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Abstract: Understanding and characterizing the relationship between soil and environmental tem-
peratures is crucial for developing effective agricultural management strategies, promoting natural
resource conservation, and developing sustainable production systems. Despite the direct impact
of the thermal properties of Oxisols on global food production and sustainable agriculture, there is
a dearth of research in this area. Therefore, this study aimed to monitor and analyze the thermal
behavior of a Red Latosol (Oxisol) in Dracena-SP, Brazil, over two years (from 28 July 2020 to 27 July
2022). Using R software (version 4.3.0) and paired group comparisons, we organized the data into
twelve-month sets to estimate monthly soil thermal diffusivity using amplitude, arctangent, and
logarithm methods. Soil depth and thermal amplitude showed a temporal pattern characterized by
inversely proportional magnitudes that followed an exponential behavior. The thermal amplitude of
the Oxisol evaluated decreased with increasing depth, indicating soil thermal damping. In conclu-
sion, the relationship between Oxisol and environmental temperature has significant implications for
achieving sustainable agriculture and efficient water and plant resource management.

Keywords: analytical methods; sustainable agriculture; thermal amplitude; thermal damping;
soil temperature

1. Introduction

Oxisols are one of the primary soil types found in Brazil, which ranks among the
world’s largest agricultural producers [1,2]. Due to their unique characteristics, these
soils present challenges for more sustainable management. As a result, understanding the
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intrinsic properties of Oxisols is crucial for achieving sustainable agricultural practices,
ensuring food security, and preserving the environment on a global scale [3].

Soil temperature is considered one of the key factors for plant development, directly
influencing seed germination, root development and activity, growth rate and duration, and
ultimately the quality and quantity of agricultural production [4,5]. Thermal gradients created
by daily and seasonal temperature variations at the soil-atmosphere interface drive heat flux
within the soil profile [6,7]. The temperature of surface layers is generally strongly affected by
these environmental thermal fluctuations, with attenuation occurring at greater depths.

Studying soil thermal conductivity remains a considerable challenge due to its sig-
nificant spatial and temporal variability, requiring innovative approaches for accurate
characterization [8]. New methodologies have actively been developed to improve both
field and laboratory measurement techniques. Their main goals are to improve accuracy
and the understanding of thermal interactions within the soil environment [9]. As part
of these new methodologies, advanced methods such as the transient heat flux technique
and the hot plane source technique have emerged, offering greater accuracy and reduced
humidity influence during measurements [10]. Additionally, remote sensing techniques
have shown potential for mapping thermal conductivity on a regional scale [11,12].

Building on this, Ref. [13] highlights the benefits of ongoing developments in com-
putational simulation models, which enable a more accurate representation of complex
spatiotemporal variations in soil thermal behavior. They advocate for a combined ap-
proach of experimental, analytical, and computational methods for precise soil thermal
conductivity characterization across multiple scales.

Frequent monitoring of soil temperature at different depths is instrumental in gaining
a better understanding of soil thermal behavior and determining key soil properties, particu-
larly thermal diffusivity. Thermal diffusivity, the ratio of thermal conductivity to volumetric
heat capacity, indicates the rate of heat spread through the soil [14,15]. To estimate soil
thermal diffusivity, various methods have been proposed [16]. Notably, these analytical
methods have emerged as practical alternatives that yield satisfactory results compared to
more expensive laboratory procedures that require specialized equipment [17,18].

As soil thermal properties are heavily influenced by soil type, it is essential to study
their thermal behavior in various locations. Such research advances the field, which is
currently understudied on Brazilian soils [19,20]. Given the scarcity of research on soil
thermal conductivity in Brazil, efforts have intensified to gain deeper insights into the
processes related to soil temperature and its impacts on ecosystems. In this context, studies
like that of [21] play a crucial role, offering comprehensive analyses of soil temperature
under different vegetation covers and shedding light on the implications for the chemical,
physical, and biological aspects of ecosystems.

Evaluating Oxisols is essential given their widespread presence in the Brazilian cerrado
ecosystem. A study by [22], which focused on the Madeira River region—the largest
tributary of the Amazon River—underscores this importance. Their study emphasized not
only the predominance of Oxisols in the area but also their significance for the regional
ecosystem. They also suggest that a deeper understanding of the intrinsic characteristics of
Oxisols could help minimize potential impacts.

In another study, Ref. [23] examined how temperature affects soil aggregation in
various Brazilian soil types and management systems. They underscored the complexity of
soil-climate-management interactions and called for further research, noting the limited
quantification of thermal attributes in Brazilian soils.

Similarly, Ref. [24] explored strategies for enhancing the physical quality of degraded
Oxisols in Brazil through crop-livestock integration. These authors highlighted the potential
of integrated systems to increase soil resilience but pointed out the complexity of physical
attributes and the need for further research, particularly regarding important properties
such as thermal conductivity.

Moreover, Ref. [25] explored challenges and opportunities in managing tropical soils,
especially Oxisols. Their research brought attention to the vulnerability of Oxisols to degra-
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dation and offered insights for sustainable management. Additionally, they identified the
study of thermal conductivity in Brazilian Oxisols as one of the challenges to be addressed.

This study aimed to monitor and analyze the thermal behavior of an Oxisol over two
years as well as determine its thermal diffusivity using analytical methods, contributing
valuable information for sustainable agriculture. Key features of this investigation included:
analyzing the soil thermal behavior as a function of environmental temperature over a long
experimental period; assessing the soil in both summer and winter conditions; exploring
the effects of environmental temperature on thermal diffusivity at various depths; and,
throughout the experimental period, examining the thermal amplitude in detail across the
depth of the studied soil.

2. Materials and Methods
2.1. Experimental Area Description

The data set for this experiment comprises a time series of soil temperature collected
every 5 min at depths of 5, 20, 40, 60, 80, and 100 cm. These measurements were aver-
aged daily over the period from 28 July 2020 to 27 July 2022. The study was conducted
in the municipality of Dracena-SP, located at a latitude of 21◦28′59.0′′ S, a longitude of
51◦31′57.0′′ W, and an altitude of 419 m in the southeast region of Brazil, in the state of
São Paulo. The geographic coordinates of the experimental site were recorded with a
high-performance and precision Eyes.sys GPS GNSS receiver, with a measurement error
within 0.03 m. Figure 1 depicts the spatial location of the study area, highlighting the
positions of Brazil within South America, São Paulo State within Brazil, and Dracena City
within São Paulo State.

Figure 1. Spatial location of the study area: (a) Brazil within South America; (b) São Paulo State
within Brazil; (c) Dracena municipality within São Paulo State.

Dracena has a semi-humid tropical climate, with a rainy summer and a dry winter.
The rainy season typically lasts from October to March, with precipitation decreasing from
April to September. The region receives an average annual rainfall of 1200 mm, and the
average annual temperature ranges from 24 to 26 ◦C [26]. In the municipality of Dracena,
where this study was conducted, Red Latosols (Oxisols) are notably predominant, covering
69.37% of the land [27].

This study was conducted using a single data collection point, as previously developed
by [28–30]. This approach is consistent with the findings of [31], who analyzed climatic
conditions in Brazil during thermal extremes over 10 years. According to their research, in
countries like Brazil with vast territorial areas, it is valid to verify experiments using time
series data rather than relying on the spatial distribution of samples.
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In this study, the extensive duration of monitoring and meticulous calibration of the sen-
sors ensured repeatable and statistically robust results from single-point sampling. The data
were collected over two uninterrupted years, offering solid temporal representativeness.

Subsoil temperature data were obtained at depths of 5, 20, 40, 60, 80, and 100 cm
using DS18B20 sensors (Figure 2a), which produce voltage signals proportional to the
temperature measured. These data were processed into daily averages. An Arduino Mega
2560 R3 (Figure 2b) collected data at 5-min intervals. We used a Real-Time Clock (RTC)
DS3231 Module (Figure 2c) to record date and time and a Micro SD Module (Figure 2d) for
data storage.

Figure 2. Equipment used for soil temperature measurement and data recording: (a) DS18B20
temperature sensor; (b) Arduino Mega 2560 R3; (c) Real-Time Clock (RTC) DS3231 Module; and
(d) Micro SD Module.

The DS18B20 temperature sensors were attached at 20 cm intervals inside a 50-mm-
diameter corrugated conduit. This conduit was then inserted into a 3 m long PVC pipe
with a 100 mm diameter (Figure 3a) and subsequently placed within the soil (Figure 3b).

Figure 3. Measurement system installation: (a) attachment of the sensors to the 50-mm corrugated
conduit and 100-mm PVC pipe; (b) PVC pipe with DS18B20 sensors inserted into the soil.

2.2. Equipment Accuracy

To ensure the highest measurement reliability, the entire data acquisition system was
pre-calibrated, and its sensors were periodically checked and replaced throughout the mon-
itoring period. Every three months, we verified the calibration and performed preventive
replacements of the sensors with others that had been pre-calibrated using a certified sensor.
This approach ensured continuous measurements with maximum precision.

2.3. Representativeness of the Experimental Area

The sensor installation location was carefully chosen in a region predominantly char-
acterized by Oxisol [27]. The site exhibited typical attributes of this type of soil, including
color, texture, structure, and sequence of horizons.

To confirm the soil type, soil samples were collected and analyzed in the laboratory,
which verified the soil as an Oxisol. Then, samples from the 0–20 cm depth layer were
analyzed, air-dried, crushed, and passed through a 2 mm sieve for grain size distribution
analysis using the pipette method [32]. This allowed us to classify the soil as clay loam,
determine soil bulk density by the volumetric ring method, and measure the organic carbon
content through organic matter oxidation with potassium dichromate in a sulfuric medium.
The results supported the typical patterns expected for Oxisols [33].
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The area was isolated and located far from sources of disturbance. During the entire
experimental period, vegetation control was maintained, and no anthropogenic activities
occurred that could influence the characteristics of the soil under study.

The magnitude and speed of soil responses depend on its thermal properties, such
as conductivity, specific heat, and thermal diffusivity, which in turn vary with texture,
structure, moisture, and composition [34,35]. For example, Oxisols, with their clayey
loam texture, have lower conductivity and thermal diffusivity values. Consequently, they
exhibit a reduced and delayed thermal response to ambient fluctuations compared to sandy
soils [36,37].

2.4. Methods for Determining Thermal Diffusivity

In this study, we used a time series of soil temperature data for the analyzed period to
determine the monthly thermal diffusivity of Oxisol at depths of 5–20, 20–40, 40–60, 60–80,
and 80–100 cm. Three methods were employed for this purpose: the Amplitude Method,
the Arctangent Method, and the Logarithm Method. We also calculated the annual thermal
diffusivity for the layer spanning 5 to 100 cm using all three methods.

Amplitude Method: Assuming a periodic surface temperature with a fundamental
frequency (first harmonic) and a consistent average soil temperature across all depths, [38]
proposed estimating the apparent thermal diffusivity through the direct amplitude method,
as described in Equation (1):

α =
ω

2

(
(Zn − Z1)

2

ln(A1/An)
2

)
(1)

in which α—apparent thermal diffusivity of the soil (m2 s−1); ω—angular frequency
(rad s−1); A1 and An—temperature amplitudes (◦C); and Z1 and Zn—soil depths (m).

A1 and An are derived from the difference between the maximum and average annual
temperatures at each depth, Z1 and Zn, respectively.

Assuming a periodic temperature for both the surface and deeper soil layers with the
first two frequencies (first and second harmonic), the apparent thermal diffusivity can be
obtained using the arctangent method [39], as shown in Equation (2):

α =
π(Zn − Zn−1)

2ω arctan
(

An
An−1

) (2)

in which α—apparent thermal diffusivity of the soil (m2 s−1); ω—frequency angular
(rad s−1); An−1 and An—temperature amplitudes (◦C); and Zn−1 and Zn—soil depths (m).

Logarithm Method: Using only the second harmonic [40], the apparent thermal
diffusivity of the soil can be expressed by the logarithm method, as shown in Equation (3):

α =
π(Zn − Zn−1)

2

4ω ln
(

An
An−1

) (3)

in which α—apparent thermal diffusivity of the soil (m2 s−1); ω—frequency angular
(rad s−1); An−1 and An—temperature amplitudes (◦C); and Zn−1 and Zn—soil depths (m).

2.4.1. Equation to Calculate Heat Wave Velocity in the Soil

From the annual thermal diffusivity, we determined the annual temperature wave
propagation velocity (V) in the soil in m s−1, according to Equation (4):

V =
√

2ωα (4)

in which V—temperature wave propagation velocity (m s−1); α—thermal diffusivity of the
soil (m2 s−1); andω—angular frequency (rad s−1).
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2.4.2. Equation to Calculate Damping Depth

We used the annual thermal diffusivity to calculate the annual damping depth. This
is the depth at which the temperature wave amplitude drops to 1/e of its surface value,
with e = 2.72 (Neperian number). This constant represents how soil temperature amplitude
decreases with depth, as shown in Equation (5):

Da =

√
2α
ω

(5)

in which Da—damping depth (m); α—apparent thermal diffusivity of the soil (m2 s−1);
andω—angular frequency (rad s−1).

2.5. Statistical Analysis

Soil temperature raw time series data were collected over 2 years, from 28 July 2020 to
27 July 2022, at 5-min intervals. This yielded 288 daily measurements (24 h × 60 min)/5 min
for each depth.

To derive representative daily values, we conducted a rigorous statistical process
commonly used in agricultural experiments. Potential outliers were detected and excluded
using the Grubbs test [41,42]. Subsequently, we calculated the simple arithmetic mean of
the valid values for each day and depth. Data normality was verified with the Shapiro-Wilk
test at a 5% significance level [43]. These daily averages represent statistically robust and
reliable values [44–46].

Daily averages were calculated using R 4.3.0 software. First, we used the “grubbs.test”
function to detect potential outliers, which were individually examined before possible
exclusion. After this, we employed the mean function to calculate the simple arithmetic
mean of the remaining valid values for each day and depth. Data normality was assessed
using the “shapiro.test” function.

For this study, we collected 24 months of data to compare the amplitude, arctangent,
and logarithm methods used for estimating soil thermal diffusivity. Data were grouped at
the end of the period to compare paired groups corresponding to each month of the year.
This approach allowed for hourly average calculations and monthly result comparisons.

The analysis was conducted in the R 4.3.0 software. For the comparison of paired
groups, we used the function “t.test (y1, y2, paired = TRUE) # where y1 and y2 are
numerical” to perform the paired t-test. The corresponding months of the two years were
separated and grouped to match the days and hours. The averages were calculated for
each grouped day and time. Since no significant differences were found between the paired
days, we then proceeded with the experimental period analyses.

We performed an analysis of variance (ANOVA) for each soil layer (5–20, 20–40, 40–60,
60–80, and 80–100 cm). Tukey’s test was applied to the results with a significance level of
0.05. As noted by Ref. [47], statistical estimators help to describe the structure of spatial
dependence, which is influenced by geodesic distance, sample shape, and size.

3. Results

The time series of soil temperature data, collected at depths of 5, 20, 40, 60, 80, and
100 cm, as well as ambient temperature, from 28 July 2020 to 27 July 2022, is presented in
Figure 4 through paired hourly averages of year 1 with year 2.
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Figure 4. Paired hourly averages of soil and ambient temperatures for the studied period.

Throughout the year, soil temperatures at all depths were consistent and averaged
about 25 ◦C. This was similar to the average ambient temperature for the Oxisol studied, as
shown in Figure 5.

Figure 5. Boxplot of subsoil and ambient temperatures in the studied Oxisol.

Figure 6 illustrates the rapid decrease in soil thermal amplitude within the upper
layers, down to a depth of 0.4 m. Beyond this depth, the reduction in thermal amplitude
occurs at a slower pace.

Figure 6. Annual thermal amplitude of the studied soil.

We installed temperature sensors at depths of 5, 20, 40, 60, 80, and 100 cm to analyze
each of the soil layers (5–20, 20–40, 40–60, 60–80, and 80–100 cm). The thermal diffusivity
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values estimated by the amplitude, arctangent, and logarithm methods showed significant
differences across all layers, as shown in Figure 7 (ANOVA, p < 0.05).

Figure 7. Monthly thermal diffusivity values for soil layers at (a) 5–20 cm, (b) 20–40 cm, (c) 40–60 cm,
(d) 60–80 cm, and (e) 80–100 cm, as estimated by the amplitude, arctangent, and logarithm methods.

Figure 8 shows the distribution of monthly thermal diffusivity for each method used,
highlighting that the logarithm method overestimated the values compared to the ampli-
tude and arctangent methods.

Figure 8. Boxplot of monthly soil thermal diffusivity values by amplitude, arctangent, and logarithm
methods.

Table 1 displays the annual average thermal diffusivity, heat wave propagation speed,
and damping depth of the Oxisol for depth layers from 0.05 to 1.00 m.
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Table 1. Annual averages of thermal diffusivity, heat wave propagation velocity, and damping depth
for the studied Oxisol in the layers from 0.05 to 1.00 m.

Soil Layer (m) Thermal Diffusivity
(10−6 m2 s−1)

Propagation Velocity
(10−6 m2 s−1) Damping Depth (m)

0.05 to 1.00 0.137 0.233 1.172

4. Discussion

The present study investigated the thermal conductivity of Oxisols using a modern
technique that combines sensors, arduinos, and modules in a field experiment. The findings
help to address gaps in our understanding of this soil type under in situ conditions, building
on previous research conducted using other methods and experimental conditions. The
ongoing development of sensors and computational techniques has significantly advanced
soil thermal conductivity studies, particularly in terms of observation accuracy and spatial-
temporal variability [48,49].

As shown in Figure 4, the thermal behavior of soil layers from 5 to 100 cm follows a
trend similar to that of ambient temperature, exhibiting sinusoidal fluctuations throughout
the year. This finding is consistent with a study conducted by [50] on red and yellow
Latosols (Oxisols) in São Paulo, Brazil (22◦52′30′′ S, 46◦22′8′′ W) and another by [51] in
southern Algeria (32◦38′ N, 3◦81′ E, 469 m altitude) on red sandy loam soil, both of which
showed similar sinusoidal behavior.

Figure 4 also reveals that the soil layer at 5 cm is more sensitive to ambient temperature
changes. This layer had higher temperatures between November and January compared
to deeper layers, corresponding to the summer period in the study area (Brazil), which
typically experiences the highest ambient temperatures. Conversely, during the winter
months (June to September), the temperature of the 5 cm layer was lower than the other
layers, aligning with the period of lowest ambient temperatures. Similar observations
were reported in a study [52] conducted in southeastern Brazil (20◦12′43′′ S, 50◦55′38′′ W,
413 m altitude) on a red-yellow argisol soil and another study [53] that investigated soil
temperature and showed a behavior similar to that found in our study. In addition to
seasonality, the magnitude of ambient temperature fluctuations also affects soil heat flux.
Larger thermal amplitudes intensify the soil-atmosphere thermal gradients and heat flux
within the soil profile [54]. In extreme cases, such as heat waves, anomalous underground
temperature responses may occur, with potential consequences for soil biota [55,56].

In the second half of August of Year 1 (Figure 4—Detail 1), a time lag in heat transfer
through the soil is evident. After the minimum ambient temperature was recorded, all soil
layers gradually registered minimum temperatures, with the soil layer at 100 cm requiring
four days to reach its minimum temperature.

A study [57] conducted in southeastern Brazil (21◦13′40′′ S, 44◦57′50′′ W, 925 m
altitude) on an Oxisol and another [58] study in Midwest Brazil (22◦11′53′′ S, 54◦56′03′′ W,
430 m altitude) that investigated heat transfer and storage in Oxisols also demonstrated
a time lag in heat transfer from the topmost layer to the deepest layer. Understanding
the thermal behavior of Oxisols and the dynamics of their thermal diffusivity is vital for
comprehending their temperature variations.

The present study contributes to the field by enhancing our understanding of the
thermal behavior of Red Oxisol and its impact on heat transfer in plants and animals
in these regions. Additionally, the findings presented in Figure 4 offer insights into the
thermo-hydrological processes of this soil type, which are beneficial for sustainable natural
resource management across various geographical regions.

Figure 5 indicates that the soil layers at 5 and 20 cm depths exhibited the highest
thermal amplitudes, with variations of 38.88 and 26.75 ◦C, respectively. This is attributed to
their proximity to the soil surface, making them more susceptible to external temperature
fluctuations. Conversely, the 100 cm layer had the lowest oscillation, with a temperature
variation of only 10.88 ◦C throughout the year. Hence, there is a reduction in thermal
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amplitude with increasing depth, demonstrating a thermal damping effect in the soil. This
relationship between amplitude and depth can be characterized as inversely proportional.
Similar reductions in thermal amplitude with increasing soil depth were observed in other
studies [59] where the thermal behavior of Oxisols was analyzed and showed findings
consistent with ours.

The observation of thermal amplitudes at varying soil depths (Figure 5) provides
valuable insights into the thermal behavior of Red Oxisol and its interaction with external
temperature variations. The more significant temperature oscillations in the surface layers
are attributed to their proximity to the surface, making them more prone to temperature
fluctuations.

Several ecological factors influence the thermal variation observed in the upper soil
layers, such as incident solar radiation, the soil’s thermal conductivity, and the heat ex-
change rate with the atmosphere [60]. Physical processes and soil properties can account
for the increase in soil thermal damping with depth. The heat transfer rate diminishes with
the soil depth, leading to less influence from external temperature variations [61].

This inverse relationship between thermal amplitude and soil depth, as presented in
Figure 5, holds significant implications for understanding the thermal dynamics of Oxisols
and their impact on ecological, hydrological, and agricultural processes. Knowledge of
these thermal patterns is vital for informed decision-making regarding soil management,
particularly for crops sensitive to extreme temperature variations.

Figure 6, with an R2 of 0.99519 for the fit performed, confirms that the thermal ampli-
tude of the soil decreases with increasing depth, exhibiting exponential behavior. According
to Ref. [62] a high coefficient of determination (R2) indicates high reliability and precision
in the response of what is being observed. A recent study [63] conducted in Northeast
China (121◦30′20′′ E, 50◦49′40′′ N, 845 m altitude) investigated the transmission of surface
temperature changes to various soil depths. The results indicated that this transmission
occurs within a specific time frame and with exponentially damped amplitudes. These
findings were supported by the work of [64], who proposed a reformulation of a model
used for estimating soil temperature. According to these authors, the thermal amplitude of
the soil exhibits an exponential variation as a function of depth, consistent with the findings
of the present study.

As demonstrated in Figure 6, exploring the thermal behavior of the soil, including
its exponential variation of thermal amplitude with depth, is crucial for understanding
production cycles. Deepening our knowledge of the thermal behavior of soils and deter-
mining their thermal diffusivity is essential for advancing scientific knowledge, promoting
sustainable practices, and managing ecosystem resources [65].

In light of these findings, it becomes evident that accounting for the exponential
decrease in temperature amplitude with increasing soil depth is crucial when design-
ing soil management strategies. Therefore, decisions related to sustainable agricultural
resource use must embrace this phenomenon, especially for crops sensitive to extreme
temperature fluctuations.

In a comparison of the 5–20 cm and 80–100 cm layers, the logarithmic method was
found to be statistically different from the arctangent method (Figure 7). However, no
significant differences were observed between the amplitude method and the others. In
the 20–40 cm and 60–80 cm layers, both the amplitude and arctangent methods showed
no differences, while the logarithmic method differed from both. Similar findings have
been reported in other studies that utilized various models to determine soil thermal
diffusivity. Research by [66] on calcareous clayey alluvial soils in eastern Turkey and
by [67] in northwest Greece (39◦37′12′′ N and 20◦50′24′′ E, 485 m altitude) employed
amplitude, arctangent, and logarithmic models, respectively. It is noteworthy that the
results from these studies are consistent with the findings of our research.

An increasing trend in the monthly thermal diffusivity of soil from April to July is evident
in Figure 7. This rise is attributed to the cooler temperatures of the autumn and winter seasons,
which result in higher soil moisture levels and greater soil resistance, as confirmed by [68].
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A study by [69] supports this trend, reporting thermal diffusivity values for an Oxisol in
Areia-PB, Brazil, ranging from 0.22 × 10−6 m2 s−1 to 1.91 × 10−6 m2 s−1. However, these
values narrowed to 0.22 × 10−6 m2 s−1 to 0.51 × 10−6 m2 s−1 when considering only the
month with the lowest soil moisture. Both studies underscore the significant influence of
seasonal temperature and moisture fluctuations on soil thermal diffusivity.

As illustrated in Figure 7, the colder temperatures of the autumn-winter period led to
an increase in thermal resistance, which in turn limited heat flux in the soil. This results in
enhanced thermal diffusivity, a parameter reflecting the soil’s capacity to conduct heat and
which is directly affected by changes in soil physical properties such as thermal resistance.
Such changes are often influenced by seasonal climatic variations [70,71]. Gaining insight
into the behavior of thermal diffusivity in Oxisol is crucial for efficient agricultural re-
source management and the adoption of sustainable soil management strategies. Factoring
in seasonal shifts in soil thermal diffusivity is important for informed decision-making
related to crop planning, energy consumption, and assessing the effects of climate on
agricultural productivity.

Monthly diffusivity estimates for the studied soil ranged from 0.02 × 10−6 m2 s−1

to 1.89 × 10−6 m2 s−1 (Figure 8), aligning with the findings in the literature. Ref. [72]
reported a range of 1512 × 10−6 m2 s−1 to 2813 × 10−6 m2 s−1 for an Oxisol in Garanhuns-
PE, Brazil. In contrast, Ref. [73] obtained values ranging from 0.32 × 10−6 m2 s−1 to
0.47 × 10−6 m2 s−1 for an Oxisol in Dourados-MS, Brazil.

Understanding the thermal behavior of soil is essential for effectively managing
ecological and energy resources. Figure 8 illustrates the diffusivity of the Oxisol under study,
which holds particular significance due to the widespread presence of this soil type in major
agricultural-producing nations such as Brazil [74]. It influences processes such as nutrient
availability, seed germination, plant growth, and organic matter decomposition [75]. Thus,
understanding soil diffusivity is vital for the successful management of agricultural systems’
production and sustainability.

Furthermore, soil diffusivity plays a crucial role in regulating energy flow between
the soil surface and the atmosphere, as well as in water conservation and climate change
mitigation [76,77]. As such, knowledge of soil thermal properties, including diffusivity,
is essential for optimizing agricultural production and managing ecological and energy
resources sustainably.

Table 1 shows that the diffusivity values for soil layers between 0.05 and 1.00 m deep
align with those reported by other researchers. Specifically, Ref. [78] found diffusivity for
sandy soil in Qinghai-Tibet, China, to range from 0.117 × 10−6 m2 s−1 to 0.826 × 10−6 m2

s−1. Likewise, Ref. [35] reported that soil thermal diffusivity near the surface of the Tibetan
Plateau typically ranges from 0.3 × 10−6 m2 s−1 to 1.9 × 10−6 m2 s−1.

The observed heat wave propagation velocity of 0.233 × 10−6 m s−1 is also in line
with previous findings. Ref. [79] reported a propagation velocity of 0.72 × 10−6 m s−1 for
agricultural soil. These similarities between our results and prior research support the
reliability of our thermal diffusivity and heat wave propagation velocity findings.

Table 1 also indicates that the average heat-damping depth occurred at 1.172 m.
However, Ref. [80] observed that sandy soils rapidly increase their damping capacity with
moisture content. Consequently, multilevel monitoring of underground soil temperature is
essential for accurately identifying different heat inputs based on existing sources [81]. This
monitoring has enabled a deeper understanding of the soil’s thermal processes, offering
valuable insights into its interaction with the environment and aiding the development of
sustainable environmental management strategies and responsible agricultural practices,
as supported by prior studies [82,83].

The interaction between soil and atmosphere in response to environmental fluctuations
hinges on both inherent pedological attributes and the nature of thermal variations. This
study provides experimental data on this dynamic in Oxisols, adding to the knowledge
about a soil type that is highly prevalent in tropical regions like Brazil [84–86].
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In conclusion, this study on the thermal behavior of Oxisols and their thermal diffusiv-
ity highlights the importance of the characteristics explored herein given their interactions
with ecological, water, plant, and animal resources, as well as soil-derived energy resources.
These attributes have direct implications for food production and agricultural sustainability.
However, the successful completion of this research was not without challenges. Precise
soil temperature data collection at different depths was difficult due to the extended experi-
mental duration and numerous climate fluctuations. Additionally, interpreting the results
required sophisticated analyses and advanced mathematical modeling to elucidate clear
relationships between the soil’s thermal properties and its potential for heat transfer.

5. Conclusions

The thermal behavior of Oxisols follows a sinusoidal trend throughout the year,
mirroring ambient temperature variations.

Heat transfer within the soil experiences a temporal lag, with minimum temperatures
in deeper layers occurring after minimum ambient temperatures. This leads to a thermal
delay between the surface and the deepest layers analyzed.

The thermal amplitude of Oxisols diminishes with increasing depth, indicative of the
soil’s thermal dampening effect.

The amplitude, arctangent, and logarithm methods each display significant differences,
but all proved appropriate for estimating the soil’s thermal diffusivity in various contexts.

The relationship between soil and environmental temperatures has substantial impli-
cations for sustainable agriculture and effective environmental monitoring.

This research sheds light on soil-environment interactions, promotes the judicious use of
natural and energy resources, and provides insights for sustainable agricultural production.

Based on these findings, further research could investigate the influence of various
climatic and ecological factors on soil thermal characteristics, including analysis in the
context of climate change. Advanced remote sensing techniques, such as satellite and
drone imagery combined with in-situ temperature and humidity measurements, could be
used. This would enhance our understanding of thermoregulatory processes and offer
valuable information for effective land management, natural resource conservation, and
agricultural sustainability.
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