0591 12.92 1359.94 0.9393 0.81 1746.15
Winter 1.3235 2.4861 19.08 2161.05 1.3874 1.20 1878.49
M2 =2 Spring 0.8752 1.8610 15.51 1989.24 1.1283 0.98 2126.30
Summer 0.9287 1.4823 15.98 1538.12 1.1622 1.00 1596.04
Autumn 0.8807 1.5378 15.56 1638.65 1.1318 0.98 1746.15
Winter 0.7050 1.3243 13.92 1577.22 1.0126 0.87 1878.49
M3 =2 Spring 0.7202 1.5313 14.07 1804.43 1.0234 0.89 2126.30
Summer 0.7643 1.2199 14.50 1395.33 1.0543 0.91 1596.04
Autumn 0.6693 1.1688 13.57 1428.57 0.9867 0.85 1746.15
Winter 1.0292 1.9334 16.82 1905.73 1.2235 1.06 1878.49
M4 =1 Spring 0.7969 1.6945 14.80 1898.17 1.0766 0.93 2126.30
Summer 0.8174 1.3046 14.99 1442.97 1.0903 0.94 1596.04
Autumn 0.6211 1.0845 13.07 1376.13 0.9504 0.82 1746.15
Point methods methods with boundary conditions: 0T(.t)/0z =0
Winter 0.7550 1.4183 14.41 1632.27 1.0479 0.91 1878.49
M5 =1 Spring 0.8756 1.8618 15.52 1989.67 1.1285 0.98 2126.30
Summer 0.9325 1.4882 16.01 1541.20 1.1646 1.01 1596.04
Autumn 0.6821 1.1911 13.70 1442.14 0.9960 0.86 1746.15
Winter 0.7164 1.3458 14.04 1590.02 1.0208 0.88 1878.49
M6 m=2 Spring 0.8843 1.8802 15.59 1999.48 1.1341 0.98 2126.30
Summer 1.0022 1.5996 16.60 1597.80 1.2073 1.04 1596.04
Autumn 0.7614 1.3295 14.47 1523.63 1.0523 0.91 1746.15
Point methods methods with boundary conditions: JT(L. t)/0z=0
Winter 0.8008 1.5042 14.84 1680.97 1.0792 0.93 1878.49
M7 =1 Spring 0.9584 2.0379 16.24 2081.65 1.1807 1.02 2126.30
Summer 1.0237 1.6339 16.78 1614.84 1.2202 1.05 1596.04
Autumn 0.6766 1.1815 13.64 1436.31 0.9920 0.86 1746.15
Winter 0.7533 1.4151 14.39 1630.40 1.0467 0.90 1878.49
MS =2 Spring 0.9725 2.0678 16.35 2096.83 1.1893 1.03 2126.30
Summer 1.1035 1.7613 17.42 1676.63 1.2669 1.09 1596.04
Autumn 0.7854 1.3714 14.70 1547.45 1.0688 0.92 1746.15
* M1 -Amplitude, M2 —Arctangent, M3 — Logarithm, M4 — Phase, M5-M8 — Improved methods.
Table 6. Thermal properties of alkaline soils.
2 g g 10° x A d e V-10° A Cv
B E o~ & m?s’! Wm! °C-! cm Ws%m?2 °C’! ms’! m kJ m3 °C!
= E & Layered methods with boundary conditions: 0T(c0.t)/0z =0
Winter 7.2882 14.6792 44.77 5437.41 3.2558 2.8130 2014.11
Ml m=l Spring 92.7680 217.9169 159.73 22625.17 3.2558 10.0360 2349.05
Summer  209.4553 342.9403 240.01 23695.88 17.4540 15.0802 1637.30
Autumn 35.4889 65.5351 98.79 11000.88 7.1845 6.2074 1846.64
Winter 3.6121 7.2751 31.52 382791 2.2921 1.9803 2014.11
M2 m= Spring 7.2158 16.9502 44.55 6310.06 2.2921 2.7990 2349.05
Summer  349.4319 572.1234 310.00 30606.13 22.5439 19.4779 1637.30
Autumn 3.4077 6.2928 30.61 3408.88 2.2263 1.9235 1846.64
Winter 6.7248 13.5445 43.01 5223.03 3.1274 2.7021 2014.11
M3 m=2 Spring 249110 58.5173 82.77 11724.34 3.1274 5.2006 2349.05
Summer  143.4528 234.8747 198.63 19610.19 14.4445 12.4801 1637.30
Autumn 9.9721 18.4148 52.37 5831.42 3.8084 3.2904 1846.64
Winter 1.8315 3.6888 22.44 2725.74 1.6321 1.4101 2014.11
M4 m=l Spring 7.0423 16.5427 44.01 6233.75 1.6321 2.7651 2349.05
Summer  1399.3616  2291.1688 620.36 61248.03 45.1142 38.9786 1637.30
Autumn 1.7919 3.3090 22.20 2471.93 1.6144 1.3948 1846.64
Point methods methods with boundary conditions: 0T (.t)/0z =0
Winter 0.2669 0.5376 8,57 1040.56 0.6231 0.5383 2014.11
M5 m=l Spring 0.3423 0.8041 9.70 1374.399 0.6231 0.6097 2349.05
Summer 0.2085 0.3414 7.57 747.62 0.5507 0.4758 1637.30
Autumn 0.1557 0.2876 6.54 728.77 0.4759 04112 1846.64
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Winter 0.2572 0.5181 8.41 1021.49 0.6116 0.5285 2014.11
M6 m=2  Spring 0.3364 0.7903 9.62 1362.489 0.6116 0.6044 2349.05
Summer 0.2106 0.3448 7.61 751.36 0.5534 0.4782 1637.30
Autumn 0.1587 0.2931 6.61 735.75 0.4805 0.4152 1846.64
Point methods methods with boundary conditions: J0T(L. t)/0z=0
Winter 0.2477 0.4988 8.25 1002.33 0.6002 0.5185 2014.11
M7 m=1 Spring 0.3261 0.7661 9.47 1341.49 0.6887 0.5951 2349.05
Summer 0.1912 0.3130 7.25 715.85 0.5273 0.4556 1637.30
Autumn 0.1409 0.2601 6.22 693.09 0.4526 0.3911 1846.64
Winter 0.2371 0.4775 8.07 980.67 0.5872 0.5073 2014.11
M8 m=2 Spring 0.3214 0.7549 9.40 1331.69 0.6837 0.5907 2349.05
Summer 0.1935 0.3168 7.29 720.16 0.5305 0.4583 1637.30
Autumn 0.1431 0.2643 6.27 698.66 0.4563 0.3942 1846.64

4.2.3. Thermal conductivity (A)

The values of the thermal conductivity parameter of the studied soils were calculated using the
formula A=«Cv and varied depending on the model, season and soil (Tables 5-6).

As in the case of thermal diffusivity, calculations by classical methods (M1-M4) give a scatter of
values of the thermal conductivity parameter A

When assessing the difference between soils, higher values of thermal conductivity calculated
using the proposed methods (M5-M8) were observed in non-alkaline soils for all seasons.

Guo et al [66] also reported that the thermal conductivity of the upper soil layers did not increase
with a higher solid ratio in the solonchak and solonetz, as the salts in the upper layers contributed to
a lower thermal conductivity. Besides some researchers determined that the effects of salts in soil on
thermal conductivity varied with different water contents [67-68]. At medium water content, thermal
conductivity decreased to varying degrees in different saline soils.

4.2.4. Damping depth (d)

The values of the damping depth of the soil temperature were calculated using the formula
(2.40), i.e. d=\tox/m and varied depending on the models (M1-M8) used to calculate the x parameter,
as well as the season and soil (Table 5-6).

When analyzing the results of temperature measurements in both soils, it is evident that at
depths z <15 cm, temperature waves attenuate (Fig. 1 and Fig. 2).

The estimated values of damping depth calculated using classical (M1-M4) and proposed (M5-
M8) methods show that there are significant deviations between them.

For example, the damping depth values calculated by the amplitude method (M1) were 44.77
cmin winter, 159.73 cm in spring, 240.01 cm in summer and 31.52 cm in autumn in alkaline soil.

This situation is similar for the other methods (M2, M3 and M4). Excessive deviations between
the obtained values reduce the reliability of these methods. These results are not consistent with
measured temperatures in alkaline soils (Figure 2)

The damping depth (d) calculated using the values of k obtained by formulas (2.30-2.33) turned
out to be greater than 10 cm, i.e. z >10

However, the damping depths (d) according calculated using the thermal diffusivity (i) values
obtained from formulas (2.34)—(2.38), was calculated as ~ 15 cm on average all seasons for non-
alkaline soil (Table 5).

For alkaline soil, the results of calculations using to the point methods (formulas (2.34)-(2.38))
showed that the damping depths were approximately equal to 8 cm on average for all seasons (Table
6).

For alkaline soil, the results of calculations using to the point methods (formulas (2.34)-(2.38))
showed that the damping depths were approximately equal to 8 cm on av-erage for all seasons (Table
6).

These findings agree with the observed data. In line with these findings, it is seen that the most
adaquate model for this study is the point methods.
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4.2.5. Thermal effusivity (e)

The values of the thermal effusivity parameter of the studied soils were calculated using the
formula e=CWx and varied depending on the models (M1-M8) used to calculate the x parameter,
season and soil (Table 5-6).

The estimated values of thermal effusion calculated using classical (M1-M4) and proposed (M5-
M8) methods show that there are significant deviations between them.

For example, the thermal effusivity values calculated by the amplitude method (M1) were
5437.41 W-ho5-m2- °C-1in winter, 22625.17 W-h%5-m-- °C-1in spring, 23695.88 W-h%>m-?- °C-! in summer
and 11000.88 W-ho5m-2- °C-in autumn in alkaline soil.

This situation is similar for the other methods (M2, M3 and M4). Excessive deviations between
the obtained values reduce the reliability of these methods.

In the point method (M8), according to the seasons; 980.67 W-h®5m2- °C1 in winter, 1331.69
W-ho%m?2- °C1in spring, 720.16 W-h*>m2 °C1in summer and 698.66 W-h%>m?- °C!in autumn in
alkaline soil (Table 4). A similar situation is observed in non-alkaline soils; 1630.40 W-h?5-m=2- °C-1in
winter, 2096.83 W-h%>m2- °Clin spring, 1676.63 W-h05m2- °C-1in summer and 1547.45 W-h%5-m2- °C-
lin autumn.

The highest thermal effusivity values were observed in non-alkaline soils. These results can be
explained by the fact that the thermal diffusivity, which is a factor of the heat absorption, is higher in
these models.

4.2.6. Heat wave velocity (9)

The values of the heat wave propagation velocity were calculated using the formula (2.40), i.e.
9=2Vrti/o [23, 52] and varied depending on the models (M1-M8) used to calcu-late the i parameter,
as well as the season and soil (Table 5-6).

Using the proposed method (model M8), the heat wave velocity values it was found as 1.0467 m
s71in winter, 1.1893 m s in spring, 1.2669 m s in summer and 1.0688 m s in autumn in non-alkaline
soil; 0.5872 m s in winter, 0.6837 m s in spring, 0.5305 m s'in summer and 0.4563 m s in autumn
in alkaline soil.

As can be understood from the text the heat wave velocity was higher in non-alkaline soil for all
seasons. The maximum heat wave velocity was in summer at non-alkaline soil

4.2.7. Heat wave lenght (A )

The value of the heat wave length is the distance traveled by the heat wave per unit of time.

The values of the heat wave lenght calculated using the formula A=27td and varied depending
on the models (M1-M8) used to calcu-late the k parameter, as well as the season and soil (Table 5-6)
[53].

The heat wave lenght was detected as 0.9 m in winter, 1.03 m in spring, 1.09 m in summer and
0.92 m in autumn in non-alkaline soil; 0.5 m in winter, 0.59 m in spring, 0.45 m in summer and 0.39
m in autumn in alkaline soil.

It was concluded that the lenght between the two waves in non alkaline was much more than in
alkaline soil.

The difference can be explained by the higher thermal diffusivity of non-alkaline soils.

The difference can be explained by the higher thermal diffusivity and the lower soil temperature
attenuation depths of non-alkaline soils.

Soil thermal properties (i, A, d, e, ....) different in each model used.

4.3. Assessment of soil thermal diffusivity models

The measured (Tmes) and predicted temperature values (Tl) (using solutions (2.20) and (2.23) for
one and two harmonics) were compared to evaluate the effectiveness.eight methods (M1-M8).
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To do this, we set up a linear regression equation, i.o. Times (zi tj) =a+bt call(zi,tj), between
measured and estimated value of studied soil temperature for all four season.

The effectiveness of the eight methods (M1-M8) was assessed using on the basis of two criteria:
the Pearson correlation coefficient (r) and the The Root Mean Square Error (RMSE, 0), are described
by the equations (2.45) and (2.48). The calculation results are presented in Tables 7 and 8.

Table 7. Effectiveness of models (M1-MS8) for predicting the temperature of non-alkaline soil at four depths z =
5,10, and 15 cm during the year (from 01.12.2019 to 20.11.2020) for four seasons

Depth M1 M2 M3 M4 M5 M6 M7 M8
Z. m Winter
0.05 0.9232 0.9445 0.9330 0.9385 0.9349 0.9711 0.9372 0.9838
r 0.10 0.8052 0.6155 0.7462 0.6990 0.7313 0.6292 0.7120 0.7096
0.15 0.9581 0.9236 0.9679 0.9604 0.9668 0.8538 0.9646 0.9968
0.05 0.3360 0.3003 0.3200 0.3106 0.3168 0.2631 0.3136 0.2494
RMSE 0.10 0.8321 0.8845 0.8450 0.8575 0.8487 0.8840 0.8523 0.8537
0.15 1.2914 1.3009 1.2918 1.2937 1.2923 1.3087 1.2923 1.2907
Z. m Spring
0.05 0.9688 0.9735 0.9696 0.9718 0.9735 0.9880 0.9754 0.9956
r 0.10 0.7836 0.7355 0.7767 0.7552 0.7354 0.6672 0.7124 0.6944
0.15 0.9855 0.9853 0.9863 0.9870 0.9853 0.9194 0.9829 0.9926
0.05 0.5680 0.5078 0.5584 0.5306 0.5077 0.3395 0.4885 0.2488
RMSE 0.10 0.9277 1.0431 0.9436 0.9946 1.0433 1.2158 1.0874 1.1292
0.15 0.2607 0.2529 0.2539 0.2445 0.2529 0.5037 0.2613 0.2257
Z. m Summer
0.05 0.9562 0.9608 0.9569 0.9584 0.9609 0.9867 0.9628 0.9944
r 0.10 0.8022 0.7591 0.7965 0.7836 0.7583 0.6704 0.7384 0.7097
0.15 0.9731 0.9797 0.9747 0.9775 0.9797 0.9169 0.9794 0.9968
0.05 1.0992 1.0228 1.0879 1.0636 1.0216 0.6347 0.9981 0.5228
RMSE 0.10 1.4630 1.6310 1.4840 1.5334 1.6341 2.0207 1.6962 1.8133
0.15 0.9299 0.9086 0.9237 0.9133 0.9088 1.2002 0.9086 0.8647
Z. m Autumn
0.05 0.9411 0.9475 0.9433 0.9416 0.9437 0.9832 0.9439 0.9952
r 0.10 0.7739 0.6914 0.7519 0.7686 0.7477 0.6151 0.7430 0.6949
0.15 0.9626 0.9647 0.9670 0.9640 0.9675 0.8578 0.9678 0.9982
0.05 0.8609 0.7911 0.8378 0.8550 0.8337 0.4593 0.8329 0.3279
RMSE 0.10 1.1172 1.3245 1.1691 1.1294 1.1794 1.5869 1.1842 1.3093
0.15 0.8934 0.9085 0.8888 0.8918 0.8886 1.1820 0.8876 0.8570

Table 8. Effectiveness of models (M1-M8) for predicting the temperature of alkaline soil at four depths z =5, 10,
and 15 cm during the year (from 01.12.2019 to 20.11.2020) for four seasons.

Depth M1 M2 M3 M4 M5 M6 M7 M8
Z. m Winter
0.05 0.7185 0.7470 0.7214 0.7832 0.9235 0.9068 0.9284 0.9726
r 0.10 0.5886 0.6567 0.5954 0.7403 0.9560 0.7924 0.9535 0.9912
0.15 0.5883 0.6882 0.5986 0.8022 0.8346 0.5227 0.8020 0.8067
0.05 2.4549 2.2906 2.4384 2.0803 1.2065 1.5692 1.1705 1.1284
RMSE 0.10 2.7519 2.5047 2.7263 2.2188 1.5476 1.9136 1.5437 1.5220
0.15 2.2593 1.9043 2.2218 1.5191 1.0836 1.6181 1.1023 1.1018
Z. m Spring
0.05 0.6835 0.7376 0.7035 0.7385 0.9293 0.9132 0.9331 0.9540
r 0.10 0.5196 0.6465 0.5670 0.6486 0.9783 0.8614 0.9791 0.9994
0.15 0.5014 0.6888 0.5728 0.6916 0.8939 0.6396 0.8801 0.8914
0.05 4.5860 4.0131 4.3748 4.0038 1.7992 2.2409 1.7480 1.7239
RMSE 0.10 4.9233 3.8579 4.5224 3.8411 0.6147 1.5951 0.5871 0.4455
0.15 4.8718 3.3972 4.3017 3.3750 1.3436 2.0376 1.3819 1.3620
zZ. m Summer
r 0.05 0.6795 0.6762 0.6825 0.6705 0.9621 0.9254 0.9662 0.9903
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0.10 0.5048 0.4969 0.5121 0.4832 0.9491 0.7310 0.9332 0.9510
0.15 0.5192 0.5074 0.5300 0.4870 0.6040 0.2673 0.5335 0.5400

0.05 10.0685 10.1238 10.0178 10.2194 5.3090 6.1000 5.2119 5.2323
RMSE 0.10 10.7883 10.8938 10.6919 11.0775 4.8664 5.8961 4.8587 4.8479
0.15 10.8287 10.9800 10.6913 11.2458 5.6042 6.6876 5.6402 5.6379

zZ. m Autumn
0.05 0.6486 0.7235 0.6794 0.7608 0.9502 0.9051 0.9537 0.9954
r 0.10 0.4343 0.6165 0.5100 0.7038 0.9178 0.6053 0.8909 09116
0.15 0.3836 0.6590 0.5003 0.7802 0.5476 0.1492 0.4487 0.4559
0.05 8.3498 7.1940 7.8738 6.6146 3.0722 4.5734 2.9157 2.9487
RMSE 0.10 8.5686 6.5279 7.7026 5.5862 1.6225 4.1208 1.5893 1.5858
0.15 8.3795 5.6865 7.1937 4.5811 2.3271 4.6643 2.3667 2.3666

The analysis of the calculation results (see Tables 7 and 8) showed that basically the proposed
point method (M8) (formula 2.38) is the most efficient model as it gives more accurate predictions in
soil layers x=5, 10 and 15 cm for T(z,t) for both soils in all seasons than the other algorithms.

4.4. Heat flux (q)

According to tables 7 and 8, it was determined that the proposed method M8 is a more adequate
model.

Therefore, the values of thermal diffusivity found according to the proposed method M8 were
taken into account when calculating the heat flux from the soil surface.

Using the thermal diffusivity values (Tables 5 and 6) calculated using the proposed point
method (M8), the heat flux g on the surface (z = 0) of the soil at time f in both (alkaline and non-
alkaline) soils was calculated.

Heat Flux for Non- alkaline Soils Heat Flux for Alkaline Soils
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Figure 5. Heat flux (W m?) from the soil surface calculating according to proposed method (M8) at non-
alkaline and alkaline soil.

These values varied depending on the season and soils (Figure 5). In non-alkaline soils, the
highest values of heat flux was 21.29 W-m at 14 o'clock in winter, 80.12 W m2 at 12 o'clock in spring,
106.86 W m2 at 12 o'clock in summer, and 76.08 W m-2 at 13 in autumn has been determined. The
highest heat flux in non-alkaline soils was observed in summer (Figure 5).

Maximum heat flux was 58.48 W-m at 12 o'clock in winter, 128.90 W-m2 at 11 o'clock in spring,
130.35 W-m2 at 11 o'clock in summer, and 121.09 W-m?2 at 11 o'clock in autumn. The highest heat flux
was observed in summer (Figure 5).

The highest values of heat flow were observed in alkaline soils for all seasons. These values can
be explained by the higher amplitude (Ta), phase shift (¢) and volumetric heat capacity of soils (Cv),
which are included in the corresponding formulas (3.2) - (3.7) and are the main factors influencing
the heat flux of soils (tables 2 and 3 or table 4).
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5. Conclusions

In the study, the thermal properties of different soils (alkaline and non-alkaline) were
investigated using various classical (amplitude, arctangent, logarithmic and phase) and proposed
point methods in different seasons from 01.11.2019 to 30.10.2020.

All the considered thermal properties varied depending on the time of year, the models used
and the soils (Table 3-4).

Considering the differences between soils, higher thermal diffusivity was observed in non-
alkaline soils, with the exception of the values calculated by methods M1-M4.

The M8 model proved to be the best among the eight models in estimating soil temperature
values due to the strong correlation between calculated and measured values.

For example, the correlation value (r) at a depth of z=5 cm in non-alkaline soil was, respectively,
r=0.9838 in winter, 0.9956 in spring, 0.9944 in summer, and 0.9952 in autumn.

Whereas for alkaline soil at a depth of z =5 cm, respectively, we have: r=0.9726 in winter, 0.9540
in spring, 0.9903 in summer and 0.9954 in autumn

Accordingly, the following values were obtained for the root mean square error (RMSE, o) at a
depth of z=5 cm: 0.2494 °Cin winter, 0.2488 °Cin spring, 0.5228 °C in summer and 0.3279 °C in autumn
in non-alkaline soil.

Whereas for alkaline soil at a depth of z =5 cm, respectively, we have: 0=1.1284 in winter, 1.7239
in spring, 5.2323 in summer and 2.9487 in autumn in alkaline soil.

The calculation results showed that the proposed point method (M8) (formula 36) is the most
effective model, because it gives more accurate predictions for soil temperature values T(z,t) than
other algorithms for both soils in all seasons.

The proposed point method M8 is more informative and adequately reflects heat transfer in the
soil, since it includes, in addition to the values of the soil profile temperature, also the amplitude of
fluctuations (Ta) of the soil surface temperature as well as the depth of the soil profile (L), where there
is no temperature gradient.

When comparing the attenuation depths that best reflect the attenuation of heat waves in soils,
it was found that the best of the eight models used to calculate the soil thermal conductivity
coefficient is the proposed M8 point method for both soils for the entire season.

The results of our studies (Tables 4 and 5) showed that the thermal properties (thermal
diffusivity, thermal conductivity, diistirim depth, thermal effusivity, heat wave velocity, and heat
wave length) of soils decreased with increasing salt content at a given water content are consistent
with the findings of Noborio and McInnes (1993).
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