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Abstract

The need to understand the trends, magnitudes, nature and rates of soil quality changes due to soil heat transfer and climate variability is

important. Therefore, a study was conducted in Umudike, Ikwuano Local government area of Abia State to evaluate the relationship between soil
heat transfer and climatic variables (temperature, relative humidity, sunshine duration, wind speed, rainfall and soil moisture content). From
the study area, within an arable land, field measurements of soil temperatures at 0-20cm and 20-40cm depths were taken three times in a day.
Soil core samples for moisture content were also collected at 0-20cm depth from the designated sampling points. Daily meteorological data used
for this study were obtained from the National Oceanic and Atmospheric Administration/National Centre for Environmental Prediction (NOAA/
NCEP) under the National Weather Service, United States of America. The data were transformed subjected to regression analysis which was
used to compare the influence of climate variables on the measured soil heat transfer over a period of time. The results showed that the soil
temperature had a strong direct relationship with atmospheric temperature (R?* = 0.9626), and a weak inverse relationship with rainfall (R*=
0.2445), relative humidity (R?= 0.1713) and soil moisture content (R*= 0.2161). The study showed that the soil thermal conductivity had a weak
direct relationship with atmospheric temperature (R? = 0.1356), and strong direct relationship with rainfall (R?= 0.6833), relative humidity (R?=
0.8713) and soil moisture content (R?= 0.8931). The relationship between soil heat flux and other climatic variables studied also showed that
the soil heat flux had a weak relationship with atmospheric temperature (R? = 0.0076), and strong direct relationship with rainfall (R?= 0.6396),
relative humidity (R%= 0.6705) and soil moisture content (R?= 0.7309). Furthermore, the effects of climate on soil heat transfer should be studied
for different crops to predict the temperature requirements of crops.
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Introduction

There is increasing consent that the global climate is getting
warmer in comparison to pre-industrialized times [1]. This is
supported by some observations such as rising sea levels [2],
changing weather patterns [3], melting of ice and snow in the
arctic or subarctic regions [4,5] increasing temperatures [6,7],
amidst other signals. The variations in climate are not restricted to
air temperature alone but can also change precipitation patterns
as well as soil heat properties. Thus, soil heat response to climate
change could differ from that of air temperature depending on
changes in the timing and duration of the weather condition [8].
Despite the importance of soil heat in controlling biogeochemical
and hydrological processes, soil heat transfer data are generally

less available than air temperature measurements. Soil heat
controls biogeochemical processes such as rates of mineralization
[9,10] or decomposition of soil organic matter [11]. It also affects
the export of dissolved organic carbon [12], length of growing
season [13,14], and nutrient assimilation by plants [4,15].
Weathering of basic cations [16] as well as forest productivity [14]
are also affected by soil heat.

Soil heat is of great importance for organic matter
decomposition, regulates various processes including the rate
of plant growth, and as such is a very sensitive climate indicator
[17]. In soils, carbon mineralization and sequestration can be
severely affected by heat. Soil organic matter decomposition is
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controlled primarily by soil temperature during wet periods and
by the combined effect of soil water and soil temperature during
dry periods [3]. Heat transfer is a complex function of intensity,
duration, and the rate of increase in air temperature. Also, air
temperature is strongly correlated with topsoil temperatures and
with coefficients decreasing rapidly with depth [7]. Moreover, the
effect of an increase in soil temperature may be even stronger
if accompanied by a decrease in soil water content. When soil
temperatures are higher, soil water evaporation also increases
[18]. When soils are moist, heat transport is rapid, but more
energy is required to change temperature [9]. Therefore, soil heat
with its influence on plant development is very important and
should be monitored or analyzed if it is above a certain critical
threshold [19]. Extreme air and soil heat can alter the water
transport rate due to reduced plant stomatal conductance, which
reduces transpiration rate and consequently, also yields [14]. In
the tropical region, extreme events caused by climate change,
such as prolonged and more intense temperature, have an impact
on soils and their functions through changes in the biomass
composition and activities of edaphic microbial communities [17].
Haei et al. [12] observed that soil heat showed a positive trend
with air temperature in the period 1971-2015, with the strongest
warming in summer.

In southeastern Nigeria, there is no plenty of information on
the evaluation of soil heat transfer in relation to climate variability.
As a consequence, the dynamics of soil heat transfer as affected
by climate are still not well understood. In addition, climate
variability and extremes need to be studied and there is a large
gap in our knowledge of soil temperature during heat transfer.
Studies are needed to understand the trends, magnitudes, nature
and rates of soil quality changes in relation to soil heat transfer
and climate variability. Therefore, the intent of this paper is to
evaluate soil heat transfer in relation to climate variability.

Materials and Methods
Study area

This study was carried out in Umudike, Ikwuano Local
government area of Abia State which lies between latitude
latitudes 5°20" - 5°26'N and longitudes 7°35 - 7°37'E of the
equator [20]. It lies at an altitude of 122m above sea level [20].
It is a semi urban settlement about 11km southeast of Umuahia
the state capital. Umudike is the home to National Root Crops
Research Institute and Micheal Okpara University of Agriculture,
Umudike. The majority of the people are farmers. The climate of
the study area is typically of humid tropics with fairly even and
uniform temperature throughout the two seasons (dry and rainy)
of the year [21].

The identifiable vegetation type is the tropical rainforest
vegetation. Grasses and broadleaf that dominate the area
are Panicum maximum, Elusine indica, Axonopus compressus,
Pennisetum purpureum. Broadleaf weeds are Chromolena odorata,
Calapogonium mucunoides. Major roots and tuber crops grown

are cassava, sweet potato, Maize, pepper and vegetables such as
fluted pumpkin, okra are also grown.

The area is composed of clay, sand, and sand rocks. The soils
of Umudike are derived from semi consolidated sand and sandy
clay deposits with occasional intercalation of shale and sandstone
fragments at varying depths [22].

Climate data collection

Daily meteorological data used for this study were obtained
from the National Oceanic and Atmospheric Administration/
National Centres for Environmental Prediction (NOAA/NCEP)
under the National Weather Service, United States of America
[23]. The data were collected using the nonhydrostatic mesoscale
weather and multi-scale weather models for a period of one year
(12 months). The period of data collection comprised the wet
and dry seasons of the year. The period of collection was from
September 1, 2019, to August 30, 2020. This was actualized using
the geographic information system (GIS). The climate parameters
measured include the following: temperature, relative humidity,
sunshine radiation, sunshine duration, rainfall and soil moisture.

Field method

From the location, arable land was selected for the study.
In the arable land, five sampling points were located randomly.
At each of the five sampling points, field measurements of soil
temperature at 0-20cm and 20-40cm depths were taken three
times in a day. It was taken in the morning (6.00-7.00am),
afternoon (2.00-3.00pm) and evening (5.30-6.30pm). This was
done for comparison with the meteorological data obtained from
the National Oceanic and Atmospheric Administration/National
Centres for Environmental Prediction.

Determination and calculation of soil properties
studied

Temperature (T): This was determined in the field at 0-20cm
and 20-40cm depths using soil mercury-in-glass thermometer as
described by Nwankwo & Ogagarue [24].

Thermal conductivity (K): This was determined using
Stefan’s Boltzmann equation [25].

R =K Y S (0]
Where, R, = rate of conduction of heat per unit area.

R = 8(T) ——————————— (1) (Stefan’s Boltzmann
equation)

o = 567 x 10°*MWw?K™

AT = Difference between the temperature at 0-20cm depth
(T,) and temperature at 20-40cm depth (T,)

AT =T,- T,———————————— (1)
T, = Temperature of soil at 0-20cm depth

T,= Temperature of soil at 20-40cm depth
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= Depth of the soil
K = Thermal conductivity of the soil

Heat flux (Q): The soil heat flux was calculated from thermal
conductivity (K) and temperature (T).

Heat flux (Q) = K g ———————————— (1v)

Moisture content (MC)

Moisture content (MC) was calculated using the gravimetric
method where soil samples were placed into ceramic crucibles
and weighed to get the fresh weight and then oven-dried at 105°C
to constant weight for about 48hrs and the dry weight recorded.
These values were then used to calculate the moisture contents of
the soils using the formula:

MC (%) = (fiw — dw)/dw x 100————————— )

where MC soil moisture content (%), fw fresh weight (g) of
soil sample, dw dry weight (g) of soil sample.

This was done for comparison with the soil moisture
data obtained from the National Oceanic and Atmospheric
Administration/National Centres for Environmental Prediction.

Statistical analysis

The data generated were subjected to regression analysis
which was used to compare the influence of climate variables on
the measured soil heat transfer over a period of time.

Results and Discussion
Climate variables

The climate data of the location studied are shown in Table 1.
From the table, it is shown that the mean temperature was highest
(28.7°C) in the month of December 2019 whereas the month, July
2020 had the lowest (25.0°C). However, from October to December
2019 and February to May 2021, the mean temperature was fairly
constant. The location under study had experienced more than
25.0°C temperature per month. The mean temperature was fairly
constant from October to December and from February to May,
indicating a stable climatic condition in those periods.

Table 1: Monthly means of daily climatic data of Umudike and the calculated soil heat transfer.

Tem- Sunshine Soil Soil Soil thermal | Soil Heat Soil Mois-
perature Relative Rainfall | Duration Temperature Temperature (°C) Conductivity Flux ture Content
Months Q) Humidity (%) | (mm) (hours) (°C) 0-20cm 20-40cm (W mk?) (W.m?%) (m*m3)
Sept, 2019 27 783 3223 3 28.06 2831 3.4 50.21 0.31
Oct, 2019 28.2 74.8 2733 3.7 29.34 29.59 3.45 50.82 0.31
Nov, 2019 28.6 69.8 54.8 4.5 29 29.57 3.16 40.1 0.29
Dec, 2019 28.7 59 4.3 5.3 29.8 29.96 3.05 26.33 0.13
Jan, 2020 27.7 47.9 9.1 5 28.88 2891 2.14 25.04 0.08
Feb, 2020 26.7 50.1 44.5 4.7 27.86 27.92 2.95 28.97 0.16
Mar, 2020 26.8 61.8 86.6 48 27.55 27.63 3.18 31.05 0.25
Apr, 2020 25.6 68.3 192.4 4.6 26.54 26.78 3.22 33.67 0.26
May, 2020 25.8 77.3 248.8 4.2 26.56 26.89 2.57 35.41 0.3
Jun, 2020 26.6 75.5 325.4 2.8 27.43 27.58 2.32 48.55 0.35
Jul, 2020 25 79.6 306.7 2.6 26.04 26.63 2.18 42.35 0.32
Aug, 2020 26.8 74.8 346.7 2.6 27.83 27.99 2.05 38.72 0.29

Source (climate data only): National Oceanic and Atmospheric Administration/National Centres for Environmental Prediction (NOAA/NCEP) under the Na-

tional Weather Service, United States of America, 2019-2020.

The mean relative humidity was highest (79.6%) in the month
of July 2020, while the month of January was observed to have the
lowest (47.9%). However, from May to August 2020, the relative
humidity of the study area was observed to be fairly constant. The
mean relative humidity was fairly constant from May to August,
indicating a high moisture content in the air during the wet season
[11].

From the Table it was also observed that the month of July
2020 recorded the highest rainfall (346.70mm), while the lowest

rainfall was observed in December (4.3mm). However, from
September 2019 to October 2019 and from May to August, 2020,
rainfall was fairly constant. This indicates a regular pattern of
precipitation during those periods [26].

The month of December 2019 recorded the highest hours of
sunshine (5.3 hours) than the other months. January 2020 had
the second to the highest sunshine hours (5.0 hours), while the
months July and August 2020 were observed to have the lowest
(2.6 hours). The sunshine hours were fairly constant from the
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January to the month of April 2020, indicating a clear sky and low
cloud cover during those months [1].

The mean soil temperature at 0-20cm was highest (29.80°C)
in the month of December 2019 while the month of July 2020 was
observed to have the lowest (26.04°C). However, from October
2019 to January 2020 and March 2020 to April 2020, the soil
temperature at 0-20cm of the study area was observed to be fairly
constant indicating a uniform heat distribution in the soil during
those periods [19].

The month of October 2019 recorded the highest soil thermal
conductivity (3.45W mk?). September 2019 had the second
highest soil thermal conductivity, while the month August was
observed to have the lowest (2.05W mk?). The soil thermal
conductivities were fairly constant from September to December
2019 and from May to July, 2020.

The highest heat flux (50.82W.m?) was observed in October
2019 while the lowest was observed in January 2020 (25.04W.m
). However, from September to October 2019 and from March to
June, 2020, soil heat flux was fairly constant.

From the Table it was also observed that the highest soil
moisture content (0.35m?m) was recorded in June 2020 while

the lowest was observed in January 2020 (0.08m*m?). From
September 2019 to October 2019 and from May to August 2020,
soil moisture content was fairly constant.

One possible explanation for the observed patterns is that
soil thermal conductivity and soil heat flux are influenced by the
temperature and moisture content of the soil [26].

Soil temperature at 0-20cm

Figure 1 is the plot of regression analysis of measured climatic
variables with soil temperature at 0-20cm depth. From Figure 1A
the relationship between mean monthly atmospheric temperature
and soil temperature at 0-20cm shows that the coefficient of
determination (R?) is 0.9626 which is an indication that the mean
atmospheric temperature is important and has a strong positive
influence (96.26%) on the variations of soil temperature using the
model (ST = 0.989TEMP + 1.2447). From the results, the higher
the mean monthly temperature, the higher the soil temperature.
Mellander et al. [27] reported that atmospheric temperature can
influence soil temperature through insulation. The atmosphere
acts as an insulating layer, and its temperature can have a buffering
effect on the temperature of the soil. Also, changes in atmospheric

temperature due to the changing seasons directly impact soil
temperature [28].

Mean monthly temperature (*C} |

Figure 14: Regression analysis between mean monthly

temperature and soil temperature at 0 - 20 cm
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Figure 1B: Regression analysis between mean monthly

rainfall and soil temperature at 0 - 20 cm
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Figure 1C: Regression analysis between mean relative

humidity and soil temperature at 0 - 20 cm
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Figure 1: Regression analysis between climatic variables and soil temperature at 0-20cm.

ST= soil temperature; RF= rainfall; RH; relative humidity; MC= moisture content.
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Figure 1B presented the regression analysis between rainfall
and soil temperature at 0-20cm. From the result, the coefficient
of determination is 0.2445. This shows that in the model (ST =
-0.0043RF + 28.704) rainfall has about 24.45% control over
the variations of soil temperature at 0-20cm depth. The results
showed that there was a negative control of rainfall over the soil
temperature. Rainfall was observed to reduce the temperature
of the soil. Chukwuma [29] reported an inverse relationship
between rainfall and soil temperature. The result obtained was
similar to the findings [30]. When rain falls on the soil surface, it
can cool the soil by direct evaporative cooling effect [31]. This is
because the energy required to evaporate water comes from the
soil, which results in a decrease in soil temperature. As raindrops
fall on the soil, they absorb heat from the soil and the surrounding
environment as they evaporate [30]. Rainfall can also reduce soil
temperature by reducing the amount of solar radiation absorbed
by the soil [14]. The moisture from rain can create a cooling effect
on the soil surface, preventing extreme temperature fluctuations.

The regression analysis between mean relative humidity and
soil temperature at 0-20cm is presented in Figure 1C. The results
showed that relative humidity had a negative influence on the
variation of soil temperature at 0-20cm depth. As the relative
humidity increased, the soil temperature at 0-20cm reduced.
From the result presented, the model (ST = -0.0446RH + 30.942)
showed that about 17.13% of the variations of soil temperature
at 0-20cm depth were controlled by relative humidity. Chen
et al. [18] reported that relative humidity can influence soil
temperature, the negative influence of relative humidity over
soil temperature could be attributed to evaporation and cooling
process [30]. When relative humidity is high, the air above the soil
contains a significant amount of moisture. In such conditions, the
rate of evaporation from the soil surface decreases because the
air is already saturated with moisture. As a result, less energy is
used for the phase change of water from liquid to vapor, which
means less cooling of the soil surface as there is reduced or no
evaporative cooling.

From Figure 1D, the relationship between soil moisture
content and soil temperature at 0-20cm shows that the coefficient
of determination (R?) is 0.2161 (21.61 %) which is an indication
that the soil moisture is important and has a weak negative
influence on the variations of soil temperature using the model
(ST =-6.4732SMC + 29.553). An increase in soil moisture content
was observed to reduce the temperature of the soil. It was found
that there was an inverse proportional relationship between soil
moisture and temperature and the results here were consistent
with the studies by Zhang & Zuo [32] and Lu [10]. Soil moisture is
closely related to evaporation and thus to the partitioning of the
sensible and latent heat fluxes at the surface, it has a significant
impact on the surface water and energy balance [33].

Soil temperature at 20-40cm

The regression analysis of measured climatic variables with

soil temperature at 20-40cm is presented in Figure 2. From
Figure 24, the relationship between mean monthly temperature
and soil temperature at 20 - 40 cm shows that the coefficient of
determination (R?) is 0.9628 which is an indication that the mean
temperature is important and has a strong positive influence
(96.28%) in the variations of soil temperature using the model
(ST = 0.9616TEMP + 2.2225). From the results, the higher the
mean monthly temperature, the higher the soil temperature. The
positive effect of atmospheric temperature on soil temperature
could be attributed to conduction of heat from the atmosphere to
the soil [1].

When the air temperature increases, the top layer of soil is
directly exposed to this warmer air. Heat from the air is conducted
into the soil, causing the soil temperature to rise. Similarly, when
the atmospheric temperature decreases the soil loses heat to the
cooler air [28]. Also, the increase in temperature could be as a
result of convection [7]. When the air near the ground is heated,
it becomes less dense and rises, allowing cooler air to move in
and take its place [7]. This process can transfer heat to the soil as
warm air moves over it, increasing the soil temperature.

Figure 2B presented the regression analysis between rainfall
and soil temperature at 20-40cm. From the result, the coefficient
of determination is 0.2174 indicating that in the model (ST =
-0.0039RF + 28.875) rainfall has about 21.74% control over
the variations of soil temperature at 20-40cm depth. The results
showed that there was a negative control of rainfall over the
soil temperature. Rainfall amount was observed to reduce the
temperature of the soil. Rainfall can cool the soil by cooling both
the atmosphere and soil and reducing air temperature. Cooler air
temperatures can, in turn, influence soil temperatures. Cooler air
can reduce the rate of heat transfer between the atmosphere and
the soil, which can result in slightly lower soil temperatures [31].
Adequate rainfall can increase soil moisture content, which can
have a moderating effect on soil temperature.

The regression analysis between mean relative humidity
and soil temperature at 20-40cm is presented in Figure 2C. The
results showed that relative humidity had a negative influence on
the variation of soil temperature at 20-40cm depth. As the relative
humidity increased, the soil temperature at 20-40cm reduced.
From the result presented, the coefficient of the determination
(R?=0.1078) in the regression model (ST = -0.0343RH + 30.481)
showed that relative humidity had about 10.78% control over
the variations of soil temperature at 20-40cm. Relative humidity
influence soil temperature by affecting plant transpiration rates.
High humidity can reduce the rate of transpiration (the release of
water vapor from plant leaves), which, in turn, can influence the
temperature of the soil in the root zone [7].

From Figure 2D, the relationship between soil moisture
contentand soil temperature at 20-40cm shows that the coefficient
of determination (R?) is 0.1541 which is an indication that the
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soil moisture is important and has a weak negative influence of
15.41% on the variations of soil temperature using the model (ST
=-5.3006SMC + 29.494). Soil moisture content was observed to
reduce the temperature of the soil. Soil temperature variations
also depend on the depth of the soil being considered. Deeper soil
layers are less influenced by short-term atmospheric temperature

changes and exhibit more stable temperatures that reflect longer-
term climate patterns [27]. The inverse relationship of soil
moisture with soil temperature could be as a result of thermal
Inertia [11]. The effects of soil moisture on soil temperature may
be as a result of the soil moisture acting as an insulator [7].

Mean monthly temperature (°C)

Figure 2A: Regression analysis between mean monthly

temperature and soil temperature at 20 - 40 cm
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Figure 2: Regression analysis between climatic variables and soil temperature at 20-40cm.

ST= soil temperature; RF= rainfall; RH; relative humidity; MC= moisture content.

Soil thermal conductivity (K)

The regression analysis of climate variables with soil
thermal conductivity is presented in Figure 3. From Figure 3A,
the relationship between mean monthly temperature and soil
thermal conductivity shows that the coefficient of determination
(R?) is 0.1356 which is an indication that the mean temperature
had a weak positive influence on the variations of soil thermal
conductivity using the model (K = 0.1638TEMP - 1.6087). From
the results, an increase in the mean monthly temperature causes

a little increase to the soil thermal conductivity. The observations
from the study showed that atmospheric temperature directly
controlled the changes in soil thermal conductivity. This could
be attributed to seasonal variation of temperature [16]. Seasonal
temperature changes can impact soil thermal conductivity.
Also, the thermal conductivity of soil can vary with depth. Near
the surface, soil temperatures are influenced more directly by
atmospheric temperature [12]. According to the Fourier’s law of
heat conduction, the heat flux through the soil is proportional to
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the thermal conductivity and the temperature gradient. Therefore,
if the atmospheric temperature changes, it can induce a change in

the soil temperature gradient, which in turn can affect the heat
flux and the thermal conductivity.

A
= 3.9 K =0.1638TEMP - 1.6087
¥ R®=0.1356
= [ ]
- E 3.4 -
L} . -
- .
[ ]
z =
=8
w g 2.4 .
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Mean temperature .|’“CJ'|
Figure 34: Regression analysis between mean monthly

temperature and soil thermal conductivity
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Figure 3B: Regression analysis between mean monthly

rainfall and soil thermal conductivity
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Figure 3C: Regression analysis between mean relative

humidity and soil thermal conductivity
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Figure 3: Regression analysis between climatic variables and soil thermal conductivity.

K= soil thermal conductivity; RF= rainfall; RH; relative humidity; MC= moisture content.

Figure 3B presented the regression analysis between rainfall
and soil thermal conductivity. From the result, the coefficient
of determination (R?) is 0.6833. This shows that in the model
(K = 0.0051RF + 1.8159) rainfall has about 68.33 % control
over the variations of soil thermal conductivity. The results
showed that there was a positive control of rainfall over the
soil thermal conductivity. Rainfall was observed to increase the
thermal conductivity of the soil. Rainfall may affect soil thermal
conductivity by changing the amount and distribution of water in
the soil [34]. Edokpa [35] observed that rainfall adds moisture to
the soil, which increases its moisture content. Water has a higher
thermal conductivity than air or dry soil. Therefore, an increase

in soil moisture content generally leads to an increase in soil
thermal conductivity. This means that wetter soils conduct heat
more effectively than drier soils. Egbinola & Amobichukwu [36]
reported that the intensity of rainfall plays a significant role in
how it affects soil thermal conductivity. Heavy rainfall events can
rapidly increase soil moisture content, leading to a faster increase
in thermal conductivity.

The regression analysis between mean relative humidity and
soil thermal conductivity is presented in Figure 3C. The results
showed that relative humidity had a strong positive influence
on the variation of soil thermal conductivity. As the relative
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humidity increased, the soil thermal conductivity increased.
From the result presented, the coefficient of determination (R? =
0.8713) and the equation (K = 0.0713RH - 2.0936) showed that
relative humidity had about 87.13% control over the variations
of soil thermal conductivity. The strong positive influence of
relative humidity on the variation of soil thermal conductivity
may be attributed to change in the moisture content of the soil
and change in the temperature gradient of the soil [34]. When
relative humidity increases, more water vapor condenses on the
soil particles, increasing the moisture content of the soil. If this
moist air comes into contact with dry soil, some of the moisture
may be absorbed by the soil. Increased soil moisture content can
enhance soil thermal conductivity. As relative humidity increases
and soil absorbs more moisture, the thermal conductivity of the

soil generally increases.

From Figure 3D, the relationship between soil moisture
content and soil thermal conductivity shows that the coefficient
of determination (R?) is 0.8931 (89.31%) which is an indication
that the soil moisture is important and has a very strong positive
influence on the variations of soil thermal conductivity using the
model (SMC=0.0957K - 0.01). Soil moisture content was observed
to increase the thermal conductivity of the soil. Soil thermal
conductivity increased with increasing soil moisture. When soil
moisture increases, the contact area between soil particles also
increases, and the air-filled pores in the soil decrease [32]. Since
water has a higher thermal conductivity than air, this means that
more heat can be transferred through the soil. Therefore, soil
thermal conductivity increases with increasing soil moisture.
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Figure 4: Regression analysis between climatic variables and soil heat flux.

Q = soil heat flux; RF= rainfall; RH; relative humidity; MC= moisture content.
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Soil heat flux (Q)

Figure 4 presents the regression analysis of measured climatic
variables with soil heat flux. From Figure 44, the relationship
between mean monthly temperature and soil heat flux shows
that the coefficient of determination (R?) is 0.0076 (0.76%) which
is an indication that the mean temperature had a very weak
influence on the changes of soil heat flux using the model (Q =
-0.6734TEMP + 55.756). From the results, an increase in the mean
monthly temperature causes a little or no decrease in the soil heat
flux. The influence of atmospheric temperature on the soil heat
flux may be as a result of diurnal temperature variations (Zhang
et al. 2016). During the day, when the atmospheric temperature
increases, there is typically more heat energy transferred from
the atmosphere to the soil. Seasonal variations in atmospheric
temperature can also influence soil heat flux [2].

Figure 4B presented the regression analysis between rainfall
and soil heat flux. From the result, the coefficient of determination
(R?) is 0.6396. This shows that in the model (Q = 0.0536RF+
27.701) rainfall has about 63.96% control over the variations of
soil heat flux. The result showed that there was a positive control
of rainfall over the soil heat flux. Rainfall was observed to enhance
the increase of heat transfer in the soil. The influence of rainfall
on soil heat flux could be attributed to increased soil moisture by
the rainfall [19]. Wetter soil tends to transfer heat more efficiently
from the surface to deeper layers, increasing soil heat flux [37].
The impact of rainfall on soil heat flux can vary seasonally [37].
However, in regions with consistent rainfall, the effect may be
more balanced. The presence or absence of vegetation can also
influence the impact of rainfall on soil heat flux [34].

The regression analysis between mean relative humidity and
soil heat flux is presented in Figure 4C. The results showed that
relative humidity had a strong positive effect and control on the
variation of soil heat flux. As the relative humidity increased, the
soil heat flux increased. From the result presented, the model
(@ = 0.6777RH - 8.5491) and coefficient of determination (R?
= 0.6705) showed that relative humidity had about 67.05%
control over the variations of soil heat flux. The effect of relative
humidity on soil heat flux could be attributed to its influence on
the evaporation and condensation of water from the soil surface
[38]. When relative humidity is high, evaporation is low and
condensation is high, which means that more heat is transferred
from the atmosphere to the soil. Also, relative humidity affects
the thermal conductivity and specific heat capacity of the soil.
When relative humidity is high, the soil becomes wetter, which
increases its thermal conductivity and specific heat capacity [19].
This means that the soil can conduct and store more heat, which
reduces the soil heat flux. When relative humidity is low, the air
becomes clearer, which increases the incoming solar radiation and
decreases the outgoing long wave radiation from the atmosphere
[38].

From Figure 4D, therelationship between soil moisture content
and soil heat flux shows that the coefficient of determination (R?)
is 0.7309 (73.09%) which is an indication that the soil moisture
is important and has a strong positive influence on the variations
of soil heat flux using the model (Q = 91.5085MC + 14.343).
Soil moisture content was observed to have a significant control
and increase the transfer of heat in the soil. The strong positive
influence of soil moisture on the variations of soil heat flux could
be as a result of the effect on thermal conductivity of the soil [9].
Therefore, as soil moisture increases, thermal conductivity also
increases, allowing heat to move more easily through the soil.
Soils with higher moisture content can store more heat energy,
which can influence the rate at which soil temperature changes.
Wet soils have a higher heat capacity and can absorb and release
heat more slowly than dry soils [7]. Wet soil can experience
evaporation and transpiration, which can cool the soil surface.
When the soil is saturated, some of the energy from the sun is
used to evaporate water from it which can reduce the heat flux
near the surface [39-41].

Conclusion

The rate of soil heat transfer in relation to climate variability
was carried out in Umudike, Abia state. The objective of the study
was to evaluate the relationship between soil heat transfer and
climatic parameters in Umudike. From the study it was observed
that the relationship between the rate of soil heat transfer and
climate has been established in Umudike area. The temperature
of the soil had strong, direct, proportionality to mean monthly
atmospheric temperature, while it was inversely proportional
and weak with rainfall, relative humidity and soil moisture. The
soil thermal conductivity had a strong, direct, proportionality to
rainfall, relative humidity and soil moisture content, while it had
weak proportionality with atmospheric temperature. The soil
heat flux, which is the rate of soil heat transfer, had a strong, direct,
proportionality to rainfall, relative humidity and soil moisture
content, while it had weak proportionality with atmospheric
temperature. The relationship between atmospheric temperature
and soil heat transfer is very weak and positive in Umudike area.
The relationship between individual climatic parameters and
soil heat transfer shows that soil heat transfer has strong, direct,
proportional relationship to rainfall, relative humidity and soil
moisture content, but weakly related to atmospheric temperature.
Based on the aforementioned result, further study can be carried
out to predict the temperature requirements for some selected
crops. The effects of climate and soil heat transfer can be studied
for different crops.
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