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RESUMO

CARACTERIZAÇÃO DA DINÂMICA TÉRMICA DO SOLO EM
PASTAGEM NATURAL SOBRE O BIOMA PAMPA BRASILEIRO:

ESTIMATIVAS DAS PROPRIEDADES TÉRMICAS DO SOLO.

AUTORA: Tamíres Zimmer
ORIENTADORA: Débora Regina Roberti

Para caracterizar a dinâmica térmica do solo é necessário determinar suas propriedades

térmicas, pois são elas que descrevem como a energia térmica é armazenada e distribuída

de acordo com o tempo e a profundidade. Assim, quantificar as temperaturas do solo

e da superfície e estimar o armazenamento de calor são fundamentais para estudos de

balanço de energia de superfície e este conhecimento é importante para caracterizar o

microclima local. Este estudo tem como objetivo quantificar e analisar as propriedades

térmicas do solo em campos nativos do bioma Pampa brasileiro por meio de métodos

híbridos baseados em dados experimentais e métodos analíticos por meio de dois artigos.

No primeiro, investiga-se a influência de condições climáticas como cobertura do céu

e umidade do solo (θ) na dinâmica das variáveis térmicas do solo (fluxo de calor, G,

e temperatura do solo, Ts) e propriedades térmicas do solo. Os resultados mostraram

que os maiores valores de condutividade térmica (λ) e difusividade térmica (k) foram

obtidos em períodos com solo úmido. Além disso, observou-se maior variabilidade das

propriedades térmicas do solo com o aumento da umidade. A proposta de um novo modelo

empírico para λ(θ) forneceu bons resultados para representar o λ experimental e estimar

G. O segundo artigo apresenta a estimativa das propriedades térmicas e temperatura

do solo obtidas a partir da solução analítica da equação de transferência de calor por

condução e condução-convecção. Os resultados obtidos esclarecem melhor a dinâmica

térmica do solo ao considerar os processos de condução e convecção de calor no solo em

diferentes profundidades. Além disso, as propriedades térmicas do solo mostraram variar

em diferentes níveis, além da heterogeneidade vertical nas propriedades térmicas do solo

em função da umidade do solo para períodos secos e úmidos. Os resultados do estudo

mostram a influência da umidade do solo e das condições climáticas na caracterização

termodinâmica do solo.

Palavras-chave: TEMPERATURA DO SOLO. FLUXO DE CALOR NO SOLO. PRO-

PRIEDADES TÉRMICAS DO SOLO. UMIDADE DO SOLO. ÍNDICE DE CLARIDADE DA

ATMOSFERA. BIOMA PAMPA.



ABSTRACT

CHARACTERIZATION OF SOIL THERMAL DYNAMICS IN NATURAL
PASTURE OVER THE BRAZILIAN PAMPA BIOME: ESTIMATES OF

SOIL THERMAL PROPERTIES.

AUTHOR: Tamíres Zimmer
ADVISOR: Débora Regina Roberti

To characterize the soil thermal dynamics, it is necessary to determine its thermal properties

because they describe how thermal energy is stored and distributed according to time

and depth; this knowledge is important for characterizing the local microclimate. Hence,

quantifying soil and surface temperatures and estimating heat storage are pivotal for

surface energy balance studies. Given the above, this study aims to quantify and analyze

soil thermal properties in native grasslands in the Brazilian Pampa biome through hybrid

methods based on experimental data and analytical methods through two articles. In

the first, the influence of climatic conditions such as sky cover and soil moisture (θ) on

the dynamics of soil thermal variables (soil heat flux, G, and soil temperature, Ts) and

soil thermal properties is investigated. The results showed that the highest values of

thermal conductivity (λ) and thermal diffusivity (k) were obtained in periods with moist

soil. Moreover, greater variability of soil thermal properties with increasing moisture was

observed. The proposal of a new empirical model for λ(θ) provided good results to represent

the experimental λ and estimate G. The second article presents the estimation of thermal

properties and soil temperature obtained from the analytical solution of the heat transfer

equation by conduction and conduction-convection. The obtained results shed more light on

the thermal dynamics of the soil by considering the conductive and convective processes of

heat in the soil at different depths. Moreover, the thermal properties of the soil were shown

to vary at different levels, in addition to vertical heterogeneity in the thermal properties of

the soil as a function of soil moisture for dry and wet periods. The study results show the

influence of soil moisture and climatic conditions on soil thermal dynamic characterization.

Keywords: SOIL TEMPERATURE. SOIL HEAT FLUX. SOIL THERMAL PROPERTIES.

CLEARNESS INDEX OF THE ATMOSPHERE. PAMPA BIOME.
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1 INTRODUCTION

Understanding the complex interaction between soil, vegetation, and the atmosphere is

fundamental for describing meteorological, hydrological, and ecological phenomena. Soil is

an important natural variable that influences several processes, such as infiltration and heat

transfer between soil layers (soil horizons) (ALKHAIER; FLERCHINGER; SU, 2012). In this

sense, knowledge of composition and soil land cover and the processes of energy and

mass exchange between the surface and subsoil is essential for surface modeling related

to surface energy balance closure, models of agricultural production, and climate, among

others (HEUSINKVELD et al., 2004; EVETT et al., 2012; KOJIMA et al., 2018). In addition,

knowledge of soil thermal properties (soil thermal diffusivity, k, soil thermal conductivity, λ,

and soil thermal capacity, cv) enables an understanding of soil thermal dynamics, which are

necessary basic parameters for estimating thermal variables that include soil temperature

(Ts) and heat flux (G).

G on the surface can account for about 20% of the energy available over various

land covers (KUSTAS; DAUGHTRY, 1990; WILSON et al., 2002; ONCLEY et al., 2007;

FOKEN, 2008; WANG; GAO; HORTON, 2010); it is responsible for energy transfer from

the surface to the subsoil and is directly related to variations in Ts, soil moisture (θ), and

thermal properties. Soil thermal variables such as Ts and G are mainly influenced by

weather conditions (ALLEN et al., 1998; ALVALÁ et al., 2002), while thermal properties

depend on θ and solar radiation (WANG; GAO; HORTON, 2010; OTUNLA; OLADIRAN,

2013; AN et al., 2016). Both are characterized by diurnal, monthly, seasonal, and annual

behavior dynamics. In addition, the thermal properties of the soil depend on factors

related to the type of the soil, including texture, porosity (θs), density (ρs), organic matter

content, mineralogical composition, the physical structure of the soil, among others (VRIES;

PECK, 1958; JOHANSEN, 1975; CAMPBELL, 1985; LU et al., 2007; CLARKE; AGAB;

NICHOLSON, 2008; LIU et al., 2018; LU et al., 2019; XIE et al., 2019). Various studies

have shown that climatic conditions related to the amount of solar radiation reaching the

surface and soil moisture directly influence the dynamics of energy transfer from the surface

to the subsoil (JR; FRIEDL, 2003; OTUNLA; OLADIRAN, 2013; ROXY; SUMITHRANAND;

RENUKA, 2014; AN et al., 2016; ZIMMER et al., 2020).

Cloud cover is an important factor in the processes of scattering and absorbing solar

radiation in the atmosphere and affects the amount of this radiation that falls on the Earth’s

surface (ECHER; MARTINS; PEREIRA, 2006); it is also used for the processes of energy

transfer both to the atmosphere and the subsoil. Mathematically, various combinations

of measurements of incident solar radiation on the surface, surface temperature, soil

temperature, soil moisture, and air temperature, together with estimates of the thermal

properties of the soil, are used to calculate the G indirectly from the solution of the
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heat equation (KIMBALL et al., 1976; HORTON; WIERENGA; NIELSEN, 1983; SILANS;

MONTENY; LHOMME, 1997; WANG; BRAS, 1999; VERHOEF, 2004).

Many methods for estimating soil thermal properties have been proposed in the litera-

ture. The estimates are generally obtained from analytical solutions of the heat conduction

equation (CARSLAW; JAEGER, 1959), where the boundary conditions are described

by a sine function or a Fourier series. In the analysis of heat transfer by conduction,

the soil is considered vertically homogeneous with a constant thermal diffusivity, and

the analytical methods used are amplitude and phase change (VRIES; PECK, 1958;

WIERENGA; NIELSEN; HAGAN, 1969), arc tangent (NERPIN; CHUDNOVSKII, 1967),

logarithmic (SEEMANN, 1979), harmonic (HORTON; WIERENGA; NIELSEN, 1983), and

numerical solutions using the gradient method (HORTON; WIERENGA; NIELSEN, 1983;

EVETT et al., 2012; GAO et al., 2017; ROMIO et al., 2019).

Nonetheless, vertical water flow may affect Tsoil, and thus, thermal properties (e.g., soil

heat transfer) are also due to heat convection within pores (SILANS; MONTENY; LHOMME,

1996; GAO; FAN; BIAN, 2003). Solutions for the conduction-convection equation have

been developed that consider the vertical heterogeneity of the thermal diffusivity of the

soil. Gao, Fan & Bian (2003) proposed a new method for estimating k by deriving the

analytical solution of the conduction-convection equation using the harmonic and Laplace

transform methods (GAO, 2005). Wang et al. (2012a), Wang et al. (2012b) improved the

solution of the conduction-convection equation with a Ts limit described as a Fourier series.

Nevertheless, the thermal properties of the soil can also be estimated by empirical models

and for specific data sets in different regions and experimental sites around the world.

Therefore, numerous researchers have parameterized thermal properties based on soil

parameters measured in laboratory experiments for specific soil samples (CLARKE; AGAB;

NICHOLSON, 2008; LU et al., 2019; XIE et al., 2019; ZHAO et al., 2019). However,

given scale effects and soil complexity, errors often occur when extrapolating laboratory

results to field experiments (BARRIOS; FRANCÉS, 2012; EVETT et al., 2012; AN et al.,

2016), mainly because θ depends on field conditions and varies with time and soil depth

(FAROUKI, 1986; LU et al., 2007; CHEN; SHAO; LI, 2008; LU et al., 2014). Most empirical

models proposed in the literature describe λ as a function of θ (KERSTEN, 1949; VRIES;

PECK, 1958; JOHANSEN, 1975; CAMPBELL, 1985; CÔTÉ; KONRAD, 2005; LU et al.,

2007; LU et al., 2014; NIKOOSOKHAN; NOWAMOOZ; CHAZALLON, 2016; TONG et al.,

2016).

Parameterizations are often used in land surface models to determine the energy and

water balance of the surface in different ecosystems, albeit such parameterizations still do

not describe all soil properties. Therefore, it is important to develop research that describes

the long-term thermal properties of soil in different soil types and climatic zones. Despite

climatic information on the energy exchange between soil, plant, and atmosphere being

essential to describe these ecosystems, this information is limited and almost non-existent
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in some regions, including the Pampa biome. Given this context, this study investigated soil

thermal dynamics in two experimental sites characterized by natural pastures in different

locations of the Brazilian Pampa biome.

The Pampa biome is characterized by a transitional area between tropical and temperate

climates, with hot summers and cold winters, regular rainfall between months, and a region

spread between southern Brazil, Uruguay, and northern Argentina. According to (ROESCH

et al., 2009), the Pampa has a typical climate for developing forest ecosystems, although the

formation of dense forests is uncommon in this region, as grasses predominate. In addition,

the Pampa, with its still little-known soil properties, plays an important role in biodiversity

conservation (BINKOWSKI, 2009). It is known that the thermal dynamics of the soil in the

Pampa biome are of fundamental importance for understanding the local ecosystem, as is

the net energy exchange between the surface and atmosphere.

In this context, it is highly challenging to understand how climate variables influence

thermal variables and soil thermal properties at different time scales. Describing these soil-

plant-atmosphere interactions is extremely difficult, as it is not easy to find studies in the

literature with a database of field measurements over long periods, at different seasons,

and in similar ecosystems. Monitoring areas in the Pampa is even more difficult, as it is a

region that has been little studied in terms of thermal variables and soil thermal properties.

1.1 OBJECTIVE

To quantify and analyze thermal soil properties in native grasslands in the Brazilian

Pampa biome using hybrid methods based on experimental data and analytical methods.



2 THEORETICAL FOUNDATION

This chapter is devoted to a brief overview of the main themes that have supported

this study. The overview allows for a better understanding of the parameters used, their

properties, and above all, the relationships with the physical properties of the soil analyzed

in this thesis.

2.1 PAMPA BIOME

The Pampa biome is located in southern Brazil, part of Argentina, and the entire territory

of Uruguay; it occupies an area of roughly 750.000 km2 (Figure 2.1). In southern Brazil, the

Pampa Biome covers an area of about 176.496 km2, which corresponds to 2.07% of the

Brazilian territory and 63% of Rio Grande do Sul State (IBGE, 2004; BOLDRINI, 2010).

Figure 2.1 – Illustration of the Pampa biome with delimitation of its territory in South
America, Brazil and Rio Grande do Sul State.

Fonte: Adapted from (AZEVEDO, 2013).

These areas have changed since the colonization of Brazil, especially with the intro-

duction of cattle breeding, the expansion of agricultural areas, and the creation of a land

structure with medium and large plots. Nevertheless, the Pampa plays an important role in

biodiversity conservation, as it is home to a plethora of animal and plant species that are
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still little studied (BINKOWSKI, 2009). According to the Ministry of the Environment (ROSA,

2008), there are about 3000 plant species, 100 mammal species, and 500 bird species in

the biome. What is more, the Pampa has only recently been recognized as a biome (in

2004) and separated from the Atlantic Forest biome.

The fields of the Pampa biome are characterized by a predominance of grassland

vegetation of the low herbaceous type with grass features, which also has shrub vegetation

and woodlands (BOLDRINI, 2010). In general, the physiognomy of the fields is determined

by the structure of the vegetation. In the Pampa, however, very different field physiognomies

can be observed, which are essentially characterized by various factors: soil and relief,

climatic conditions, and cultivation. Agriculture is highly developed because of the natural

fields, which are an essential resource for its use (NABINGER et al., 2009).

The climate of the Pampa biome is classified as humid subtropical (Cfa) according to the

Köppen climate classification (PEEL; FINLAYSON; MCMAHON, 2007), with hot summers

and cold winters. During the year, changes in vegetation cover may occur in the fields

of the biome, either due to severe weather events or phenomena such as El Niño and

La Ninã (ENOS). Vegetation in the Pampa biome, therefore, has a well-defined seasonal

behavior with a growing season and increased species biomass in the hot seasons (spring

and summer) and decreased species biomass in the cold seasons (autumn and winter)

(KUPLICH; MOREIRA; FONTANA, 2013; ACOSTA et al., 2019).

2.2 ENERGY BALANCE

The energy balance at the surface, based on the principle of conservation of energy,

can be represented by the transfer of energy in the form of heat to warm the atmosphere

(sensible heat, H), water vapor condensation, or water evaporation from the surface and

transpiration of plants (latent heat, LE) and by energy transfer, conduction to heat the soil

(soil heat flux, G). For an ideal surface (relatively flat, homogeneous, large in area, and

impermeable to radiation), energy balance is as follows:

Rn−G = H + LE (2.1)

where Rn is the net radiation balance at the surface, G is the energy flux in the form of heat

in the soil, H is the energy flux in the form of sensible heat and LE is the energy flux in the

form of latent heat. The terms on the left and right sides of Eq.(2.1) are defined as available

energy (Rn−G) and turbulent fluxes (H + LE), respectively.

The energy balance allows us to evaluate the changes in the microclimate of the

vegetation depending on the stages of development of the plants and conditions of the

soil and the atmosphere, as it is based on the balancing of the different types of energy
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interacting with the Earth’s surface, with solar energy being the main source, and the

resulting balance as net radiation (Rn) (BISHT et al., 2005).

Figure 2.2 – Illustration of the energy balance components: (a) during the day and (b)
during the night.

Fonte: Prepared by the author.

TheRn is normally positive during the day and negative at night; it defines the difference

between energy losses and gains at the surface. During the day (Figure 2.2, a), the soil

absorbs solar radiation and, when heated, releases energy to heat the air (H), evaporate

water (LE), and heat the deeper soil layers (G). During the night (Figure 2.2, b), the soil

continues to rapidly lose energy due to the absence of the Sun and cools more than the

adjacent air and deeper soil layers. Since the ground is colder than the adjacent air, the

arriving water vapor condenses. In this way, the Earth receives the latent heat (LE) of

condensation. The low surface temperature causes heat conduction from the deeper soil

layers (G) to be directed upwards, and finally, the warmer air immediately above the soil

surface transfers the energy to the soil surface by heat conduction (PEREIRA, 2002).

The closing of the energy balance is often analyzed to assess the quality of the energy

fluxes determined with the Eddy Covariance method and indirectly to assess the accuracy

of the carbon dioxide measurements (WILSON et al., 2001; CULF; FOKEN; GASH, 2004;

LEUNING, 2004; FOKEN, 2008).
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2.3 SOIL HEAT FLUX

When a portion of a given substance is heated, the heat generated by the heating

tends to spread in all directions until thermal equilibrium is reached. This heat propagation

is different for each substance because there can be different interactions between the

matter and thermal energy (heat) (TOULOUKIAN et al., 1973).

Among the physical processes of heat propagation, heat conduction predominates

in solid substances, and the propagation mechanism does not physically change the

properties of the solid substance. Therefore, heat conduction occurs through thermal

energy transfer from one particle to another and is generally the most important transfer

process in soils. This process is determined by the thermal properties of the soil, which in

turn are strongly dependent on soil moisture (θ) (PREVEDELLO, 2015).

Heat conduction in solids was originally analyzed by Fourier, whose name is associated

with the linear transport equations used to describe heat conduction. The first law of heat

conduction, known as Fourier’s law, states that the heat flow in a homogeneous body is

proportional to the temperature gradient and can be written as follows:

G = −λ∂T
∂z

(2.2)

where G (W m−2) is the soil heat flux (i.e. the amount of heat conducted per unit cross-

section per unit time), λ (W m−1K−1) is the thermal conductivity, which is a function of θ

(m3 m−3), T (K) is the soil temperature, and z (m) is the depth of the soil surface. The

negative sign means that heat flows from the point of higher temperature to the point of

lower temperature (HORTON; WIERENGA; NIELSEN, 1983).

The soil heat flux is defined as the amount of energy used to heat the soil, and it cannot

be measured directly, although its concept has important physical significance because it

is linked to a measurable scalar quantity (temperature) since the temperature distribution

within the material is given as a function of position and time.

G represents the fraction of Rn that is transferred to the lower soil layers and generally

results in an increase in energy in the middle of the night or a decrease during the day.

In energy balance research, G quantification is of utmost importance as it represents the

energy input/output of a given medium, thus contributing to the increase and/or decrease

in LE and H fluxes and, consequently, the increase and/or decrease in evaporation and

transpiration rates.
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2.4 SOIL THERMAL PROPERTIES

2.4.1 Thermal conductivity

Thermal conductivity (λ) is the amount of energy that soil can transfer through a unit

area per unit time under a temperature gradient in the direction of that heat flow (FAROUKI,

1981). It is also a critical thermal property that determines the soil’s ability to transfer energy

in the form of heat.

The thermal conductivity of soil is one of the most important parameters related to heat

exchange and plays a key role in verifying the thermal hydrodynamics of soil. Since soil

is a granular medium composed of solid, liquid, and gaseous components, its thermal

conductivity depends on the volumetric proportions of these components, the size and

arrangement of the solid particles, and the contact area between solid and liquid and, in

particular, the soil moisture (CAMPBELL; LONGWORTH, 1970).

Heat conduction in dry porous media occurs almost exclusively via the contact zones

between solid particles (Figure 2.3, a). Figure 2.3 (c) illustrates the heat transfer by

conduction in pore media, but under wetter medium conditions, where the presence of

water trapping the solid particles leads to an effective increase in the contact area that

can transfer heat, so that λ increases rapidly. With increasing humidity (Figure 2.3, d), λ

continues to increase as the air, which has low conductivity, can no longer transfer heat

(PREVEDELLO, 2015).

Figure 2.3 – Dependence of thermal conductivity on soil moisture in a porous medium
the contact between the grains is limited to small areas (red), and the corresponding
cross-sectional area limits the heat flux in a completely dry medium (a). The paths widen
considerably with increasing water content, resulting in higher conductivity (b–d).

Fonte: Prepared by (ROTH, 1995).
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2.4.2 Volumetric heat capacity

The heat capacity (cv) per unit volume of soil is the energy in the form of heat required

to change the temperature of that unit volume by 1°C. It is calculated as the product of the

specific heat of the soil (Cs) and the specific density of the soil (ρs) (FAROUKI, 1986):

cv = ρsCs (2.3)

The volumetric heat capacity of a soil depends on the following factors: the factors

inherent in the soil itself and the factors that can be managed or controlled to some extent.

The factors or properties inherent in the soil itself are related to mineralogical composition

and organic matter (WIERENGA; NIELSEN; HAGAN, 1969). Factors that influence soil

heat capacity and can be controlled externally are volumetric moisture and soil density,

although they are difficult to measure. Soil management also influences cv by causing soil

compaction, increasing density, and reducing porosity (WIERENGA; NIELSEN; HAGAN,

1969).

2.4.3 Thermal diffusivity

Soil thermal diffusivity (k) determines the rate at which temperature spreads through

the soil, varying in time and space, and dictates the relationship between the ability to store

and conduct thermal energy in the soil (REICHARDT; TIMM, 2004). The relationship is

given by the ratio between the thermal conductivity (λ) and soil volumetric heat capacity

(cv) (FAROUKI, 1986), as

k =
λ

cv
(2.4)

Thermal diffusivity is also a function of soil moisture, density, and composition (RE-

ICHARDT; TIMM, 2004), and it increases at higher θ values until reaching a maximum

value. From this point, the water content λ no longer increases at the same rate as cv, and

the thermal diffusivity, therefore, decreases (CAMPBELL; LONGWORTH, 1970).

2.5 CONTRIBUTION OF WATER TO SOIL THERMAL BEHAVIOR

Soil can be considered a medium that can store water very efficiently, and this storage

can occur over long periods so that plants can use it. Water enters the soil through

precipitation, irrigation, runoff, and the capillary rise and leaves through drainage, runoff,

and evapotranspiration. The physical properties of the pore space, such as porosity,
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connectivity between pores, and permeability influence the transport of fluids in the soil. The

water movement in the soil is usually in liquid and/or vapor form, which leads to changes in

the thermal properties of the soil due to variations in the amount and state of water. This

fact is due to the temperature gradients in the soil that cause the movement of water in the

medium (FAROUKI, 1986).

2.5.1 Soil moisture

Soil moisture (θ) can be described as the amount of water that the soil stores (RE-

ICHARDT, 1990); θ is the ratio between the volume of water present in a soil sample and

the volume of the sample:

θ =
V

VT
=
ρA(mu −ms)

VT
(2.5)

where θ is the soil moisture (m3 m−3), V is the volume occupied by water (m3), VT is the

total volume of the sample (m3), ρA is the density of water (kg m−3), ms is the mass of solids

(kg), and mu is the wet mass of the soil sample (kg). The measurement of soil moisture (θ)

can also be expressed as a percentage (%).

2.5.2 Soil water availability

Soil water availability refers to the capacity of a soil to retain water available to plants.

After heavy rainfall or irrigation, the soil will drain until field capacity is reached. Field ca-

pacity (θFC) is the amount of water that a well-drained soil should hold against gravitational

forces or the amount of water remaining when downward drainage has markedly decreased.

In the absence of a water supply, the water content in the root zone decreases due to water

uptake by the crop. As water uptake progresses, the remaining water is held to the soil

particles with greater force, lowering its potential energy and making it more difficult for

the plant to extract it. Eventually, a point is reached where the crop can no longer extract

the remaining water. The water uptake becomes zero when wilting point (θWP ) is reached

(ALLEN et al., 1998).

As the water content above θFC cannot be held against the forces of gravity and will

drain and as the water content below θWP cannot be extracted by plant roots, the total

available water in the root zone is the difference between the water content at field capacity

and wilting point (ALLEN et al., 1998); it is mathematically expressed by the equation:

TAW = 1000(θFC − θWP )Zr (2.6)
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where TAW (mm) is the total available soil water in the root zone, θFC (m3 m−3) is the

water content at field capacity, θWP (m3 m−3) is the water content at wilting point, and Zr

(m) is the rooting depth.

Although water is theoretically available until θWP , the crop water uptake is reduced well

before the wilting point is reached. As the soil water content decreases, water becomes

more strongly bound to the soil matrix and more difficult to extract. When the soil water

content drops below a threshold value, soil water can no longer be transported quickly

enough towards the roots to respond to the transpiration demand, and the crop begins to

experience stress (ALLEN et al., 1998). The fraction of TAW that a crop can extract from

the root zone without suffering water stress is the readily available soil water (RAW ) and

given by the equation:

RAW = p(TAW ) (2.7)

where p is the average fraction of total available soil water that can be depleted from the root

zone before moisture stress occurs. The factor p differs from one crop to another (ALLEN

et al., 1998).

2.6 ATMOSPHERE CLARITY INDEX

According to Marthews, Malhi & Iwata (2012), the clarity index (κ) is defined as the ratio

between the shortwave radiation (Rg) received from the sun/sky on a horizontal surface and

the radiation reaching the upper part of the atmosphere (R0), which is calculated according

to the equation:

κ =
Rg

R0

(2.8)

Equation (2.8) depends on the time, the day of the year, and the location (latitude). The

clarity index is dimensionless and ranges from 0 to 1 (where 1 corresponds to 100%). This

value expresses the atmospheric transmittance (i.e., how much of the incident radiation

at the top of the atmosphere actually reaches the Earth’s surface). In addition, κ varies

according to the amount of clouds and aerosols in the atmosphere, resulting in an increase

or decrease in the direct or diffuse components of solar radiation reaching the surface. This

fact also makes it possible to classify cloud cover according to its degree of cloudiness

(TAVARES, 2005).

The radiation reaching the top of the atmosphere (R0) can be calculated with the

classical equation described by Iqbal (1983), which is calculated as a function of the solar

constant (S0), the radius of the Earth’s orbital vector (E0), the local latitude (φ), the solar
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declination (δ), and the zenith angle (Z) as follows:

R0 = S0E0cos(Z) (2.9)

with

E0 = 1 + 0, 0033cos

(
2πdn
365

)
(2.10)

where dn is the day of the year according to the Julian calendar. For the solar zenith angle

(Z), which is the angle between the vector connecting the centers of the Earth and the Sun

and the local zenith, the following equation is used:

cos(Z) = senφsenδ + cosφcosδcosH (2.11)

where δ is the solar declination and considered the (celestial) latitude at which the Sun is

located, which may vary from 0◦ to ± 23◦ during the year; it is calculated as follows:

δ = 23, 45sen

[
360(284 + dn)

365

]
(2.12)

The hour angle (H), which is a measure of the Sun’s position in the equatorial hour

coordinate system, takes values between -90◦ and +90◦. The value H = 0◦ is assigned to

the solar midpoint, while negative values refer to the period before the solar midpoint and

positive values to the later period (PLANA-FATTORI; CEBALLOS, 1996).
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A B S T R A C T

The soil thermal characterization is necessary to describe the storage and propagation of energy between surface
and subsoil. Different weather conditions may influence soil energy exchange processes. Previous studies showed
that the variables related to solar radiation and soil moisture (θ) have a significant influence on soil thermal
dynamics. In this study, we analyzed the influence of these conditions in the dynamic of soil thermal variables
(soil heat flux, G, soil temperature at 0.05 m, Ts5, and at 0.15 m, Ts15) and soil thermal properties (thermal
conductivity, λ, thermal diffusivity, k, and thermal capacity, cv) obtained in two natural pasture experimental
sites located over the Pampa biome in southern Brazil: Pedras Altas (PAS) and Santa Maria (SMA), with two
datasets for both sites. The solar global radiation (Rg), represented by the clearness index, and the soil moisture
were used to classify the dataset for different sky cover and dry and wet soil. We estimated the soil thermal
properties using analytical methods and experimental data. We analyze the dependence of λ(θ) and we proposed
a new empirical model to λ θ( ) whose hypothesis takes into account a mathematical expression related to the
physical phenomenon. Our results showed that, for both sites, the average daily experimental G values were
negative and higher in wet soil than in dry soil (in absolute values), while an opposite behavior was found in
daily Ts5 and Ts15. In a daily cycle, the hysteresis phenomenon was observed between G and Rg, and between air
and soil temperatures. The clearness index influenced the pattern of these hystereses, independent of dry or wet
soil period. The higher values of λ and k were found for wet soil periods in both sites. In general, λ and k values
presented a variation of until 10% and 33% between the dataset, respectively. This variation in k induced the
bigger variability in cv. The new empirical model for λ θ( ) showed good results to represent the experimental λ
and to estimate G, consequently has the potential for use in studying numerical algorithms for describing
coupled heat and mass transfer processes. The results obtained here allowed a description of the soil thermal
regime in the natural pasture over Brazilian Pampa biome and can also be incorporated into global land surface
models that aim to represent the behavior of energy exchange between the soil-surface-atmosphere.

1. Introduction

Understanding the complex interaction between soil, vegetation,
and the atmosphere is fundamental to describe meteorological, hydro-
logical, and ecological phenomena (Alkhaier et al., 2012). The knowl-
edge of soil energy exchange processes as well as of the thermal
properties of each type of soil is essential for modeling of soil–plant-
atmosphere interaction, surface energy balance closure, models of
weather forecasting and agricultural production, among others (Evett
et al., 2012; Heusinkveld et al., 2004; Kojima et al., 2018).

The soil heat flux (G) is responsible for energy transfer from the
surface to the subsoil and can represent about 20% of the energy
available on different land cover (Foken, 2008; Kustas et al., 2000;
Oncley et al., 2007; Wang et al., 2010; Wilson et al., 2002). G is directly
related to changes in soil temperature variation and the soil thermal
properties: thermal conductivity (λ), thermal diffusivity (k), and
thermal capacity (cv) and is characterized by dynamics of diurnal,
monthly, seasonal and annual behavior. These variables define the soil
thermal regime.

Natural pastures have global importance in economic and climatic
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scenery. Although climatic information on energy exchanges between
the soil–plant-atmosphere is essential to describe these ecosystems, this
information is limited and almost nonexistent in some regions, such as
the Pampa biome. The Pampa biome is characterized by a transition
area between the tropical and temperate climate, with hot summers,
cold winters, and shallow soils. This biome is located in Uruguay,
southern Brazil, and part of Argentina. The climate characteristics play
a significant role in the plant species composition, which is dominated
by grasses favoring the livestock (Boldrini et al., 2015; Nabinger et al.,
2009; Pillar et al., 2009). Understand the soil thermal dynamics in these
conditions is a fundamental piece in preservation and conservation
studies over the Pampa native vegetation.

Previous studies showed that the soil thermal regime is related to
many factors linked to vegetation cover and weather conditions. Alvalá
et al. (2002) showed that the soil heat flux is smaller at the forest than
at the pasture, with greater differences in dry periods. Allen et al.
(1998) suggest to use a linear relationship between soil heat flux and
net radiation, but many studies demonstrated that this relationship
depends on soil properties, vegetation and time of day (Bryś et al.,
2020; Kustas et al., 2000; Purdy et al., 2016; Santanello and Friedl,
2003). Moreover, An et al. (2016), Otunla and Oladiran (2013), and
Wang et al. (2010) estimated soil thermal properties with different
methods and showed that the performance of these methods varies with
weather and soil conditions, such as sky cover and/or soil moisture.
Therefore, these studies indicate that soil moisture and variables related
to solar radiation are the main factors that influence the dynamics of
soil thermal variables and properties. Here, we analyzed the soil
thermal regime of Brazilian Pampa biome over different clearness index
of the atmosphere and soil moisture conditions.

Many methodologies to estimate the soil properties have been
proposed in the literature. In general, the estimates are obtained from
analytical solutions of the heat conduction equation (Carslaw and
Jaeger, 1959), mainly by the methods of amplitude, phase shift (De
Vries, 1963; Wierenga et al., 1969), arctangent (Nerpin and
Chudnovskii, 1967), logarithmic (Seemann, 1979), harmonic (Horton
et al., 1983), conduction – convection (Gao et al., 2008; Wang et al.,
2012), and using numerical solutions, through the gradient method
(Evett et al., 2012; Gao et al., 2017; Horton et al., 1983). In addition,
many studies describe the dependence of soil thermal properties with
soil moisture (θ). An example are parameterizations for λ (θ), which
have shown that λ has a pattern until a certain soil moisture value, with
a larger standard deviation after this limit (Campbell, 1985; Côté and
Konrad, 2005; De Vries, 1963; Johansen, 1975; Kersten, 1949; Liu
et al., 2018; Lu et al., 2007, 2014; Nikoosokhan et al., 2015; Romio
et al., 2019; Tong et al., 2016; Yan et al., 2019; Zhao et al., 2019). These
studies are usually carried out using soil parameters measured in la-
boratory experiments for soil samples (Clarke et al., 2008; Lu et al.,
2019; Xie et al., 2019; Zhao et al., 2009). However, due to scale effects
and the soil complexity, errors are often generated when laboratory

results are extrapolated to field experiments (An et al., 2016; Barrios
and Francés, 2012; Evett et al., 2012). These parameterizations are
frequently used in land surface models to determine the surface energy
and water budget in different ecosystems, but such parameterizations
still do not describe all the soil complexity over field conditions. Ac-
cording to Yan et al. (2019), to develop new models or verify the ones
available in the literature a soil thermal conductivity database should
be established and large datasets should be used. Therefore, it is im-
portant to develop research to describe the long term soil thermal
properties in different soil types and climates. In this study, the soil
thermal properties will be estimated over the Brazilian Pampa biome.

The goal of this paper is to analyze the influence of clearness index
and soil moisture in soil thermal variables on different time scale over
Brazilian Pampa biome. Besides, it is analyzed the influence of the soil
moisture in soil thermal properties variability. Two experimental sites
were used in this study, Pedras Altas (PAS) and Santa Maria (SMA),
totalizing two years of field measurements in each site.

2. Materials and methods

2.1. Experimental sites and instrumentation

The two experimental sites are located over the Pampa biome in the
State of Rio Grande do Sul (RS), Brazil, specifically, in Pedras Altas
(PAS) and in Santa Maria (SMA). The PAS experimental site is located
in 31°43.556′ S; 53°32.036′ W; 395-m elevation, in a private farm near
the city of Pedras Altas. The SMA site is located in 29°43′27.502″ S;
53°45′36.097″ W; 88-m elevation, in an experimental area of the
Federal University of Santa Maria (UFSM), near the Santa Maria city.
The vegetation in experimental sites is used as pasture for beef cattle
and mainly consists of native grasses. The typical climate of these re-
gions is classified as humid subtropical Cfa according to Köppen (Peel
et al., 2007).

The textural class of soil is sandy loam and clay loam in PAS and
SMA, respectively. The soil textural characteristics of both sites are
described in Rubert et al. (2018). In this study, for the PAS site we used
the average values of the soil physical properties at 0.05 m and 0.15 m
depths: field capacity, θFC = 0.28 m3 m−3; permanent wilting point,
θWP = 0.10 m3 m−3; soil porosity, θs = 0.42 m3 m−3; and soil bulk
density, =ρs 1405 kg m−3. For SMA these properties were measured at
0.10 m depth: θFC = 0.31 m3 m−3; θWP = 0.11 m3 m−3; θs = 0.45 m3

m−3; and =ρs 1397 kg m−3.
For both sites, the meteorological and soil variables were measured

in the frequency of 1 min−1 and after processed in one-hour averages.
The instruments used in this study are described in Table 1. For more
information about the sites description and instrumentation see Rubert
et al. (2018). Precipitation (Prec) was collected by the automatic stations
of the National Institute of Meteorology (INMET). The nearest INMET
station from the PAS site is located in the city of Bagé, 67 km away

Table 1
Instrumentation at the experimental sites used in this study.

Variable (symbol) [unit] Sensor model and manufacturer Sensor height (m) Site

Net Radiation (Rn) [W m−2] CNR2/Campbell Scientific 3 PAS
Net Radiation (Rn) [W m−2] CNR4/Kipp&Zonen 3 SMA

Global Solar Radiation (Rg) [W m−2] LI200S/LI-COR 3 PAS
Global Solar Radiation (Rg) [W m−2] CNR4/Kipp&Zonen 3 SMA

Air temperature (Ta) [°C] CS215-L/Campbell Scientific 3 PAS
Air temperature (Ta) [°C] HMP155/Vaisala 3 SMA
Soil heat flux (G) [W m−2] HFP01/Hukseflux −0.10 PAS; SMA
Soil temperature (Ts) [°C] T108/Campbell Scientific −0.05; −0.15 PAS; SMA
Soil moisture (θ) [m3 m−3] CS616/Campbell Scientific −0.10 PAS; SMA

Automatic weather station
Precipitation (Prec) [mm] TE525MM/Campbell Scientific 3 Bagé
Precipitation (Prec) [mm] TR525USW/Texas Eletronics 6 Santa Maria
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(code OMM: 86992, location: 31.34° S, 54.01° W, 226-m elevation) and
for the SMA site, the nearest INMET station is approximately 4 km
(code OMM: 86977, location: 29.72° S, 53.72° W, 103-m elevation).

The study period was from 1 September 2014 to 31 August 2016 for
both sites. Unfortunately, the measurement system failed for the fol-
lowing period: from 1 September to 31 December 2014 for soil mea-
surements and from 23 to 27 November 2014, from 1 January to 24
February 2015 for atmospheric measurements in SMA site; from 17
September to 5 November 2015 for soil and atmospheric measurements
in PAS site. In this study, the methodology to estimate the soil thermal
properties (Section 2.3) needs an hourly soil temperature dataset
without gaps. Except in the period that the measurements system failed,
the soil temperature dataset presented gaps no longer than three hours,
which were filled by linear interpolation.

2.2. Classification of experimental data

The experimental dataset was subdivided using the daily clearness
index of the atmosphere (κ) and the daily mean soil moisture (θ). The κ
over shortwave wavelengths is defined as the ratio between the daily
integrated shortwave radiation received on a horizontal surface near
the soil surface (global solar radiation, Rg) and the daily shortwave
radiation that would theoretically be received on the same horizontal
surface above the atmosphere (Liou, 2002).

According to Kuye and Jagtap (1992), the clearness index is clas-
sified as:

(i) CS = clear sky if κ ≥ 0.65;
(ii) CP = partly cloudy sky if 0.35 < κ < 0.65;
(iii) CD = cloudy sky if κ ≤ 0.35.

The soil was classified according to its moisture using the soil
moisture threshold value (θt) as follows:

(i) W = wet soil if θ ≥ θt ;
(ii) D = dry soil if θ < θt .

Where θt was calculated by the difference between the experimental
measurement field capacity (θFC) and the readily available water
(RAW), as presented in Allen et al. (1998). RAW is calculated by:=RAW p TAW. ( ) (1)

where TAW (m3 m−3) is the total available water that a crop can
extract from the root zone of a plant without suffering from water
stress, and p is the average fraction of total available soil water that can
be depleted from the root zone before moisture stress. The factor p
depends on the crop. For extensive grazing, characteristic of the study
area, p = 0.60. The TAW is obtained by the difference between ex-
perimental θFC and permanent wilting point (θWP), following Allen et al.
(1998).

From the above classifications the daily mean of observed data were
separated: clear sky with dry soil (CSD); clear sky with wet soil (CSW);
partly cloudy sky with dry soil (CPD); partly cloudy sky with wet soil
(CPW); cloudy sky with dry soil (CDD) and cloudy sky with wet soil
(CDW). These classifications for the experimental data were performed
for the period from 1 September 2014 to 31 August 2016 in both sites to
analyze the influence of the clearness index and soil moisture on the soil
thermal variables.

2.3. Model: Classical thermal conduction equation

The one-dimension heat conduction equation in an isotropic
medium is described by:∂∂ = ∂∂ ⎛⎝ ∂∂ ⎞⎠T

t c z
λ T

z
1

v (2)

where T is the soil temperature (K), t is the time (s), cv is the soil
thermal capacity (J m−3 K−1), λ is the soil thermal conductivity (W
m−1 K−1), and z is the depth of the soil surface (m). The term in
brackets of Eq. (2), known as the Fourier law of heat conduction
(Carslaw and Jaeger, 1959), is defined as the soil heat flux, G (W m−2),
in a depth z. That is, the soil heat flux is proportional to the vertical soil
temperature gradient,= ∂∂G λ T

z
.

(3)

Assuming that cv and λ are independent of depth and time, Eq. (2)
can be rewritten by:∂∂ = ∂∂T

t
k T

z
2

2 (4)

where k is the soil thermal diffusivity, given by k = −λcv
1 (m2 s−1).

According to Carslaw and Jaeger (1959), the problem for transient
heat transfer, as given by Eq. (4), subject to the initial and boundary
conditions, defined respectively by:=T z f z( , 0) ( ) (5)= + +−
T t T A sin ωt φ(0, ) ( )0 0 0 (6)

where
−

T0 is the mean soil surface temperature, A0 is the amplitude of
the soil surface temperature wave, φ0 is the phase shift of the soil sur-
face temperature, and ω is the angular velocity of the Earth’s rotation
(rad h−1) (ω= π τ2 / , with τ denoting the period of the fundamental
cycle, 1 day).

The solution of Eq. (4) for homogeneous soil of semi-infinite
thickness with daily mean temperature (

−
T ) and repeating periodic

surface temperature oscillations is (Carslaw and Jaeger, 1959),

= + ⎛⎝ + − − ⎞⎠− − −T z t T A e sin ωt φ z z ω
k

( , ) (z) ( )
2i

z z ω
k i i

( ) 2i

(7)

where i = 1 represents the depth of the first soil temperature
measurement, z1, and i = 2 the depth of the second soil temperature
measure, z2,

−
T z( ) is the daily mean soil temperature at depth z, Ai are

the temperature amplitudes and φi the phase shifts. The term ω
k2

is

defined as the inverse of damping depth, d (m), =( )d k
ω
2 (Campbell

and Norman, 1998).
The soil thermal diffusivity (k), as proposed by Horton et al. (1983),

can be expressed as follows:= −⎡⎣ ⎤⎦( )
k ω z z

ln

( )

2
a

A
A

1 2
2

2
1
2 (8)

and= −−k ω z z
φ φ
( )

2( )p
1 2

2

1 2
2 (9)

where the sub-index a refers to the amplitude method and the sub-
index p to the phase shift method. Thus, by replacing Eq. (7) in Eq. (3)
and using Eqs. (8) or (9), we calculate the soil heat flux as a function of
depth and time, given by the equation:

= ⎡⎣⎢ + ⎛⎝ + + − − ⎞⎠⎤⎦⎥− −G z t

λ T
z

A ω
k

e sin ωt φ π z z ω
k

( , )
Δ
Δ

2
2 4

( )
2i

z z ω
k i i

( ) 2i

(10)

for i= 1, 2, representing the depths z1 and z2, respectively. T zΔ /Δ is
the gradient of the daily mean soil temperature (K m−1).

The estimate of the soil thermal conductivity can be calculated from
Eq. (10) using Eqs. (8) or (9), identifying by λa and λp when the am-
plitude and the phase shift method is used, respectively. The thermal
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soil capacity was determined by the following mathematical relation-
ships:=c λ

kv a
a

a
( ) (11)

=c
λ
kv p

p

p
( )

(12)

The estimation of the soil thermal properties in each soil moisture
classification (dry and wet periods) of the experimental data (Section
2.2) from 1 September 2014 to 31 August 2016 in both sites was ob-
tained using the modeling described below. The soil thermal diffusivity,
k (m2 s−1), is estimated using the experimental data of soil temperature
and the mathematical methods of the amplitude (ka) and phase shift
(kp) with the Eqs. (8) and (9). The parameters A1, A2, φ1and φ2 were
adjusted to Eq. (7) from the daily average experimental data of the soil
temperature in the depths =z  0.05 m1 and =z  0.15 m2 , using the least-
squares method. Thus, were obtained the value of ka and the value of kp
for the entire dataset. The hourly experimental λ was estimated from
the inversion of Eq. (10) using the hourly experimental values of soil
temperature and soil heat flux with the values of k estimated using
amplitude and phase shift methods. Consequently, λ was obtained by
amplitude and phase shift method for an hourly interval. The experi-
mental cv was obtained by Eqs. (11) and (12) using an average value of
λ for both methods.

2.4. Conductivity as a function of the soil moisture

In the previous section, a methodology was presented to calculate
the soil thermal conductivity (λ) as a function of soil heat flux (G) from
experimental data. These values of λ were used as input data for em-
pirical adjustments of the relationships between λ and θ. In the litera-
ture, there are many models to describe the λ θ( ), in this work we use
the models proposed by Lu et al. (2014), Tong et al. (2016) and a new
empirical model proposed. The models are described below.

2.4.1. Lu et al. (2014) model
The model for the λ θ( )proposed by Lu et al. (2014) uses an ex-

ponential function to express the nonlinear behavior of λ as a function
of θ, texture and soil bulk density (ρ )s := + − −
λ θ λ e( ) dry

β( Ḯ )α
(13)

where λdry is the soil thermal conductivity of a dry soil sample (W
m−1 K−1) and parameters α and β are shape factors of the λ θ( ) curve,
which is related to soil texture and ρs. The λdry is estimated from soil
porosity (θs) by the linear equation proposed by Lu et al. (2007):= − +λ θ0.56 0.51dry s (14)

A linear relationship between the clay fraction ( fcl) and the para-
meter α of the Eq. (13) is established as follows:= +α f0.67 0.24cl (15)

The parameter β is estimated by ρs and the sand fraction ( f )sa with
the following multiple regression equation:= + − −β f ρ f ρ1.97 1.87 1.36 0.95sa s sa s (16)

2.4.2. Tong et al. (2016) model
The model proposed by Tong et al. (2016) uses an empirical method

to calculate λ as a function of θ based on Jury and Horton (2004),
through the equation:= − −λ θ a be( ) cθ( ) (17)

where a, b and c are empirical parameters. The parameters a and b
are determined by nonlinear regression.

2.4.3. New empirical model
The Eqs. (13)–(17) use physical soil properties or adjustments of

empirical equations to estimate λ θ( ). We propose a new empirical
model for λ θ( ), based mainly on Lu et al. (2014) (Eq. (13)) model,
which takes into account the behavior of the curve of the available
experimental dataset, as follows:

= + ⎜ ⎟⎛⎝− − ⎞⎠λ θ λ β e( ) .dry

γ
θ θ( )min α

(18)

where λdry is the thermal conductivity of a soil sample close to
minimum soil moisture (W m−1 K−1); the parameter β is related to the
asymptotic values of the λ, that is values at which λ is estimated for θ
greater than RAW, and also depends on the smaller value of the ex-
perimental λ (λdry); θmin is the minimum soil moisture of the experi-
mental dataset; the >γ 0 and >α 0 are parameters to be adjusted.

2.5. Model evaluations

The empirical models for λ θ( ) analyzed in this study were calibrated
from 1 September 2014 to 31 August 2015 for the PAS site as follows:

- Fitting 1: Eq. (13) proposed by Lu et al. (2014) uses the para-
meters λdry, α and β of Eqs. (14), (15) and (16), respectively, with θs, fcl,
fsa and ρs obtained in the experimental site, described in Section 2.1;

- Fitting 2: Eq. (13) proposed by Lu et al. (2014) adjusted to the
values of λ θ( ) obtained with the experimental dataset, generating the
parameters λdry, α and β by least-squares method;

- Fitting 3: Eq. (17) proposed by Tong et al. (2016) adjusted to the
values of λ θ( ) obtained with the experimental dataset, generating the
parameters a, b and c by least-squares method;

- Fitting 4: Eq. (18) new empirical model adjusted to the values of
λ θ( ) obtained with the experimental dataset, generating the parameters
γ and α by the least-squares method. The parameter λdry was obtained
directly from the dataset corresponding to the θmin. The β parameter is
the difference between ∗λ and λdry, where ∗λ is the asymptotic value
calculated using the Ford-Walford method (Ford, 1933; Walford, 1946).

To analyses the dataset, fit the curves, and calibrate the empirical
models we used the MATLAB (Mathworks Inc.). The lsqcurvefit func-
tion from Optimization Toolbox™ was used to solve the least-squares
method.

The results generated by the calibrated Fittings were evaluated by
the following statistical indices: Pearson’s correlation (r) (coefficient of
determination R2 = r2), root mean square error (RMSE), bias, and
percent bias (Pbias) according to the equations below:

= ∑ − −∑ − ∑ −− −− −r (x x )(x x )

( (x x ) )( (x x ) )
e e m m

e e m m
2 2 (19)

= ∑ −RMSE
n

(x x )e m
2

(20)

= ∑ −bias
n

(x x )m e
(21)

= ∑ ×( )Pbias bias
x

100
n e
1

(22)

where xe represents the experimental value, xm is the modeled
value, x̄ is the average of observations and n number of observations.

The Average value of λ for the calibration period and the empirical
models of λ θ( ) calibrated were validated throughout Eq. (3), estimating
G using the hourly experimental values of soil temperature and soil
moisture from 1 September 2015 to 31 August 2016 for PAS site and
from 1 September 2014 to 31 August 2016 for SMA site. The results
obtained are compared to hourly experimental soil heat flux (G) for the
same period, using the statistical index R2 (Eq. (19)) and RMSE (Eq.
(20)). The statistical indexes of bias and Pbias work only when the
means of the model and observations have the same signal for the entire
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Fig. 1. (a, b) Daily average of the global solar radiation (Rg); (c, d) clearness index of the atmosphere (κ); (e, f) air temperature (Ta); (g, h) daily accumulated
precipitation (Prec) for PAS in left panel and SMA for right panel. The periods without precipitation measurements are represented with negative values.
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dataset (Gustafson and Yu, 2012). G has positive and negative values,
therefore the bias and Pbias do not represent correct statistical values.
For this reason, they will not be used in this analysis.

3. Results and discussion

3.1. Atmospheric variables

The southern region of Brazil is constantly influenced by cold and
warm fronts (Cavalcanti, 2009). Furthermore, the oscillations asso-
ciated with climatic events, such as the El Niño-Southern Oscillation
(ENSO) that occurs in the Equatorial Pacific, also influence the pre-
cipitation in this region, consequently affecting the air temperature and
incident global solar radiation (Grimm, 2004; Grimm et al., 1998).

The daily averages of global solar radiation (Rg), clearness index of
the atmosphere (κ) and air temperature (Ta) are shown in Fig. 1 for PAS
and SMA sites. A well-defined seasonal behavior during the year to Rg

and Ta in both sites can be observed. The highest values of Rg occur
during the spring/summer season (September-March) with peaks close
to 380 W m−2, and the lowest values were between autumn/winter
(April-August) with maximum peaks in this period of 200 W m−2. It
represents a difference of almost 50% between the seasons. The κ
showed variation throughout the study period, and the highest values
were found from November to January and from June to July (Fig. 1(c,
d)). For PAS and SMA the CS represented 28.58% and 21.75%, CP re-
presented 40.62% and 34.71% and CD, 30.80% and 43.54% respec-
tively. Therefore, the CP condition is predominant in both sites, oc-
curring in all seasons while CS predominate in spring/summer and CD
in autumn/winter, as shown in Fig. A.1.

The air temperature is higher from November to March, arriving
near 30 °C (spring/summer). The lowest Ta values occur during the
autumn/winter seasons, with negative values at the beginning of the
morning, causing average daily temperatures of approximately 4 °C.

Precipitation regime in southern Brazil is well distributed
throughout the year (Fig. 1(g, h)). From September 2014 to August
2015, the precipitation was 1922 mm at SMA and 1753 mm at PAS;
from September 2015 to August 2016, it was 2050 mm at SMA and
1788 mm at PAS. These values were greater than the climatological
average for both sites (1300 mm for PAS and 1617 mm for SMA). The
high values, especially 2015/2016, are due to the El Niño phenomenon,
which tends to increase the precipitation rate in the southern region of
Brazil. The most detailed analysis of atmospheric variables to the SMA
and PAS sites are presented in Rubert et al. (2018).

3.2. Soil variables

Both sites have similar vegetation cover but significant differences
in soil structure that affect the soil hydraulic and thermal properties
(Rubert et al., 2018). The mean value of θ for the entire period was
higher in the SMA site (θ = 0.22 m3 m−3) than in PAS (θ = 0.18 m3

m−3) (Fig. 2(a, b)). This result is associated with the soil type, which in
SMA has a higher water holding capacity than at PAS (Rubert et al.,
2018). The PAS site showed higher soil moisture variability throughout
the year, where θ values ranged from 0.06 to 0.35 m3 m−3. The value of
soil moisture threshold (θt), used to classify the dataset, was found as
θt = 0.19 m3 m−3 to SMA and θt = 0.18 m3 m−3 to PAS. For PAS,
58.79% of the days, the soil moisture was greater than θt , while in SMA
80.31% (wet period in Table 2).

The daily soil temperature amplitude at 0.05 m (Ts5) (measured as
the half of the difference between the minimum and maximum value of
each day) (Fig. 2(e, f)) showed greater variation during the spring/
summer seasons (September-March) when there is greater global solar
radiation (Rg) in the surface (Fig. 1(a, b)). The PAS site presents greater
amplitude variations when compared to SMA (Fig. 2(g, h)). During the
analyzed period, the amplitude of variation for Ts5 and Ts15 was ap-
proximately 25 °C and 19 °C, respectively, at both sites. The average soil

temperature over the entire period for the two experimental sites at
both depths was ≈ 19 °C (Fig. 2(g, h) and Table 2). Sandy soils tend to
have higher daily thermal amplitudes in the superficial layers and
smaller in depth. This behavior is because sandy soils have higher
porosity, with less contact between soil particles, thus hampering the
conduction process. Clay soils, on the other hand, are more efficient in
conducting heat, with lower daily thermal amplitude (Fig. 2 (g, h))
(Sepaskhah and Boersma, 1979).

In Table 2 are shown the average of atmospheric and soil variables
in the different dataset classifications in the PAS and SMA sites (Section
2.2). In both sites, the wet classification is predominant. We can ob-
serve the lower values of Ts5 and Ts15 for the CDW, for both sites, are
due to the lower clearness index values of the atmosphere. The soil
temperature is higher in the dry period for all clearness index classifi-
cation in both depths. For PAS site the soil temperature gradient pre-
sented negative values for the entire period and for the classifications
CSD and CSW because in CS conditions the surface temperature is
higher than the deeper layers. For SMA the soil temperature gradient
presented positive values for all periods, except for CSD and CSW
classifications.

3.3. Soil heat flux

Fig. 2(c, d) presents the seasonal behavior of the G throughout the
year in both sites. The highest values of G were observed during the
spring/summer seasons (September-March), and are related to the in-
crease of incidence of Rg (Fig. 1(a, b) and Fig. A.3). In the autumn/
winter seasons (April-August), in general, the daily G average was ne-
gative, i.e., the subsoil warms the surface layers. It is may be related to
the reduction of global solar radiation incident on the surface (Fig. 1(a,
b)) and with the lowest clearness index of the atmosphere, observed in
the period (Fig. 1(c, d) and Fig. A.3).

The values of G from entire, wet and dry periods are negative, with
greater values for wet period (in absolute values) for both sites. In most
data classifications, the G values also are negative, but for CSD, the G
invert the sign (positive values) in both sites. The signal for G and
ΔTΔz-1 are opposite, except for the entire period in the PAS site. This
last result can be affected by the missing data in the 2015 spring season
when the CS classification is dominant (Fig. A.1) and G is positive
(Table 2). Allen et al. (1998) suggested G represents approximately
10% of Rn, however this result was not observed in PAS and SMA site.

In Fig. 3, G was plotted against Rg, Ta, Ts5, and Ts15, using the mean
daily cycles in different clearness index range and dry soil classification
for PAS and SMA sites. The variables are made dimensionless by their
maximum values in order to compare the pattern formed by the hys-
teretic behavior (Rubert et al., 2018; Zheng et al., 2014; Zuecco et al.,
2016). For wet soil classifications, the behavior among the variables
was similar to dry soil (Fig. A.2).

Hysteresis loops showed clockwise behavior for the Ts5 and Ts15
variables, while for Rg and Ta the behavior was counterclockwise. In
general, larger differences are obtained between CS and CD, and for the
CP the relations are similar to CS. The hysteresis phenomenon is mainly
observed between G and Rg, since the hysteresis loop has a circular
shape, with time-lag between the maximum values of Rg and G of ap-
proximately 2 h. Rg for CS and CP conditions show the maximum peak
at approximately 12 h local time, for CD the maximum peak occurs in
the afternoon at approximately 14 h local time.

The relation of G with Ts5 and Ta for all classifications and Ts15 for
CD presents a linear shape, showing a better relation of G with these
variables. The maximum values of G, Ts5, and Ta occurred around 15 h
local time and Ts15 around 20 h local time. We can observe that the
curve during the night for CD at Ts5 and Ts15 is more inclined, re-
presenting the small variation of the soil temperature in each soil depth
throughout the night. For the deeper soil temperature (Ts15), the hys-
teresis phenomenon is more evident (circular shape) in CS and CP cases.
The relationship of G with θ did not present hysteresis behavior (data
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Fig. 2. (a, b) Hourly soil moisture (θ); (c, d) daily mean of soil heat flux (G); (e, f) hourly soil temperature (Ts); (g, h) diurnal cycles of soil temperature and soil heat
flux from 1 September 2014 to 31 August 2016 for PAS in the left panel and SMA for the right panel.
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not shown) since θ does not depend on the daily behavior but rather on
the precipitation cycle.

3.4. Soil thermal properties

The mean values of the soil thermal properties obtained with the
amplitude and phase shift method for different classifications of the soil
moisture at the PAS and SMA sites are shown in Table 3. The soil
thermal diffusivity presents different values between the methods. In
general, the values of ka are greater than kp, except in wet period for
PAS. The k values presented a variation of around 33% (from
4.19 × 10−7 m2 s−1 to 6.25 × 10−7 m2 s−1).

Otunla and Oladiran (2013) estimated k for a soil with a texture of
loamy sand in Nigerian for 13 days during the transition from the dry
season to the rainy season, finding average values of 4.49 × 10−7 m2

s−1 and 5.93 × 10−7 m2 s−1 for the amplitude and phase shift, re-
spectively. Wang et al. (2010) found average values of k equals to
2.06 × 10−7 m2 s−1 (amplitude method) and 4.24 × 10−7 m2 s−1

(phase shift method) for 7 days of data in a soil predominantly medium
loam with a high proportion of silt located in China. However, An et al.
(2016), studying a semi-arid area in China with silt sandy soil at
0.05–0.10 m depth for two months, estimated k using the amplitude
and phase shift methods as 12.0 × 10−7 and 10.0 × 10−7 m2 s−1 for
clear sky, and 8.0 × 10−7 and 7.8 × 10−7 m2 s−1 for rainy, for each
method respectively. In addition, the authors found k values equal to
7.6 × 10−7 m2 s−1 for low soil moisture content with high water
movement in the soil profile and 7.5 × 10−7 m2 s−1 high soil moisture
content with low water movement in the soil profile, that is, same value
for both methods.

The soil thermal conductivity showed similar values for the two
methods in both sites. The values of λ were found between 1.00 W m−1

K−1 and 1.14 W m−1 K−1. According to Chen and Dudhia (2001), the
maximum λ value is 1.9 W m−1 K−1. However, Abu-Hamdeh and
Reeder (2000) in laboratory studies with sandy soil from Jordan (soil
similar to our study), when evaluating the effect of different soil
properties, found the λ ranged from 0.58 to 1.94 W m−1 K−1. From our
results, the wet periods presented higher λ values, approximately 10%
for PAS and 5% for SMA (Table 3). These results should be associated
with the increase of soil moisture, which in turn causes a greater energy
transport in the heat form, because the porous part of the soil, which in
the dry period was filled with air, will be filled with water, allowing a

greater heat flux by conduction (Sepaskhah and Boersma, 1979).
Therefore, the variability of λ among soils of different composition can
be attributed to differences in heat conduction in the soil materials
themselves and the formation of water bridges between soil particles
(Zhao et al., 2019). The results showed here are similar to other studies
reported in the literature (Usowicz et al., 2016; Zaibon et al., 2019;
Zhao et al., 2016).

The values of soil thermal capacity, cv, vary from 1.78 × 106 J m−3

K−1 to 2.62 × 106 J m−3 K−1. Being =c λ k/v , this variation in cv is
mainly associated with k variability.

We use the damping depth, d, in (Eq. (7)), calculated using kp, to
analyze the influence of soil moisture in the variation of daily soil
temperature (amplitude and phase). The results indicate that the am-
plitude of soil temperature fluctuations at 0.15 m is around 45% of the
amplitude at the 0.05 m for wet and 40% in dry periods for both sites.
In these conditions, the phase is approximately π/3 rad for dry and π/4
for wet periods (Table A.1). These results are in accordance with the
behavior shown in Fig. 2(g, h) and they confirm that the soil moisture
influence the flow of energy through.

3.5. Soil thermal conductivity vs soil moisture

According to the results shown in Table 3, the λ values are influ-
enced by soil moisture. The soil thermal conductivity increases with
increasing soil moisture on a daily scale, as shown in Fig. 4 for the PAS
site. Tong et al. (2016) and Wang et al. (2005) obtained a similar result.
For dry periods, the soil thermal conductivity increases quickly when θ
values are small. However, for wet periods the λ values exhibit great
variability. This behavior occurs when the values of θ are above
0.18 m3 m−3, i.e., above the θt value. Roxy et al. (2014) observed a
similar behavior and found a limit value (peak) near θ = 0.22 m3 m−3.
These limits values found in both studies can be explained because the
heat conduction in dry porous media occurs principally through the
contact zones between the solid particles. Low values of soil moisture
mean low contact between particles. As θ increases, water begins to fill
the spaces previously occupied by air, forming water bridges between
the solid particles of the soil, and consequently, λ increases rapidly due
to the greater contact between the particles (Ewing and Horton, 2007;
Sepaskhah and Boersma, 1979; Tarnawski and Gori, 2002). This process
continues until most of the solid particles are connected. Subsequently,
the increase of λ with the increase of θ depends to a large extent on the
displacement of air by the water and, as a result, the increase of λ
becomes slower, tending to an asymptotic value. However, the ex-
perimental data behavior shows great variability in λ in this situation,
as seen in Fig. 4.

The empirical parameters for the four Fittings considered in this
study are shown in Table 4 with the statistical indices. For Lu et al.
(2014) model, we used the experimental and unadjusted soil para-
meters (Fitting 1). Subsequently, the calibration was performed using
the λ θ( ) experimental data (Fitting 2). The α values found were close
for both Fittings, whereas for λdry and β the values differ by almost 50%.
Lu et al. (2014) found values of λdry ranging from 0.22 to 0.29 W m−1

K−1, β between 1.48 and 1.86, and α ranging from 0.24 to 0.53 for
different soil types. In addition, for similar soil of this study (sand soil),
Lu et al. (2014) found λdry = 0.29 W m−1 K−1, α = 0.24 and β = 1.86,
similar to the results obtained here using Fitting 1. However, Fitting 2
presented more reliable estimates of λ θ( ) resulting in a R2 equal to 0.67
and lower RMSE.

The fit for Tong et al. (2016) model (Fitting 3), presented lower
RMSE and higher R2 when compared to the Fittings 1 and 2. These
authors evaluated different soil types and obtained the values of a
parameter ranging in an interval from 1.51 to 2.64, and values of b
ranging from 1.40 to 2.04, similar to those found by Jury and Horton
(2004). The c parameter in Tong et al. (2016) ranged from 2.96 to 6.04,
with an average of 3.90, which was fixed for all soils, this methodology
was also performed by Jury and Horton (2004). The c values for

Table 2
Average of soil heat flux values, G (W m−2), net radiation, Rn (W m−2), soil
temperature at z = 0.05 m, Ts5 (°C), soil temperature at z = 0.15 m, Ts15 (°C),
and the temperature gradient, ΔTΔz-1 (°C m−1), for the dataset classifications.

% days G Rn Ts5 Ts15 ΔTΔz-1

Pedras Altas (PAS)
Entire period 100 −1.10 107.10 19.29 19.26 −0.31
Dry period 41.21 −0.31 130.27 22.00 22.15 1.49
Wet period 58.79 −1.67 90.12 17.21 17.27 0.54

CSD 18.03 3.35 187.40 24.82 24.31 −5.06
CSW 10.55 6.26 195.87 22.81 22.21 −5.97
CPD 16.42 −2.74 103.15 20.52 20.60 0.78
CPW 24.20 −1.77 97.00 16.18 16.28 1.02
CDD 6.76 −4.18 43.85 18.93 19.18 2.45
CDW 24.04 −4.58 37.22 15.76 16.05 2.90

Santa Maria (SMA)
Entire period 100 −2.30 105.70 19.14 19.37 2.31
Dry period 19.69 −0.55 165.88 22.83 22.92 0.98
Wet period 80.31 −2.69 91.09 18.32 18.58 2.97

CSD 11.92 0.18 200.65 23.92 23.89 −0.33
CSW 9.83 0.66 191.05 23.37 23.33 −0.34
CPD 5.06 −1.58 137.82 20.92 21.11 1.89
CPW 29.65 −4.27 115.45 17.91 18.29 3.86
CDD 2.71 −1.61 55.00 21.71 21.90 1.94
CDW 40.83 −2.56 47.72 16.93 17.19 2.62
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Fig. 3. Dimensionless soil heat flux (G) response curves vs: (a, b) global solar radiation (Rg), (c, d) air temperature (Ta), (e, f) soil temperature at 0.05 m (Ts5) and (g,
h) 0.15 m (Ts15) for PAS site in the left panel and SMA site for the right panel. The arrow indicates the directions morning (6 h to 12 h) and afternoon (12 h to 18 h).
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adjusted data in this study were much higher than those reported by
Tong et al. (2016), whereas the values of a and bwere smaller (Table 4).

Fitting 4 obtained the best statistical indices since it uses an equa-
tion that generates a curve closer to the observed data. It should be
observed for all Fittings that were calibrated here presented good re-
sults when compared by statistical errors (Table 4 and Fig. 4).

All fittings were compared to the λ values obtained with daily ex-
perimental data in Fig. 5. We can observe two groups of data: one for
wet soil and another for dry soil. Therefore, the statistical indices were
calculated for dry and wet soil conditions (Table 5). The dry condition
presented the best R2, between 0.54 and 0.76. However, due to the
dispersion of the λ for wet condition, the models do not represent the
experimental λ (R2 ~ 0).

Table 6 shows the statistical indices for the G obtained experimen-
tally and estimated soil heat flux using the average and Fittings λ
models. In general, a good representation of the experimental data in all
models is observed for both sites, with R2 greater than 0.84. The lowest
accuracy was found for Fitting 1, which uses measured values of soil

physics parameters. The best result was obtained by the Fitting 4 (uses
the new empirical model) with the highest R2 and the lowest RMSE for
both sites. Although the values of statistical indices using Average are
similar to Fitting 4, this new empirical model describes thermal con-
ductivity in different soil moisture range and their parameters present
physical meaning (Section 2.4.3).

4. Conclusion

In this paper, the influence of the atmospheric clearness index and
soil moisture on the soil thermal dynamic were investigated for two
experimental sites located in the natural pasture over Brazilian Pampa
biome. In general, for both sites, the average of daily G was negative,
representing the subsurface is heating the surface, with higher absolute
values in wet soil than in dry soil. However, the average of daily Ts5 and
Ts15 was higher in dry soil. Moreover, in a daily cycle, 5% more energy
flow from 0.05 m to 0.15 m in wet periods than in dry periods. The
atmospheric clearness index influenced the shape of the hysteresis loop
between G and Rg, Ta, Ts5, and Ts15, independent of dry or wet soil
period. For both sites, a good relation between hourly G and Ts5 and Ta
was found, while between G and Rg and Ts15 a shift was observed.

The average values of the estimated soil thermal properties, to
classical methods and experimental data, were close to those found in
the literature. The values of soil thermal diffusivity and soil thermal
conductivity are higher in wet soil, independent of the clearness index
classification. The behavior of soil thermal conductivity with soil
moisture was analyzed. The λ increases with soil moisture increase until
around it reaches θt value, above this threshold the λ presents a great
variability.

The empirical models for λ θ( ) were evaluated to estimate the soil
heat flux using the Fourier Law in SMA and PAS sites. We verified that
for high values of soil moisture, the different models do not represent
well the experimental data due to the variability of the dataset. The new
empirical model presented the best performance for both sites, ac-
cording to statistical indices analyzed. Therefore, for the modeling and
estimation of the soil thermal conductivity as well as the estimation of
the soil heat flux, it is recommended to use the new empirical model for
similar soil studied here. Moreover, this equation can be used in dif-
ferent soil types after a parameters calibration.

The analyses performed in this study showed that the atmospheric

Table 3
Average soil thermal conductivity values, λ (W m−1 K−1), soil thermal diffusivity, k (m2 s−1), soil thermal capacity, cv (J m−3 K−1), by the Amplitude Method and
the Phase Shift Method for the different classifications of the soil moisture in both sites.

Amplitude Method Phase Shift Method

ka(10−7) λa cv a( ) (106) kp(10−7) λp cv p( ) (106)

Pedras Altas (PAS)
Entire period 5.25 1.05 ± 0.51 2.01 4.97 1.05 ± 0.51 2.12
Dry period 5.14 1.00 ± 0.46 1.95 4.19 1.00 ± 0.46 1.78
Wet period 5.46 1.10 ± 0.54 2.01 5.62 1.10 ± 0.54 2.62

Santa Maria (SMA)
Entire period 5.62 1.10 ± 0.49 1.95 5.53 1.10 ± 0.49 1.98
Dry period 5.43 1.09 ± 0.44 2.00 5.25 1.09 ± 0.44 2.07
Wet period 6.25 1.14 ± 0.51 1.82 5.96 1.14 ± 0.51 1.91

Fig. 4. Daily average soil thermal conductivity (λ) and soil moisture (θ) for the
different classifications of the soil moisture and Fittings 1, 2, 3 and 4 for the PAS
site from September 2014 to August 2015.

Table 4
Statistical indexes and the parameters calculated and/or adjusted using the Fittings 1, 2, 3 and 4 for the estimation of soil thermal conductivity at the PAS site from
September 2014 to August 2015.

R2 RMSE (W m−1 K−1) bias (W m−1 K−1) Pbias (%) λdry β α γ θmin a b c

Fitting 1 0.47 0.31 0.29 27.26 0.27 1.71 0.24 – – – – –
Fitting 2 0.67 0.05 −0.010 −1.17 0.44 1.05 0.21 – – – – –
Fitting 3 0.70 0.04 −0.010 −1.15 – – – – – 1.19 0.75 13
Fitting 4 0.76 0.03 0.004 0.50 0.75 0.74 0.52 0.20 0.06 – – –
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clearness index and the soil moisture influence the dynamic of soil
thermal on different temporal scales. Specifically, the clearness index
influence mainly the relationship between G and atmospheric and soil
variables, i.e., in a daily cycle, while the soil moisture influence mainly
the value of soil variables and the estimation of soil thermal properties,
i.e, seasonal behavior, besides to influence the energy flow through the
soil. Moreover, the analyses allowed a regional description of the soil
thermal regime in the natural pasture over Brazilian Pampa biome.
Similar analyses in different soil types and biomes are needed to im-
prove our understanding of this issue.
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Soil temperature, composition, and structure directly affect
the heat transfer mechanisms in soil. Understanding the
thermal behavior of soil is fundamental for describing the
processes of mass and energy exchange in the soil-plant-
atmosphere system. In addition, estimating thermal prop-
erty values is necessary to determine the amount of heat
transferred, stored, or transmitted by conduction and con-
vection between the soil surface and deeper layers. Nonethe-
less, estimating thermal properties using heat transfer mod-
els and soil moisture is still a challenge. Therefore, this pa-
per used two soil heat transfer models (the conduction and
conduction-convection methods) to estimate soil thermal
properties. Experimental data were collected in a natural
pasture area in the Pampa biome in southern Brazil. The re-
sults showed that soil thermal diffusivity (k ) has an inverse
seasonal variation with soil temperature (Ts ). The k and soil
thermal conductivity (λ) values are higher when the depth
of the levels and soil moisture (θ) increase, confirming the
vertical variation of thermal properties. The parameterW ,
which considers the additional effects of soil heterogene-
ity and thermal convection due to the vertical movement
of water in the soil, decreases in periods of higher Ts . In-
creasing values of W led to an increase in the variability
of k with depth. The conduction-convection method pro-
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vides the best estimates for Ts with R2 = 0.99 for deeper
layers. However, we found that bothmodels gave similar re-
sults for near-surface layers since, in this case, the conduc-
tion process was responsible for most of the heat transfer
from the surface to the ground. The results obtained here
allowed us to evaluate heat transfer at different depths and
estimate thermal properties as a function of soil moisture
in a natural pasture area in the Brazilian Pampa biome. Fur-
thermore, the results can be integrated into global land sur-
face models intended to represent the behavior of the en-
ergy exchange between soil, surface, and the atmosphere.
K E YWORD S
Soil temperature; soil thermal properties; soil moisture;
conduction-convection method; Pampa biome.

1 | INTRODUCTION
Soil temperature (Ts ) is an environmental variable that plays a critical role in energy balance applications, including
land surface modeling and numerical weather and climate predictions (Holmes et al., 2008; Alkhaier et al., 2012).
In addition, Ts also affects soil physical and chemical properties and biochemical processes (Rahi and Jensen, 1975;
Andry et al., 2009), as well as plant growth (Mellander et al., 2004; Wu et al., 2012), organic matter decomposition
and mineralization rates (Wang et al., 2006; Guntiñas et al., 2012), CO2 release (Peng et al., 2009; Graham, 2010; Xu
et al., 2012; Onwuka and Nwangwu, 2016), among others.

Knowledge of soil thermal properties (thermal diffusivity, k , thermal conductivity, λ, and thermal capacity, cv )
enables a better understanding of soil thermal dynamics, as these are fundamental parameters required for estimating
Ts and soil heat flux (G ) and consequently for establishing the energy balance. The thermal properties of the soil
depend on factors related to the nature of the soil, such as texture, organic matter content, mineralogical composition,
and the physical structure of the soil, among other factors (De Vries and Peck, 1958; Johansen, 1975; Campbell,
1985; Lu et al., 2007; Liu et al., 2008; Clarke et al., 2008; Lu et al., 2014; Zhao et al., 2019; Lu et al., 2019; Xie et al.,
2019). In addition, evidence has shown the dependence of soil thermal properties on soil moisture (θ) and climatic
conditions such as sky cover (Wang et al., 2010; Otunla and Oladiran, 2013; An et al., 2016; Zimmer et al., 2020).
These studies have shown that θ and solar radiation influence the dynamics of thermal variables and soil properties.
Zimmer et al. (2020) analyzed the influence of these conditions on the dynamics of soil thermal variables (heat flux,
G , soil temperature at 0.05 m, Ts5 and 0.15 m, Ts15) and soil thermal properties in areas with natural pastures. The
results showed that the highest λ and k values were obtained in periods with wet soil at both sites. In addition, greater
variability in soil thermal properties was observedwith increasing soil moisture. The proposal of a new empirical model
for λ (θ) provided good results for representing the experimental λ and G estimation.

In general, thermal properties are estimated using the one-dimensional heat conduction equation, assuming an
isotropic and thermally homogeneous medium (Carslaw and Jaeger, 1959). When analyzing heat transfer under these
conditions, it is assumed that hydraulic permeability does not depend on the orientation and thermal diffusivity is
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independent of position. In this case, both properties can be considered constant, which means that the problem is
described in a simplified way, leading to known solutions. The main analytical methods are amplitude and phase shift
(De Vries and Peck, 1958; Wierenga et al., 1969), arctangent (Nerpin and Chudnovskii, 1967), logarithmic (Seemann,
1979) and harmonic (Horton et al., 1983), while numerical solutions are primarily based on the gradient method
(Horton et al., 1983; Evett et al., 2012; Gao et al., 2017; Romio et al., 2019). However, heat transfer in the soil is also
determined by the heat convectionwithin the pores (de Silans et al., 1996; Gao et al., 2003), and thus the vertical water
flux affectsTs and, consequently, the soil thermal properties. Research describing and solving the problem considers
both processes (i.e., heat transfer by conduction and convection), as presented by Gao et al. (2003); Gao (2005).
In these studies, k and liquid water (W ) flux density were estimated, assuming that each term of the conduction-
convection equation represents independent processes. In other models proposed by Gao et al. (2008a), Wang et al.
(2012a,b) assumed that the thermal diffusivity of the soil varies vertically, so the additional term generated is added
to the liquid water flux density term. Unlike previous models,W is associated with heat conduction and convection
processes due to the presence of water in the soil, and in this case, the estimates obtained do not allow separate
quantification of each physical effect.

Theoretical studies of heat transfer in soils generally consider the soil a homogeneous medium and assume that
the entire heat transfer process proceeds uniformly through the porous medium. However, soils are porous media
that are inherently heterogeneous. The depth of heat penetration into the soil and daily and seasonal amplitude of
temperature variations influence the thermal properties of the soil. Formodels formulated considering the vertical het-
erogeneity of the soil,Ts andG measurements at different depthsmust be considered, while the influence of soil water
content requires θ measurements. I n si tu measurement of these variables can be done using sensors and automatic
data acquisition systems, albeit this method requires skilled labor for installation, maintenance, and data acquisition,
which are essential for adequate soil thermal characterization (Costello and Horst, 1991). Nevertheless, estimating
thermal properties that combine heat and moisture transfer in soil remains challenging. This is either because of the
difficulty of obtaining experimental data or because the more complex equation is mathematically difficult to solve.
Therefore, for this study, an experimental setup with temperature, heat flux, and soil moisture measurements at dif-
ferent soil depths was developed to shed more light on the thermal dynamics of the soil and to estimate its thermal
properties by considering the processes of heat transfer by conduction and convection. By implementing different
solutions, the thermal properties of the soil are estimated and the influence of different physical processes in the
modeled measurements is quantified.

The experimental area is located in a region with fields and native vegetation in the Brazilian Pampa biome. The
site was chosen because of its economic and environmental importance in southern Brazil, as it includes a large
area for livestock production. Therefore, studying soil thermal dynamics in an area of natural pasture is essential to
improve the characterization of the Brazilian Pampa biome and quantify the processes associated with the closure
of the energy balance. In this context, this study aimed to estimate the thermal properties of the soil using the heat
transfer equations using the conduction (CM) and conduction-convection (CCM) methods. Experimental data on soil
temperature, heat flux, andmoisturemeasured at different depths were used to calibrate and validate themodels. The
time series of experimental field data covers the period from 3 April 2020 to 30 September 2021 and is important for
seasonal analysis.

This study analyzes the variability of soil thermal variables and properties at different time scales (daily and sea-
sonal) and the influence of the vertical movement of water in the soil on soil thermal characterization. From the
CCM solution, k andW are estimated to quantify the influence of the convection process, and these estimates are
compared with those obtained from the conduction equation. The vertical variation of soil thermal properties as a
function of soil moisture was analyzed under dry and wet conditions. The study identifies and quantifies the influence
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of depth and the daily and seasonal amplitude of temperature and moisture variations on soil thermal properties. It,
therefore, offers potential for investigating numerical algorithms describing coupled processes of heat transfer and
soil.

2 | MATERIALS AND METHODS
2.1 | Experimental data and instrumentation
The SMA site is located in the municipality of Santa Maria, Rio Grande do Sul State, southern Brazil (29º43’27.502" S;
53º45’36.097" W; 88 m elevation), in an experimental area of the Federal University of Santa Maria (UFSM) (Figure
1). The study area has natural vegetation of the Pampa biome, mainly composed of native grasses used as pasture
for beef cattle. According to Köppen (Peel et al., 2007), the region is classified as having a humid subtropical climate
(Cfa) with well-distributed rainfall throughout the year, high temperatures in summer (daily averages of 30°C), and
low temperatures in winter with daily averages of 4°C.
F IGURE 1 – Location of the experimental area.

The soil classification is clay loam with an average of 41.08% sand, 23.10% clay, and 35.82% silt between the
surface and 0.45 m depth. The average values of soil physical properties at 0.05, 0.10, 0.25 and 0.45 m depth are:
field capacity, θF C= 0.31 m3 m−3, permanent wilting point, θWP = 0.11 m3 m−3, soil porosity, θs = 0.47 m3 m−3, and
soil density, ρs = 1355 kg m−3. For more information on the experimental site, see Rubert et al. (2018) and Zimmer
et al. (2020).

Soil temperature (Ts ) was measured using the T108 sensor (Campbell Scientific Inc., Logan, Utah, USA) at depths
of 0.05 (Ts5), 0.09 (Ts9), 0.13 (Ts13), 0.17 (Ts17), 0.21 (Ts21), 0.30 (Ts30), 0.34 (Ts34), and 0.38 m (Ts8). Soil heat flux (G )
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was measured using the sensor HFP01 (Hukseflux Thermal Sensor B.V., Delft, The Netherlands) at depths of 0.09
(G9), 0.17 (G17), and 0.34 m (G34). Soil moisture (θ) was measured with a CS616 reflectometer (Campbell Scientific
Inc., Logan, Utah, USA) at depths of 0.09 (θ9), 0.17 (θ17), and 0.34 m (θ34). Precipitation (Pr ec ) was measured with a
rain gauge (TR525USW, Texas Electronics, USA) at 2 m height. A diagram showing the position of the sensors and
the analysed levels is provided in Figure 2. The data were measured at a frequency of 1 min−1 and then processed to
one-hour averages.

The study period was from 3 April 2020 to 30 September 2021. The measurement system failed from 12 to 20
November 2020, 25 to 27 March 2021 and from 27 to 29 July 2021 due to technical issues. The soil temperature
dataset was populated using linear interpolation whenever the gap interval was equal to or less than two hours, and if
gaps were longer than two hours, the data were not considered in the analyses. The soil was classified by its moisture
using the soil moisture threshold value (θt ) according to:

(i) W = wet soil if θ ≥ θt ;
(ii) D = dry soil if θ < θt .

where θt = (θF C ) − p .(T AW ) andT AW are obtained by the difference between θF C and θWP ; the p factor depends
on the crop, according to Allen et al. (1998). For more information on the method, see Zimmer et al. (2020).

2.2 | Thermal conduction equation
The equation describing heat transfer in soil by conduction in a one-dimensional isotropic medium is given by:

∂T

∂t
=

1

cv

∂

∂z

(
λ
∂T

∂z

)
(1)

where T is the soil temperature (K), t is the time (s), cv is the soil thermal capacity (J m−3 K−1), λ is the soil thermal
conductivity (W m−1 K−1), and z is the depth of the soil surface (m). The term in brackets of Eq.(1), known as Fourier’s
law of heat conduction (Carslaw and Jaeger, 1959), is defined as the soil heat flux, G (W m−2), in a z depth.

Assuming that cv and λ are independent of depth and time, Eq.(1) can be rewritten as:

∂T

∂t
= k

∂2T

∂z 2
(2)

where k = λcv
−1 (m2 s−1) is the soil thermal diffusivity.

According to Carslaw and Jaeger (1959), a solution for the transient heat transfer problem governed by Eq.(2), for
a homogeneous soil of semi-infinite thickness with average daily temperature repeating periodic surface temperature
oscillations, is represented by the initial and boundary conditions, respectively:

T (z , 0) = f (z ) (3)
T (0, t ) = T̄0 + A0sim (ωt +ϕ0) (4)
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is given by
T (z , t ) = T̄ (z ) + Ai e

−(z−zi )α si n (ωt +ϕi − (z − zi )α) (5)
where T̄0 is the mean soil surface temperature, A0 is the amplitude of the soil surface temperature wave, ϕ0 is the
phase shift of the soil surface temperature, ω is the angular velocity of the Earth’s rotation (rad h1) (ω = 2π/τ , with
τ denoting the period of the fundamental cycle, 1 day), T̄ (z ) is the daily mean soil temperature at depth z , the sub-
index i represents the level zi of soil temperature measurement, Ai are the temperature amplitudes, ϕi phase shifts
and α−1 =

√
2k
ω (m) is the damping depth of the temperature wave (Campbell and Norman, 1998). From Eq.(5), Horton

et al. (1983) proposed the amplitude and phase shift method to calculate the soil thermal diffusivity (k ), as given by
the following equations:

ka =
ω (z1 − z2)2
2[l n ( A1

A2
) ]2

(6)

and
kp =

ω (z1 − z2)2
2(ϕ1 −ϕ2)2

(7)

where the sub-index a refers to the amplitude method and the sub-index p to the phase shift method, i = 1 repre-
sents the depth of the first soil temperature measurement (z1) and i = 2 is the depth of the second soil temperature
measurement (z2). The values for Ai and ϕi , i = 1 e 2, are obtained by fitting the temperature data at the respective
depths.

The expression for the soil heat fluxG (Wm−2) written as a function of depth and time is obtained by substituting
Eq.(5) in Fourier’s law (Carslaw and Jaeger, 1959), therefore:

G (z , t ) = λ

(
∆T

∆z
+
√
2Ai

√
ω

2k
e
−(z−zi )

√
ω
2k si n

(
ωt +ϕi +

π

4
− (z − zi )

√
ω

2k

))
(8)

with ∆T /∆z the temperature gradient (K m−1) and i = 1, 2, represent the depths z1 and z2, respectively.
Therefore, the soil thermal conductivity (λ) estimation can be obtained by fitting Eq.(8) and using Eqs.(6) or (7).

The method used to estimate λ by λa and λp for the amplitude and phase shift method, respectively, is identified.
Soil heat capacity is determined by the following mathematical relationships: cv a = λak

−1
a (amplitude method) and

cvp = λpk
−1
p (phase shift method).

2.3 | Thermal conduction-convection equation
The conduction-convection equation for one-dimensional heat transfer from the soil in the presence of constant net
flux (Gao et al., 2003, 2008a) is given by:

∂T

∂t
= k

∂2T

∂z 2
+W ∂T

∂z
(9)
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where the parameter W considers the addition of the effect of soil heterogeneity and thermal convection by the
vertical movement of water in the soil. Specifically,

W =
∂k

∂z
− cw

cv
ηθ (10)

η is the liquid infiltration rate (m s−1) (i.e., Darcy’s velocity; positive downwards), θ is the soil moisture (m3 m−3), and
cw is the heat capacity of water (4.18x106 J m−3 K−1). The first term of the Eq.(10), ∂k

∂z , as the vertical gradient of soildiffusivity derived from the conductive process and the second term − cw
cv

ηθ as the water flux density resulting from
the convective process; therefore, the authors define the total termW as the liquid water flux density.

Following a procedure similar to the one described in Section 4.3.2, Gao (2005) proposed the following solution
for Eq.(9):

T (z , t ) = T̄ (z ) + Ai e
−(z−zi )αM si n (ωt +ϕi − (z − zi )αN ) (11)

where

M =
α

ω



W + 1√

2

[
W 2 +

(
W 4 + 4ω4

α4

)1/2]1/2


(12)

N =
√
2
(ω
α

) [
W 2 +

(
W 4 + 4ω4

α4

)1/2]−1/2 (13)

The equation for the thermal diffusivity of the soil (k ) and flow density of liquid water (W ) were derived from Eq.
(11) and expressed as:

kcc = − ω (z1 − z2)2 l n (A1/A2)
(ϕ1 −ϕ2)

[ (ϕ1 −ϕ2)2 + l n2 (A1/A2)
] (14)

W =
ω (z1 − z2)
(ϕ1 −ϕ2)

[
2l n2 (A1/A2)

(ϕ1 −ϕ2)2 + l n2 (A1/A2)
− 1

]
(15)

where the sub-index cc refers to the conduction-convection method.
Once again, substituting in Fourier’s law of heat conduction (Carslaw and Jaeger, 1959) Eq.(11), the heat flux in

the soil is obtained by:

G (z , t ) = λ

(
∆T

∆z
+MAi e

−(z−zi )M si n (ωt +ϕi − (z − zi )N )
)

−NAi e
−(z−zi )M cos (ωt +ϕi − (z − zi ))N (16)

Therefore, the soil thermal conductivity (λ) can be estimated from Eq.(16) using Eqs.(14) and (15). The notation
λcc will be used to identify the method of conduction – convection. The reason cvcc=λcckcc−1 is used to estimate the
soil heat capacity and liquid infiltration rate (η) by the equation:

η =
cvω (z1 − z2)
cw (ϕ1 −ϕ2)

[
1 − 2l n2 (A1/A2)

(ϕ1 −ϕ2)2 + l n2 (A1/A2)

]
(17)

It is important to note that the inclusion of the convective term generated the dependence of k , and consequently
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λ, with the estimates for amplitudes and phase shift at depths z1 and z2.

2.4 | Data processing
The experimental setup with temperature, heat flux, and moisture measurements at different soil depths was used to
estimate the thermal properties and evaluate their dependence on the measurement depth and water content.
F IGURE 2 – Configuration of the positions of the sensors installed on the ground with the different levels analyzed.
The G represents soil heat flux sensors,Ts for soil temperature sensors, and θ for soil moisture sensors.

For this purpose, three different analyses were carried out with the configuration of the sensors installed in the
soil (Figure 2):

- Analysis 1: the measurements were divided into three levels corresponding to the following depths:
Level 1 - z1 = 0.05 m to z2 = 0.13 m usingTs5,Ts13, θ9, and G9;
Level 2 - z2 = 0.13 m to z3 = 0.21 m usingTs13,Ts21, θ17, and G17;
Level 3 - z3 = 0.30 m to z4 = 0.38 m usingTs30,Ts38, θ34, and G34.
- Analysis 2: the measurements were divided into two levels corresponding to the following depths:
Level 1.1 - z1 = 0.05 m to z2= 0.21 m usingTs5,Ts21, θ9, and G9;
Level 2.2 - z2 = 0.21 m to z3 = 0.38 m usingTs21,Ts38 e θ34, and G34.
- Analysis 3: The measurements were divided into a total level corresponding to the following depth:
Total Level - z1 = 0.05 m to z2 = 0.38 m usingTs5,Ts38, θ17, and G17.
The sinusoidal functions T (zi , t ) = T̄i + Ai si n (ωt + ϕi ) , (t > 0; i = 1, 2, 3, 4) resulting from Eq.(5), when z = zi ,

was used to approximate the temporal variation curves of soil temperature collected at 0.05, 0.13, 0.21, 0.30 and
0.38 m depths. The values of Ai and ϕi (i = 1, 2, 3 and 4) were determined for each level obtained by Analysis 1, 2
and 3. The temporal variations of k (m2 s−1) were determined using Eqs.(6), (7) and (14). The parameterW (m2 s−1)
was determined using Eq.(15), where Ai and ϕi have already been described. Using the hourly experimental Ts and
G values for each level proposed in Analyses 1, 2 and 3 and with the previously obtained k values, λ (W m−1K−1)
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is calculated from the fit of Eqs.(8) and (16). Consequently, λ was determined by the amplitude, phase shift, and
conduction-convectionmethod. The cv value was obtainedwith an average value of λ and k for each level determined
by the analyses and methods used. MATLAB (Mathworks Inc.) was used to analyze the data set and fit the sinusoidal
functions, and the Optimisation Toolbox™ function ’lsqcurvefit’ was used to solve the least-squares method.

The values of the fitted parameters and the soil thermal properties estimated at each analyzed level were used
to obtain the simulatedTs at levels different from those used in Analyses 1, 2, and 3 and then validated via statistical
indices with the experimentalTs at the respective sub-level simulated. To obtain the simulatedTs data, Eq.(5) for the
amplitude and phase shift method and Eq.(11) for the conduction-convection method were employed for the same
data period (3 April 2020 to 30 September 2021). In this sense, we identified each validation performed as follows:

- Validation 1:
Sub-Level –Ts9: uses ka , kp , kcc , and the parameters set in Level 1 (Analysis 1) and experimentalTs9;
Sub-Level –Ts17: uses ka , kp , kcc , and the parameters set in Level 2 (Analysis 1) and experimentalTs17;
Sub-Level –Ts34: uses ka , kp , kcc , and the parameters set in Level 3 (Analysis 1) and experimentalTs34 .
- Validation 2:
Sub-Level –Ts9: uses ka , kp , kcc , and the parameters set in Level 1.1 (Analysis 2) and experimentalTs9;
Sub-Level –Ts17: uses ka , kp , kcc , and the parameters set in Level 1.1 (Analysis 2) and experimentalTs17;
Sub-Level –Ts34: uses ka , kp , kcc , and the parameters set in Level 2.2 (Analysis 2) and experimentalTs34.
- Validation 3:
Sub-Level –Ts9: uses ka , kp , kcc , and the parameters set in Total Level (Analysis 3) and experimentalTs9;
Sub-Level –Ts17: uses ka , kp , kcc , and the parameters set in Total Level (Analysis 3) and experimentalTs17;
Sub-Level –Ts34: uses ka , kp , kcc , and the parameters set in Total Level (Analysis 3) and experimentalTs34.
The results obtained through validation were evaluated using the following statistical indices: Pearson’s correla-

tion (r ) (coefficient of determination R 2 = r 2) and root mean square error (RMSE), according to the equations below:

r =

∑(xe − x̄e ) (xm − x̄m )√∑(xe − x̄e )2
∑(xm − x̄m )2

(18)

RMSE =

√
Σ (xe − xm )2

n
(19)

where xe stands for the experimental value, xm for the modelled value, and n for the number of observations.

3 | RESULTS AND DISCUSSION
3.1 | Soil variables
The (Ts ) showed higher values in the spring/summer (October–March) than in the autumn/winter (April–September)
(Figure 3a), which can be attributed to the stronger solar radiation reaching the Earth’s surface. During the analyzed
period, the largest amplitudes of variation of Ts occurred during the day to a depth of 0.17 m (i.e., Ts5, Ts9, Ts13, and
Ts17; Figures 3a, 3b). We can also observe that the amplitudes decreased and a shift in the phase of Ts at increasing
depths. This is because the energy flow in the form of heat from the surface to the subsurface decreases (Figures 3c
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and 3d). The minimum hourly values for Ts5 and Ts9 were ≈ 7 °C, with a maximum of ≈ 34 °C for Ts13, a minimum of
≈ 9 °C and a maximum of ≈ 30 °C for Ts17; for the other temperatures (Ts21, Ts30, Ts34, and Ts38), the minimum was ≈
11 °C and the maximum was ≈ 28 °C. The Ts between the different depths showed variability in the diurnal cycle of
≈ 3 °C (Figure 3b). The mean value ofTs was ≈ 19 °C at all depths.
F IGURE 3 – a) Contour plots of daily average soil temperature (Ts , °C), c) soil heat flux (G , W m−2), and e) soil
moisture (θ, m3 m−3); b) daily cycle of Ts and d) G ; f) daily accumulated precipitation (Pr ec , mm). The periods without
precipitation measurements are represented by negative values.

The soil heat flux (G ) shows a seasonal behaviour. The highest values of G were observed in the spring/summer
seasons (October–March) at all depths (Figure 3c), with greater daily variability for the first depth of 0.09 m (G9)
(Figure 3d). During the autumn/winter seasons (April–September), the daily average of G was generally negative (i.e.,
the subsoil warms the surface). This result is related to the decrease in solar radiation at the surface. The same result
was also obtained by Romio et al. (2019) and Zimmer et al. (2020), who also analyzedG in similar regions of the Pampa
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biome.
Soil moisture (θ) had great variability throughout the year and at all depths (Figure 3e), with daily mean θ values

ranging from 0.06 to 0.35 m3 m−3. The average value of θ for the whole period and both depths analyzed was ≈ 0.19
m3 m−3. This result is related to the clayey soil and, therefore, higher water retention capacity. On the days when
precipitation accumulations were observed, the average θ values at the analyzed depths reached 0.35 m3 m−3. By
following the method of Allen et al. (1998), we calculated the value of the average soil moisture threshold (θt ) for all
analyzed levels, resulting in θt = 0.19 m3 m−3. Thus, the experimental site has dry soils on 30% of the days and wet
soils on 70%.

Southern Brazil has had a well-distributed rainfall regime over the years, as observed in the precipitation data
obtained in this study (Figure 3f). Nonetheless, the accumulated precipitation of 1817.3 mm (from 3 April 2020 to 30
September 2021) was lower than the climatological average for the region (2700 mm). During this period, the La Niña
phenomenon occurred with weak/moderate intensity, leading to lower precipitation in the region (NOAA, 2022); the
highest daily precipitation was on 28 January 2021 (summer), with 95 mm.

3.2 | Soil thermal properties
The temporal variations in soil thermal diffusivity (k , m2 s−1) for the amplitude (ka ), phase shift (kp ), and conduction-
convection (kcc ) methods for different soil levels obtained by Analyses 1, 2 and 3 are shown in Figure 4. We can
observe that k tends to have an inverse seasonal variation with the soil temperature (Ts ) at all analyzed levels and
methods (Figure 3a). In general, the lowest daily k values occur in periods with higherTs (December–April), while the
highest k values occur in periods with lowerTs and higher θ (Figure 3e).

The minimum, mean, and maximum values of k calculated for Analyses 1, 2 and 3 are listed in Table 1. The
mean k values were higher with increasing depth of the levels in Analyses 1 and 2 (Table 1) and directly related to
the increased soil moisture (Table 4). The most significant variations in k occurred in Analysis 1 (Figure 4) for both
methods, from the shallowest to the deepest level, showing that soil thermal diffusivity is vertically heterogeneous.
We can also observe that the kp and kcc values are higher and similar to those obtained by ka (Figure 4 and Table 1).
These results are consistent because the kp and kcc values depend mainly on the phase of the soil temperature (i.e.,
φ1 - φ2 of Eq. (7)), while ka estimates mainly depend on the amplitude.

If one only analyzes the conduction process, the thermal diffusivity determined by the phase shift method must
correspond to the one determined by the amplitude method. However, this is not the case because the upward or
downward effects of water flow are reflected in lower temperature amplitudes, which may cause the values deter-
mined by the phase shift method to be higher or lower than those determined by the amplitude method (Liu et al.,
2019). Therefore, the discrepancy between the phase and amplitude methods may be caused by water movement or
convection heat transfer (Liu et al., 2019). The conduction-convection method showed the highest values compared
to the other methods (Table 1); the same result was also found by An et al. (2016), who estimated soil thermal diffu-
sivity for different depths and environmental conditions in a semi-arid region, reporting values ranging from 0.75 ×
10−6 to 1.20 × 10−6 m2 s−1. Otunla and Oladiran (2013) estimated k for sandy clay soil (loamy sand) using different
methods and obtained values between 0.25 × 10−6 and 0.84 × 10−6 m2 s−1. Wang et al. (2010) demonstrated mean
k values of 0.20 × 10−6 m2 s−1 for the amplitude method and 0.42 × 10−6 m2 s−1 for the phase shift method using
7-day data in a medium clay soil in China. Considering the results from the different authors, the values estimated in
this study are within the range of thermal diffusivity for the soil type of the experimental site, as they range from 0.68
× 10−6 to 1.65 × 10−6 m2 s−1 for the different methods and different sampling depths, confirming the validity of the
methods for the different levels.
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F IGURE 4 – Estimated soil thermal diffusivity: (a, b, c) by the amplitude method (ka ); (d, e, f) phase shift method
(kp ); (g, h, i) conduction-convection method (kcc ); (j, l, m) liquid water flux density (W ), for Analysis 1 with Level 1, 2
and 3 in the left panels; Analysis 2 with Levels 1.1 and 2.2 in the middle panels; Analysis 3 with Total Level in the right
panels.

Liquid water flux density values (W , m2 s−1) varied between levels and time (Figure 4 and Table 2). In general,
W did not show a clearly defined seasonality. However, for Level 1, theW variation showed a slight trend with the
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TABLE 1 – Minimum, mean, and maximum values of soil thermal diffusivity (k , m2 s−1) estimated by the amplitude
(ka ), phase shift (kp ), and conduction-convection (kcc ) methods for Analyses 1, 2 and 3.

ka (10−6) kp (10−6) kcc (10−6)
Analysis Level min mean max min mean max min mean max

1 1 0.14 0.68 2.03 0.10 0.74 3.86 0.12 0.76 3.80
2 0.16 0.92 2.02 0.10 1.24 3.48 0.11 1.33 2.86
3 0.61 1.02 1.94 0.10 1.57 3.49 0.11 1.65 3.97

2 1.1 0.24 0.79 2.40 0.10 1.02 4.08 0.13 1.04 2.87
2.2 0.62 1.05 2.45 0.10 1.14 4.37 0.16 1.34 3.00

3 Total 0.48 1.07 3.46 0.24 1.22 6.05 0.11 1.31 4.70

seasonal variation ofTs (Figure 3a). The calculated values of theW for Analysis 3 (Figure 4) tended to decrease during
the periods with the highest values of Ts , leading to lower θ (Figure 3e). This fact could be related to greater water
evaporation from the soil surface (Wang et al., 2010). Gao et al. (2008a) reported that under evaporation conditions,
there is an upward flow of water (liquid and vapor) that responds to the progressive drying of the surface. According to
Wang et al. (2010), the net flow of water causes a net flow of convection heat. Therefore, heat transfer must include
a vertical convective heat transfer component. We can also observe that W represents ∼ 70% of the data with a
downward flow for the winter season (June–September) (Figure 4m), periods with higher θ. The minimum, mean, and
maximum values ofW for the analyses are listed in Table 2. The minimumW value is -1.44 × 10−5 m2 s−1 (upward
flow) in Analysis 2 (Level 2.2), and the maximum value is 1.92 × 10−5 m2 s−1 (downward flow) in Analysis 1 (Level 3).
The meanW value for the shallowest ground levels were less than 0.1 ×10−5 m2 s−1.
TABLE 2 – Minimum, average and maximum values of liquid water flux density (W , m2 s−1), average values of the
vertical gradient of soil thermal diffusivity ( ∂k∂z , m2 s−1 ) and the mean value of the convective term ( cwcv ηθ, m s−1) for
Analysis 1, 2 and 3.

W (10−5) ∂κ
∂z (10−5) cw

cv
ηθ

Analysis Level min mean max mean mean
1 1 -0.66 0.11 1.19 2.50 2.40

2 -1.02 0.40 1.30 8.92 8.52
3 -1.40 0.53 1.92 10.03 9.50

2 1.1 -1.01 0.16 1.11 6.41 6.25
2.2 -1.44 0.52 1.43 10.05 9.53

3 Total - 0.98 0.19 1.91 8.26 8.07

In Analysis 1 and 2, as the depth of the layer increases, the water flux resulting from the convective process
increases due to the downward movement of water (Table 2), so the water infiltration rate increases. The most signif-
icant variation in the vertical gradient of soil thermal diffusivity ( ∂k∂z ) was found for Level 3 and Level 2.2 in Analyses
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1 and 2, respectively (Table 2).
The average values of soil thermal conductivity (λ, W m−1K−1) for all methods (λa , λp and λcc ) and analyses

performed in this study were very similar (Table 3). λ ranged from 1.11 to 1.70 W m−1K−1 for both methods, lower
in near-surface layers and higher in deeper levels. In Analysis 2, the results were about 30% lower when comparing
both levels and methods, showing that λ varies with depth. These data are related to θ being higher at greater depths
(Figure 3e). For Total Level, the conduction-convection method showed the lowest value of λ compared to the other
methods (amplitude and phase shift ) (Table 3). Lu et al. (2014), analysed 17 different soil types and found λ values
ranging from 0.2 to 2.3 Wm−1K−1. The authors report that λ not only varies for different soil types, but this variation
can also occur for the same soil type, which could be related to soil moisture and density. Similar results were found
in this study for the soil profile investigated at the SMA site.
TABLE 3 – Mean values of the thermal conductivity and thermal capacity of the soil according to the amplitude
method (λa , Wm−1K−1; cv a , J m−3 K−1), phase shift method (λp , Wm−1K−1; cvp , J m−3 K−1) and conduction-convection
method (λcc , W m−1K−1; cvcc , J m−3 K−1) for Analyses 1, 2 and 3.

Analysis Level λa cv a (106) λp cvp (106) λcc cvcc (106)
1 1 1.14±0.36 1.67 1.15±0.36 1.55 1.18±0.36 1.55

2 1.17±0.68 1.27 1.17±0.68 0.94 1.22±0.68 0.91
3 1.19±00.70 1.16 1.19±0.70 0.70 1.23±0.70 0.74

2 1.1 1.11±0.54 1.40 1.11±0.54 1.10 1.13±0.54 1.08
2.2 1.62±0.64 1.54 1.62±0.64 1.42 1.65±0.64 1.23

3 Total 1.70±0.74 1.59 1.70±0.74 1.39 1.47±0.74 1.12

Soil heat capacity values (cv , J m−3 K−1) ranged from 0.70 × 106 to 1.67 × 106 J m−3 K−1 (Table 3). cv increased
linearly with increasing soil height in Analysis 2. This may be related to cv providing the energy needed to increase
Ts . Roxy et al. (2014) analyzed the variation of cv with soil water content for one year’s data in India and found that
increased θ leads to higher cv values and, thus, there is a linear relationship between these variables.

3.3 | Soil Thermal Properties as a Function of Soil Moisture
3.3.1 | Soil thermal diffusivity and liquid water flux density
The variations of soil thermal diffusivity (k , m2 s−1) determined by the amplitude (ka ), phase shift (kp ), and conduction-
convection (kcc ) methods and liquid water flux density (W , m2 s−1) as a function of soil moisture (θ) for dry (D) and wet
(W) soil periods are shown in Figures 5, 6 and 7 and Table 4. The parameters k andW increased at higher θ for both
levels analyzed. We also observed an increase in the variability of thermal diffusivity at lower depths, especially for
periods with wet soil. This could be related to the increasingW values and deeper water movement in the subsurface
due to higher η; similar findings were found by Wang et al. (2010). Another possible reason is that k andW depend
not only on θ but also on other factors, such as the infiltration rate of the fluid, as suggested by Gao et al. (2003).
Verhoef et al. (1996) and Gao (2005) reported that k values increase with soil moisture. According to Gao (2005), this
behavior is also confirmed for W . All methods analyzed in this study indicate that the highest value of k does not
occur at maximum θ (Figures 5-7), but when θ is between 0.15 and 0.23 m3 m−3, k andW do not change for a small
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variation in the values of θ. This finding is similar to other studies (Gao, 2005; Gao et al., 2008a; Wang et al., 2010; Hu
et al., 2016), which reported that k increases as the dry soil (D) (θ < 0.19 m3 m−3) becomes wetter, albeit approaches
a constant value or even decreases as the soil continues to increase in θ. However, for soils subject to evaporative
drying, k tends to increase from the surface downwards, meaning the lowest k value is at the dry surface and higher
k values occur at the wet surface (Table 4).
F IGURE 5 – Daily soil thermal diffusivity estimated as a function of soil moisture (θ) for dry (D) and wet (W) periods:
a) by amplitude (ka ), b) phase shift (kp ), and c) conduction-convection (kcc ) methods for Analysis 1 with Levels 1, 2 and
3. d) Daily liquid water flow density (W ) estimated as a function of θ for Analysis 1 with Level 1, 2 and 3. The dashed
line represents the separation of D and W.

TABLE 4 – Mean values of soil thermal diffusivity (k , m2 s−1) estimated by the amplitude (ka ), phase shift (kp ), and
conduction-convection (kcc ) method in dry (D) and wet soil periods (W) for Analyses 1, 2 and 3.

ka (10−6) kp (10−6) kcc (10−6) W (10−5)
Analysis Level D W D W D W D W

1 1 0.63 0.71 0.66 0.81 0.65 0.85 0.33 0.44
2 0.81 0.97 1.21 1.31 1.30 1.41 0.38 0.68
3 0.97 1.02 1.48 1.62 1.57 1.68 0.97 1.51

2 1.1 0.73 0.84 0.94 1.09 0.94 1.12 0.49 0.59
2.2 1.02 1.09 1.13 1.16 1.29 1.42 1.62 1.68

3 Total 0.89 1.09 1.08 1.33 1.12 1.41 1.55 2.28
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F IGURE 6 – Daily soil thermal diffusivity estimated as a function of soil moisture (θ) for dry (D) and wet (W) periods:
a) by amplitude (ka ), b) phase shift (kp ), and c) conduction-convection (kcc ) methods for Analysis 2 with Levels 1.1 and
2.2. d) Daily liquid water flow density (W ) estimated as a function of θ for Analysis 2 with Levels 1.1 and 2.2. The
dashed line represents the separation of D and W.

F IGURE 7 – Daily soil thermal diffusivity estimated as a function of soil moisture (θ) for dry (D) and wet (W) periods:
a) by amplitude (ka ), b) phase shift (kp ), and c) conduction-convection (kcc ) methods for Analysis 3 with Total Level.
d) Daily liquid water flow density (W ) estimated as a function of θ for Analysis 3 with Total Level. The dashed line
represents the separation of D and W.
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3.3.2 | Soil Thermal Conductivity
The values of soil thermal conductivity (λ,Wm−1K−1) for periods of dry (D) andwet (W) soil obtained by the conduction-
convection method for the different analyses as a function of θ are shown in Figure 8. The λ increases at higher θ on
a daily scale and with large variability for both values determined by Analyses 1, 2 and 3. The largest variability of λ
occurs in Analysis 1 for Levels 2 and 3 at θ17 and θ34, respectively. In all analyzed levels, λ increased rapidly when θ

had low values (dry soil), especially Analyses 2 and 3. Nevertheless, for θ above 0.19 m3 m−3, λ values showed a nearly
constant behaviour. Roxy et al. (2014) analyzed the variation of λ as a function of θ and found a threshold (peak) near
22% (0.22 m3 m−3) of the water content in the soil. This can be explained by the fact that heat conduction in dry
porous media occurs almost exclusively through the contact zones between solid particles (Sepaskhah and Boersma,
1979). As θ increases, water fills the spaces previously occupied by air and forms water bridges between solid soil
particles. As a result, λ begins to increase rapidly due to greater contact between particles (Sepaskhah and Boersma,
1979; Tarnawski and Gori, 2002; Ewing and Horton, 2007; Zhao et al., 2019). This process continues until most of the
solid particles are bonded together. Thereafter, as θ increases, the increase in λ depends largely on the displacement
of the air by the water and, as a result, the increase in λ slows down and tends to become a constant, as shown more
clearly in Figure 8 for Analysis 3. The results presented herein are similar to those demonstrated elsewhere (Usowicz
et al., 2016; Zaibon et al., 2019; Zhao et al., 2019; Zimmer et al., 2020).
F IGURE 8 – Daily soil thermal conductivity estimated for dry (D) and wet (W) soil periods using the convection
conduction method as a function of soil moisture: a) for Analysis 1 with Levels 1, 2, and 3, b) Analysis 2 with Levels
1.1 and 2.2, and c) Analysis 3 with Total Level of θ17.
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3.4 | Validation: Modeling soil temperature
The statistical indices forTs determined experimentally and estimated from the previously determined k andW values
(subsection 2.4) are listed in Table 5. We generally have a good estimate of Ts compared to the experimental data,
with R 2 ranging from 0.79 to 0.99. The lowest R 2 was found for the Ts34 estimate for Validation 3 using ka for Total
Level (Table 1). The best results for the Ts estimates were obtained using the conduction-convection method, which
had the highest R 2 values and the lowest RMSE , followed by the phase or amplitude shift method. Gao et al. (2008b)
recommended the conduction-convection method as the most accurate form of estimating soil temperature. This
fact is related to the conduction-convection method using k andW values in its formulation and also considers the
vertical heterogeneity of k .

The amplitude method had the poorest statistical indices because its formulation only considered the daily ther-
mal amplitude (Eq.6), a parameter subject to greater amplitude variations over time, whereas, in the phase shift
method, k is calculated from the phase of Ts (Eq.7), which, similar to the conduction-convection method, does not
show large variations. Hu et al. (2016) estimated Ts at a depth of 0.10 m using the conduction method and found
a value of 0.94 for R 2, a similar result to this study for Validation 1 and 2 for Ts9. Wang et al. (2010) estimated Ts

to be 0.10 m and found equal values for R 2 for the amplitude and phase shift methods (0.98), which is very close to
the result for the conduction-convection method with R 2 = 0.99. In contrast to Wang et al. (2010), the conduction-
convection heat transfer methods in our study had an average difference of ∼ 10% in their statistical indices, except
for Validation 1 (Table 5).
TABLE 5 – Statistical indices for validation against experimental data of soil temperature (Ts ) and soil temperature
modelled using Eq.(5), the amplitude (AM) and phase shift (PSM) method and Eq.(11) for the conduction-convection
method (CCM).

AM PSM CCM
Validation Sub-Level R 2 RMSE (◦C) R 2 RMSE (◦C) R 2 RMSE (◦C)

1 Ts9 0.93 1.22 0.94 1.13 0.94 1.09
Ts17 0.96 0.78 0.97 0.61 0.97 0.39
Ts34 0.98 0.52 0.97 0.32 0.99 0.24

2 Ts9 0.89 1.51 0.93 1.22 0.94 1.10
Ts17 0.88 1.53 0.92 1.21 0.97 0.61
Ts34 0.97 0.62 0.98 0.52 0.99 0.26

3 Ts9 0.84 1.83 0.93 1.22 0.94 1.09
Ts17 0.88 1.53 0.92 1.21 0.95 0.91
Ts34 0.79 1.87 0.82 1.75 0.99 0.25

When analysing the Ts estimates of the levels, we found the lowest R 2 and the highest RMSE near the surface,
indicating worse statistical indices compared to lower levels. This could be related to the fact that larger temperature
fluctuations occur at the surface during the day, and similar results were found by Holmes et al. (2008). In addition,
vertical water flow may influenceTs , as there is greater influence on the diurnal variability of θ in near-surface layers.
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4 | CONCLUSION
The amplitude of soil temperature fluctuations and the amount of water in the soil play a crucial role in the thermal
behavior of the soil. The complexity of heat transfer processes in heterogeneous porous media hinders quantita-
tively evaluating the thermal properties, especially when conduction and convection processes are assumed to occur
simultaneously.

In this study, we used heat transfer models by conduction and convection to estimate the thermal properties of
soil in an area of the Brazilian Pampa biome. Using a time series of experimental data on soil temperature, soil heat
flux, and soil moisture measured at different depths, we evaluated the influence of temperature gradient and moisture
on estimating thermal properties. The variability of Ts and G showed a seasonal behavior with higher values during
the spring/summer season. For Ts17, the highest amplitudes of variation were found during the day. In general, the
daily mean values of G were negative during the autumn/winter seasons, indicating that the subsurface warms the
surface. The θ data showed a large variability during the year for all analyzed levels, with 70% of the period classified
as wet soil.

For all methods and soil levels, k showed an inverse seasonal variation of Ts . Analysis 1 showed the greatest
temporal variation in k for all methods, from surface to subsoil (Level 1 to 3), indicating that k is vertically heteroge-
neous. The highest average estimates were observed for kcc , about 6% higher than kp and about 24% higher than
ka . The k values increased with the depth of the levels, which is directly related to the increase in θ or the change in
soil composition. Nevertheless, the analyzed values are practically only found in one of the soil horizons (or layers),
so only the surface layer could be affected by the more significant presence of organic matter.

The parameter W did not show a clear seasonality but decreased in periods with higher Ts values (Analysis 3).
Another fact is that increasingW values increased the variability of k with depth. Both facts are related to a higher
water evaporation rate from the soil surface, where there is an upward flow of water responding to a progressive
increase in soil drying. In addition, theW parameter may also depend on other factors, such as the infiltration rate of
liquids (η).

In general, λ values were highly similar across methods and varied only between levels, confirming the vertical
heterogeneity of this property. We also observed that λ increases exponentially for low values of θ (dry period), while
thermal diffusivity shows a behavior with greater variability for values corresponding to wet periods. We observed
that the values increase linearly with increasing θ and soil depth for cv .

Finally, the conduction-convection method provided the most accurate results for the estimates ofTs because it
uses k andW values in its formulation (i.e., it considers the vertical heterogeneity of the soil and density of the liquid
water flux. The amplitude method received the worst statistical indices in the validations for Ts , as it only considers
the temperature amplitude. For all methods, the least accurate estimates forTs occurred near the surface due to the
larger differences in daily thermal amplitudes and the larger influence of daily θ variability. The thermal diffusivity of
the soil controls the speed at which temperature waves travel through the soil and the depth of thermal influence of
a surface.

Therefore, the study characterized the thermal dynamics of the soil in an area of native vegetation in the Brazilian
Pampa biome. From the processes of heat transfer by conduction and convection, estimates of the thermal properties
of the soil were obtained, which are fundamental for modeling the energy balance on the surface. The results obtained
can thus contribute to the understanding of the biome and help research for the conservation of natural areas that are
of economic and ecological importance for southern Brazil. In addition, it is possible to develop practices to protect
ecosystems through an improved representation of the thermal dynamics of the soil in environmental models.
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5 FINAL CONSIDERATIONS

The thermal regime of the soil and heat and moisture exchange between the surface

and atmosphere play a key role in energy balances and weather and climate prediction

models. Coupled models of heat and moisture transport in bare soils (NOVAK; BLACK,

1985; SILANS et al., 1989) or on vegetated surfaces (BRAUD et al., 1995; SMIRNOVA;

BROWN; BENJAMIN, 1997) require information on soil temperature profiles and heat flux,

which depend on soil thermal properties (thermal conductivity, thermal diffusivity, and

volumetric heat capacity). In turn, these properties depend on soil moisture and soil

composition and structure, which are coupled with soil vegetation and climatic conditions.

Therefore, information on the thermal properties of the soil is crucial for detailed knowledge

of heat transfer under different land cover conditions. It is also important for explaining

the different chemical, physical, and biological processes in different types of ecosystems

on Earth. In this regard, this study aimed to analyze the magnitude and dynamics of

soil thermal properties throughout the year and under different climatic conditions at two

experimental sites established in different locations of the Brazilian Pampa biome about

300 km apart: Pedras Altas and Santa Maria. The results were presented in two articles

produced as part of a doctoral thesis.

The first article, entitled "Influence of clearness index and soil moisture in the soil

thermal dynamic in natural pasture in the Brazilian Pampa biome" (Chapter 3), studied

the influence of climatic conditions on soil thermal variables and properties in areas with

natural vegetation in Pedras Altas and Santa Maria, considering two years of data from

each site. The thermal properties of the soil were estimated using hybrid methods based

on experimental data and analytical methods (the amplitude and phase-shift methods).

The general heat transfer equation assumes that the thermal properties of the soil are

independent of time and depth.

As shown in the results and underlined by various papers in the literature, soil moisture

affects soil thermal parameters, which vary with time and depth. Hence, these results

provide evidence for a new approach based on a hybrid model to account for the previously

neglected physical processes, such as the convective effects of heat transfer in the soil.

With this background, the second article, entitled "Estimation of soil thermal properties

using conduction-convection heat transfer equations in the Brazilian Pampa biome" (Chap-

ter 4), presents the estimation of soil thermal properties and temperature using a new

experimental setup based on the analytical solution of the conduction-convection heat

transfer equation. The experimental data were obtained over one year and six months

at the Santa Maria site. The results obtained shed more light on the thermal dynamics of

the soil, considering the conductive and convective processes of heat transfer in the soil

at different depths, ad it was demonstrated that the thermal properties of the soil vary at



61

different levels and that there is vertical heterogeneity in the thermal properties of the soil

as a function of soil moisture in dry and wet periods, and that the vertical movement of

water in the soil has an influence on the thermal characterization of the soil. The results

thus provide evidence that the process of heat convection also determines heat transfer in

the soil.
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