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Abstract: Soil moisture and temperature are both significant factors for crop growth and development.
They are also the main influencing factors of regional climate change. In the context of climate change,
the relationship between soil moisture and soil temperature is not only important for explaining
the mechanism of moisture and temperature interaction, but also provides scientific suggestions
for agricultural production. Since the accurate measurement of soil moisture and temperature is
difficult, their relationship remains poorly understood. Here, based on real-time field observation in
a potato field in Wuchuan County, Inner Mongolia, China, the change characteristics of soil moisture
and temperature under different water level treatments were analyzed, and their relationships were
disclosed. The results show that there was an inverse proportional relationship between soil moisture
and temperature. With an increase of soil moisture, soil temperature decreased. The basic relation
between soil moisture and temperature took the form of reciprocal functions (Q = 4.2 x 103 V x
(0.2 + W) x AT). The decline of soil moisture in the farmland will increase the soil temperature and
has a negative impact on land-atmosphere interactions. The results can provide important insight
into regional climate change mechanisms.

Keywords: hydrothermal process; ecohydrological factors; land-atmosphere interaction; soil-plant
nexus

1. Introduction

Soil moisture and temperature are the two most important variables for crop growth, development
and yield formation, and their properties directly influence the relationship between soil and plant and
determine the hydrological and biogeochemical processes occurring in soils [1,2]. The effects of soil
moisture and temperature on farmland ecosystems are important parts of research related to farmland
microclimate [3,4], surface material migration [5-7] and energy conversion [8]. Soil temperature directly
affects the maintenance and movement of water and gas [9] in soil and has a regular correspondence
with crop growth functions such as root function and photosynthesis [10]. Soil temperature anomalies
will seriously affect crop growth and development. While soil moisture is not only a determinant of
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vegetation and ecosystem zonal, but also an important part of water cycles in terrestrial ecosystems
and the basis for terrestrial plant survival.

Soil-climate interaction is a significant issue, especially in the context of climate change.
The variation of soil moisture and temperature is an important factor leading to the amplification or
attenuation of climate change. Therefore, many scholars pay close attention to the relationship between
water and heat in soil and soil-atmosphere [11-14]. Soil moisture can drive surface temperature
change by influencing the partitioning of the available surface net radiation into the latent heat flux
and sensible heat flux [8]. Given sufficient soil moisture, latent heat is limited by radiation; on the
contrary, latent heat is limited by the soil moisture availability under drought conditions. In this case,
soil moisture deficit tends to decrease latent heat and hence increase sensible heat and consequently
increase surface air temperature [8]. Indications are that the drying trends of soil may lead to changes
in temperature [2,11,15] and precipitation [16-18], thereby aggravating soil drought and causing
heat wave. Amani et al. [2] believed that in general, as soil moisture decrease and the land surface
temperature increases, the dryness will be more severe. And some studies have suggested that an
important contributor to the formation of heat waves is land—-atmosphere feedback, which is dependent
on the soil moisture (e.g., [19]), and the feedback of soil moisture to the atmosphere [20]. For example,
Fischer et al. [21] pointed out that spring soil moisture is an important parameter for the evolution of
European heat waves in 2003, without soil moisture anomalies the summer heat anomalies could have
been reduced by around 40% in some regions.

The research above described the phenomena that the interactions exits between soil moisture and
temperature, but did not reveal the quantitative relationship between them. Because there are various
factors influencing the soil moisture and temperature, the accurate measurement of soil moisture and
temperature is difficult [22], the relationship between soil moisture and temperature has not been well
studied so far. The IPCC (Intergovernmental Panel on Climate Change) indicated that each of the last
three decades has been successively warmer at the earth’s surface than any preceding decade since
1850 [23]. Therefore, the interaction between soil moisture and temperature is a scientific issue to be
answered to explore the mechanisms of regional climate change. In recent research, many scholars
have studied the effects of soil moisture on soil-climate interactions and climate change [11,13,24-26],
however, the studies quantifying the effects of soil moisture on soil temperature and calculating their
relationships are relatively lacking. Moreover, the interaction mechanisms between soil moisture
and temperature in land-atmosphere remain poorly understood. Therefore, the research on soil
hydrothermal processes is significant for climate change and can provide useful insight for sustainable
agricultural development.

Based on the in situ soil moisture and temperature data measured in Wuchuan County, Inner
Mongolia, China, this study aims to analyze the change characteristics of soil moisture and temperature,
disclose the interaction between them, and evaluate the effects of soil water content change on soil
temperature, agricultural production and climate change.

2. Materials and Methods

2.1. Study Area

Wuchuan County (40°47" N-41°23" N, 110°31” E-111°53" E) lies in the middle of Inner Mongolia,
China (Figure 1), where the average annual mean temperature and precipitation are about 3.1 °C
and 344 mm, respectively. The annual accumulative temperature above 0 °C is about 2578 °C-day,
and the average number of frost-free days is about 124 [27]. The soil type is mainly chestnut with high
sediment concentrations in the arable layer [28]. The rain-fed farming with a single mature season per
year is the main farming practice [27] and potato is the major staple crop planted in this area.
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Figure 1. Study region.

2.2. Study Data and Experimental Design

A field experiment was designed to investigate the coupling effect between soil moisture and
temperature. The experiment was conducted from May to September in 2017. The selected crop
was potato, with five treatments of an area of 30 m? (7.5 x 4 m) each (Figure 2). The optimized
fertilization amount of N-P,O5-KCl was 18-12-9 g/m? [29]. The level of irrigation was divided into
five levels: 0,1, 2, 3 and 4, and the specific irrigation amounts were 0, 90, 180, 360 and 720 mm and their
irrigation time were shown in Table 1. WO referred to no irrigation, W1 referred to a supplementary
irrigation with 90 mm, which was not enough to meet the crop water consumption during the growing
period, W2 referred to the optimized irrigation with 180 mm, and the sum of the local average annual
precipitation and the amount of irrigation under this treatment was the crop water demand, W3 was
an excessive irrigation with 360 mm, W4 was an over excessive irrigation with 720 mm. The drip
irrigation was adopted.

The data of soil moisture (volumetric water content) and soil temperature at different depths,
leaf area index and yield in five plots were measured. The field temperature and soil moisture were
measured by Stevens Hydra Probe II and collected by CR-800 sensor. The probe placement positions
were 10 cm, 30 cm and 50 cm, respectively. It was measured every 10 min and the average data were
saved every half hour. The data collection period was from the end of May to the potato harvest.

Table 1. Irrigation and precipitation (mm) during the growth period in 2017.

Growth Seedling  Budding Flowering Ful]. Late fL.lH Starch .
. Flowering Flowering Accumulation Harvest Stage
Period Stage Stage Stage
Stage Stage Stage
Date 1 May- 11 June- 29 June- 13 July- 30July- 13 August-29 30 August—
10 June 28 June 12 July 29 July 12 August August 15 September
Precipitation ~ 40.8 44.1 13.7 27.6 10.2 8.6 239
WO * 40.8 44.1 13.7 27.6 10.2 8.6 239
W1* 85.8 44.1 58.7 27.6 55.2 8.6 239
W2 * 85.8 66.6 81.2 72.6 55.2 8.6 239
W3 * 85.8 66.6 81.2 117.6 55.2 143.6 239
W4 * 85.8 89.1 148.7 207.6 100.2 278.6 239

* WO refers to no irrigation, W1 refers to a supplementary irrigation with 90 mm, which was not enough to meet
the crop water consumption during the growing period, W2 refers to the optimized irrigation with 180 mm and
the sum of the local average annual precipitation and the amount of irrigation under this treatment was the crop
water demand, W3 was an excessive irrigation with 360 mm, W4 was an over excessive irrigation with 720 mm.
The irrigation method was drip irrigation.
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Figure 2. Experimental plot structure diagram. W0, W1, W2, W3 and W4 indicate different water level
treatments of 0, 1, 2, 3 and 4. Collector indicates place of the position of the collector.

2.3. Methodology

Here, the original time series of the soil moisture, soil temperature and precipitation from late
May to September in 2017 were measured and calculated to get daily means and diurnal variations at
different depths.

After emergence of potato, sampling was carried out according to the growth period, about once
every 15 days, selecting 3-5 representative plants in each plot, separating the organs and measuring
the fresh weight. After that, the sample was first dried at 105 °C for 30 min, and then dried at 80 °C to
constant weight to determine the dry weight.

The leaf area was measured with a portable leaf area meter LI-3000, and all the leaves (excluding
the yellowed leaves) of the sample plants at each growth stage were unfolded and tiled onto the leaf
area meter to measure the total leaf area and converted into the leaf area index.

When potatoes were harvested, the middle 2 ridges were picked in each plot to measure the
number and fresh weight of potatoes.

The Pearson correlation analysis was employed to examine the relationship between soil moisture
and temperature. After visually deriving their temporal trends, the correlation coefficients at different
periods were calculated. Regression analysis (nonlinear curve fit) was applied to explore the possible
physical processes associated with the link between soil moisture and temperature, soil moisture is
the dependent variable, and soil temperature is the independent variable. In addition, the equations
of soil moisture and temperature at different periods were simulated, and based on these equations,
the trend and rate of change of soil temperature with soil moisture were analyzed. The process of
graphing in the article and all the analyses mentioned above are conducted in Origin (version of 8.5)
(https://www.originlab.com), Origin is a data analysis and publication-quality graphing software,
which can customize and automate data import, analysis and graphing.

3. Results
3.1. Temporal Variations of Soil Moisture and Temperature

3.1.1. Daily Variation Characteristics of Soil Temperature

The daily variation of soil temperature showed a sinusoidal pattern, and the soil temperature
decreased with the increase of irrigation amount and soil depth during the growing season (i.e., May to
September). The order of the measured soil temperatures from high to low is: Ty > Tw1 > Twa > Twa
> Twa and Toem > T10em > T30 em > T50 cm, Where Ty represents the daily average soil temperature at
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the i irrigation level and Tj ., represents the daily average soil temperature at the j-cm depth below the
land surface. Both the daily average and the maximum soil temperature decreased as soil moisture
increased, but the daily minimum soil temperature showed an opposite trend (Figure 3).
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Figure 3. The diurnal variation of soil temperature (a) on the soil surface, (b) at the depth of 10 cm,
(c) at the depth of 30 cm, (d) at the depth of 50 cm, (e) at different depths.

The maximum deep soil temperature significantly lagged behind the maximum air temperature
compared to that in the shallow layer (Figure 3e). The daily maximum air temperature and daily
maximum soil temperature at the depths of 0, 10, 30 and 50 cm occurred at 14:00, 13:30, 16:00, 20:00
and 23:00, respectively. The amplitude of the diurnal variation of soil temperature decreased as the
soil depth increased and as the soil depth approached to 50 cm, the amplitude of the soil temperature
variation approached to zero. The amplitude of the daily air temperature variation was significantly

higher than that of the soil temperature.
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3.1.2. Periodical Change Characteristics of Soil Temperature

The average soil temperature is an important indicator to describe the thermal state of the soil.
The change of soil temperature is a continuous process, so the average temperature can reflect the
thermal status comprehensively during a specific period [30]. With the increase of irrigation amount,
the daily average soil temperature showed a decrease trend (Figure 4a). For an example, at 10 cm
depth, the average temperatures of W0, W1, W2, W3 and W4 treatments were 20.9 °C, 20.2 °C, 19.9 °C,
19.1 °C and 18.8 °C, respectively. However, during the early growth period, the temperature of W0
treatment was lower than other irrigation treatments. The change trends of average temperatures
under different treatments were basically the same, and the average monthly temperature of each
treatment reached its peak in July and the valley in late May and early September.
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Figure 4. The variation of soil daily average temperature under (a) different treatments, and (b)

different depths.

Taking W2 treatment as an example, at different depths (Figure 4b), it was also apparent that the
average temperature at 50-cm depth was lower than the temperature at 30 and 10 cm, T1g ¢, (19.9 °C) >
T30 m (19.2 °C) > T50 em (18 °C). The variations of soil temperature under irrigation or precipitation
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decreased as the depth increased. Moreover, it could be seen from Figure 4b that during the growth
period of potato, the peak temperature of the deep soil temperature and the daily average temperature
were also significantly delayed compared to the shallow layer.

3.1.3. Temporal Variation of Soil Moisture

The soil moisture varied between 10% and 28% during the growing season. For example, at the
10 cm depth, the average daily soil moisture contents of W0, W1, W2, W3 and W4 treatments were 12.5%,
16.8%, 17.2%, 17.5%, 18%, respectively. An increase in soil moisture corresponded to an irrigation or
precipitation event (Table 1, Figure 5a). Under natural conditions, when there is no ground infiltration
replenishment, the surface moisture decreases with the occurrence of evaporation [31]. Since the W0
treatment had no irrigation during other periods and consumed gradually the water reserved in the
soil before, the soil moisture tended to decrease steadily and slightly during the period from early July
to early September. In addition, it can be found that there was a significant lag between the time the
soil moisture peaked, and the rainfall process occurred.
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Figure 5. The change characteristics of the average soil moisture under (a) different treatments, and (b)
different depths.
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At different depths of the same treatment (Figure 5b), soil moisture content at depths of 10 cm,
30 cm and 50 cm showed the same trend, Wsg e > W39 m > Wipem. The change in soil moisture
caused by precipitation or irrigation had the largest change at depths of 10 cm and the smallest change
in 50 cm. However, it could be found that the soil moisture content at 30 cm was higher than the
moisture at 50 cm after the irrigation.

3.1.4. Effects of Potato Growth on Soil Moisture under Different Irrigation Levels

The leaf area index and the dry matter accumulation of the potato plants showed a single-peak
curve. At the end of July, the leaf area index reached the maximum, and the dry matter accumulation
reached the peak stage in late August. With the increase of irrigation amount, potato leaf area index
and dry matter accumulation showed an increasing trend. The dry matter accumulation curve and leaf
area index curve were similar under different water treatments (Figure 6a,b). The amount of water
supply and consumption affected potato yield (Figure 6c).
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Figure 6. Changes in (a) leaf area index, (b) dry matter accumulation, (c) potato total yield under
different irrigation quotas and (d) the relationship between potato yield and soil water consumption.

Generally, the field water balance equation can be expressed as:
P +1=Eta+ AW

where P is the amount of precipitation, I is the amount of irrigation, ETa is the amount of soil
water consumption, and AW is the amount of water storage change in the specific soil layer. There
was a significant quadratic curve relationship between potato yield and soil water consumption
(y = —0.0002x% + 0.1826x — 12.05, p < 0.05) and with the increase of soil water consumption, the potato
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yield was significantly improved, but there was a decline after the limit. Based on the analysis above,
it was found that the potato plants with high irrigation had strong growth and development, high
water consumption and high yield, and there was a clear correlation between them. These meant that
the potatoes growing better consumed more water leading soil water decreasing more rapidly.

3.2. Correlations between Soil Moisture and Temperature

3.2.1. The Relationship between Soil Moisture and Temperature during the Growth Period

The correlations between the soil moisture and temperature were analyzed with that at 10-cm
depth in 2017 under the W2 treatment as an example (Figure 7). The results showed that the change trend
of soil moisture and temperature were in opposite direction, and the peak value of soil temperature
corresponded to the valley value of soil moisture, and on the contrary, the valley value of soil
temperature corresponded to the peak value of soil moisture. With increase of depth, the variation of
soil temperature in the deep soil layer became not obvious.
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Figure 7. Relationship between soil moisture and temperature during potato growth period at 10-cm
depths in 2017 under W2 treatment.

3.2.2. Correlations of Soil Moisture and Soil Temperature in Different Periods

Assuming that the solar radiation is nearly the same in a few consecutive sunny days [32],
we selected the observed data of soil moisture and temperature of seven consecutive sunny days at
10 cm from June to September 2017 to calculate the correlations between soil moisture and temperature
in different periods. Figure 8 showed the relationship between soil moisture and temperature under
all water treatments (green line) and the rate of soil temperature change with moisture (red line).
It could be found that the variations of soil moisture and temperature were much the same at different
periods. The equation for the relation between soil moisture (W) and temperature (T) under different
periods presented as T = (aW + b)~!, (a and b as coefficients, p < 0.05). The soil temperature was
inversely proportional to the soil moisture and as the soil moisture increased, the soil temperature
gradually decreased.
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Figure 8. Relationship between soil moisture (W) and temperature (T) and the rates of soil temperature
change with soil moisture at different periods. (a), (b), (c) and (d) represent June, July, August and
September, respectively.

4. Discussion

4.1. Mechanism of Soil Moisture Affecting Soil Temperature

It was found that there was an inverse proportional relationship between soil moisture and
temperature (Figures 7 and 8), and the results here were consistent with the studies by Zhang and
Zuo [18] and Yi et al. [33]. 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 [34]. When the soil gains or loses a certain amount of heat, the soil temperature rise or
fall depends on the heat capacity of the soil. In the soil components, the amount of solids generally does
not change much, while the air and moisture changes frequently, so the specific heat capacity of the soil
depends mainly on the water and air content [35]. For a certain volume (V) of soil, when the temperature
changes from the initial value to the final value, the required heat (Q) is the product of specific heat
capacity (Cy), soil volume (V) and temperature change (AT). Therefore, under the precondition that the
heat (Q) obtained by the soil is certain, the soil heat capacity (Cy) is proportional to the soil moisture
(W). The heat capacity of the soil varies depending on its composition. The specific heat capacity of
most mineral soils and water is about 0.84 x 10° J/(kg-K) and 4.2 x 10 J/(kg-K) [26]. The specific heat
capacity of soil is composed of the specific heat capacities of water and solid components. Therefore,
the soil specific heat capacity (Cy) equals to pb X (0.84 x 10% + 4.2 x 103 W) J/(kg-K), namely 4.2 x 103 x
pb x (0.2 + W) J/(kg-K), pb is the soil density. And the soil moisture is inversely proportional to the soil
temperature change (AT), that is, the soil moisture (W) is inversely proportional to the soil temperature
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(T) (Q =42 x10% V x (0.2 + W) x AT). Our results (Figure 8) also show that if the solar radiation is
almost the same for several days, the soil temperature is inversely proportional to the soil moisture.
Since the heat capacity of water is much higher than that of soil, the regulation of soil moisture on
soil temperature is very obvious. For example, many scholars have found that the decrease of soil
moisture has a significant warming effect on the local climate [13,21,36,37] and these conclusions also
confirm our results.

4.2. Sensitivity of Soil Temperature to Soil Moisture

Many scholars have simulated the relationship between soil moisture and air temperature and
found that low soil moisture is a driving factor for heat waves and temperature anomalies around the
world [13,15,37-39]. Here, the rate of soil temperature change with moisture. When the soil moisture
is low, the change of soil temperature is more obvious than when the soil moisture is high. The results
are consistent with the conclusions of other scholars that mentioned above, but how to determine the
parameter values of the equations about soil moisture and temperature would be the research focus in
the next step.

4.3. Impact of Crop Growth on Soil Moisture and Temperature

The results above showed that the higher the yield, the leaf area index and the dry matter
accumulation, the higher the crop water consumption (Figure 6d). The results here are consistent with
the studies by Gaiser et al. [40]. With the improvement of agricultural technology, the adjustment of
cropping system and the optimization of crop varieties, the crop yield was significantly improved,
but the soil moisture is also continuously decreasing. For example, when the fertilizer is applied,
the crops will grow more vigorously and will consume more soil water [41]. On the other hand,
different crop roots have different micro-environment and organic matter content, which has an impact
on soil water holding capacity [42].

Based on the results obtained in Sections 3.2.2 and 4.1, it can be concluded that the change in
soil temperature is determined by the soil moisture, soil heat capacity and heat source. When the
soil water content is lower, the soil heat capacity is smaller, and the soil temperature change is larger.
Crop growth consumes a lot of soil water, so when the net radiation received on the ground is strong,
this will cause dramatic changes in soil temperature, especially when the crop is growing vigorously.
For example, in the context of climate change, the temperature increase in China’s semi-arid regions is
higher than the global average [29].

Climate change may lead to higher temperature and change in potential evapotranspiration and
crop water demand, decreasing soil moisture and aggravating soil drought [43,44]. Moreover, regional
climate also exhibits both warming and drying trends [23,45]. Human activities are the main cause of
climate change, the rapid decline of soil moisture caused by the large amount of water consumed by
agriculture is the key factor of local and global land—-atmosphere interaction imbalance [46].

5. Conclusions

Based on the data from the field observations in Wuchuan County in 2017, the change characteristics
of soil moisture and temperature and their interactions were analyzed. There was an inverse
proportional relationship between soil moisture and temperature and soil heat capacity plays a key
role in the relationship between soil moisture and temperature. The soil temperature decreases with
the increase of soil moisture. When the soil moisture is low, the change of soil temperature is more
obvious than when the soil moisture is high. Since soil water consumption will greatly reduce soil
moisture, strong crop growth will promote soil temperature increase and this will have adverse effects
on local and global climate change.
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